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Abstract

Welding of NiTi shape memory alloys has a great importance since it has a wide application in the
medical industry due to the NiTi unique biocompatibility, superelasticity and shape memory effect.
Laser microwelding is one of the leading candidates in manufacturing methods for medical devices due
to its low heat input, minimum heat affected zone and good reproducibility. Despite all these benefits,
some challenges such as formation of hard and brittle intermetallic compounds and selective
vaporization, inherent in this technique still exist. Therefore, it is important to study and develop
methods and parameters to minimize detrimental effects, such as the mentioned issues.

To have a basic understanding of the effect of laser parameters, similar laser welding of NiTi has
been applied and the results show that applying high power resulted in Ni evaporation and changing
the transformation temperature, and hence, the formation of the martensite phase within the fusion zone.
These outcomes in addition to unfavorable texture inside the fusion zone (FZ) are the primary reasons
for deterioration of superelasticity for the high power sample.

Laser offsetting strategy in the dissimilar weld of NiTi to stainless steel and pure Cu was studied to
control the intermetallic compound formation and flow characteristics inside the fusion zone. Adopting
laser offsetting welding on NiTi/SS joint could increase the mechanical response of the welded samples
by suppressing the brittle intermetallics and modifying the microstructure. However, in the case of
NiTi/Cu although the positioning of the laser varied the degree of the microstructure homogeneity, the
mixing pattern and the presence of NixTiyCu, intermetallic compounds, it did not have any significant
effect on the mechanical properties of the welds.

In the case of the NiTi/Ptlr dissimilar joint, it was shown that by selecting proper parameters the
NiTiPt phase formed in the fusion zone, which has a strong bonding with both base materials, causing
superelasticity preservation in NiTi/Ptlr joint. The mentioned NiTiPt, contains the P-phase and Tiz(Ni,
Pt)s nano-precipitates, which are the main characteristics of this high temperature shape memory alloy.
This resulted in fabrication of NiTiPt high temperature shape memory alloy wire with a significant
superelasticity at 250°C. This work could open a door to obtaining a better understanding of laser
microwelding of NiTi shape memory alloys and improving its weld quality and functional properties
and additionally making use of the laser microwelding potential to fabricate high temperature shape

memory alloys by alloying a third element into the NiTi.

Keywords: NiTi Shape memory alloys; Welding and Joining; Dissimilar microwelding; Laser

microalloying; Advanced characterization; Biomaterials.
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Chapter 1 Introduction

1.1 Background

The global growing demand of medical device manufacturing has an expected growth rate of
approximately 5 percent annually[1]. Today Canada is the eighth largest medical device market. The
United States, Canada’s largest trading partner in the medical industry, accounts for roughly 45% of
global sales [1]. This level of importance to the Canadian market points undoubtedly to the importance
of continued improvement in this sector.

The production and fabrication of medical devices is a vast field in which the physical connection
of these devices is required to meet certain standards. This entails that they should have a pertinent
level of mechanical strength and functional properties, depending on their applications. One of the
leading candidates in manufacturing methods for medical devices is laser microwelding, which is
chosen in place of other welding and joining processes due to its low heat input, high energy density,
minimum heat affected zone and good reproducibility. It should be mentioned that rather than joining
and welding, laser processing could also be beneficial to fabrication of medical devices. Despite all of
the aforementioned benefits, there are some challenges inherent in this technique such as the formation
of brittle intermetallic compounds, segregations, vaporization of different elements and porosity.

An additional challenge stems from the fact that various biomaterials are being integrated into
complex multi-component systems to take advantages of their individual properties, which results in
dissimilar materials needing to be welded together. For instance, NiTi’s shape memory effect and
superelasticity can be integrated with the biocompatibility and superior mechanical properties of
stainless steel or the high electric conductivity of Ptlr, depending on the specific use[2]. Consequently,
it is important to develop effective methods that can minimize detrimental effects, such as the
aforementioned issues. These methods could consist of controlling process variables and parameters,

adopting different joint configurations, using interlayers and applying solid state processes.

1.2 Objective

The focus of this thesis is on dissimilar microwelding of NiTi alloys to other biomaterials (Stainless
Steel 316L, Cu and Pt-Ir) and improving its mechanical and functional properties through welding
parameter control. In this regard, the potential of dissimilar laser welding of NiTi to other material to
fabrication high temperature ternary NiTi shape memory alloys will be discussed. Therefore, the main

objectives of this thesis are:



a. Understanding the challenges during laser welding of NiTi related to microstructural features,
non-ideal phases and changes in transformation temperatures.

b. Correlating the relationships between microstructure (grain structure and texture) of NiTi joints
and their functional behavior by adopting different laser process parameters and configuration.

c. Applying the optimized welding parameters to preserve the mechanical properties and functional
aspects of NiTi such as superelasticity in dissimilar laser welding.

d. Adopting laser microwelding processing of NiTi shape memory alloy enabling laser alloying to

fabricate ternary high temperature shape memory alloys.

1.3 Thesis outline

The thesis consists of seven chapters. Chapter 1 is an introduction presenting the motivation and the
objectives of the current research. Chapter 2 details a thorough literature review over the physical
metallurgy, laser processing and laser welding and some fabrication method related to NiTi shape
memory alloys. At the end of this chapter the effect of third element in the NiTi medical alloys are
discussed.

Chapter 3 discusses the Ni vaporization of NiTi alloys during welding and the effect of laser
parameters on the microstructure and texture and therefore mechanical properties of welded NiTi
alloys. Chapter 4 discusses the formation of hard and brittle intermetallic compound and non-ideal
microstructural features stemming from the complex flow behavior of the fusion zone of dissimilar
NiTi joints. In this regard, offsetting laser welding method has been proposed in dissimilar laser
welding of NiTi to stainless steel and NiTi to pure Cu welded joints.

As the focus of this thesis, Chapter 5 & 6 investigate two main issues in dissimilar welding of NiTi
alloys for medical device applications. The first one is how to preserve the superelastic response of
NiTi material after welding with other biomaterial, while the second issue is to increase the x-ray
visibility of NiTi medical devices using laser microwelding technique. Therefore, Chapter 5 studies the
dissimilar welding of NiTi to Ptlr wire and discusses how it is possible to preserve the superelasticity
of the welded joints. The microwelding enabled alloying of Pt and NiTi material to fabricate a high
temperature shape memory alloy (NiTiPt) which has also a great influence on the increasing of x-ray
visibility of NiTi medical devices is presented in Chapter 6. Finally, Chapter 7 will conclude the thesis

and recommendation for future works.



Chapter 2 Literature Review

2.1 Introduction of NiTi

NiTi shape memory alloys are the best-known smart materials due to the superior performance of
their functional properties, namely shape memory effect and superelasticity. In comparison to other
shape memory alloys, such as Fe-Mn-Si, Cu-Zn-Ak and Cu-Al-Ni, the NiTi alloys have less instability,
less impracticability and better thermomechanical performance [3,4]. Therefore, they have a wide
variety of applications mainly in biomedical, aerospace and automotive industry [5]. NiTi is an
intermetallic compound (IMC) that consisting of equiatomic or near equiatomic Ti and Ni elements, as
seen in the Ni-Ti phase diagram in Figure 2-1. It should be mentioned that with only a slight deviation
from the equiatomic composition, other IMCs namely NisTi, NisTi>, NisTis (all in Ni rich NiTi) and
Ti2Ni (in Ti rich NiTi), could be formed [6].
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Figure 2-1 Phase diagram of Ni-Ti [6].

NiTi shape memory alloys were first proposed for use as implants in dentistry in 1962 [7], followed
by using the NiTi as superelastic braces in 1972, and then approved for orthopedic surgery by US Food
and Drug Administration (FDA) in 1989 [8]. Since then, many new biomedical applications have been
introduced to the market. NiTi has exhibited superior high corrosion resistance, biocompatibility and
can be produced to respond at the temperature of the human body. The most important aspect of NiTi
is actually that its superelastic behavior mimics the stress-strain behavior of human bones and tendons.
As a result, the NiTi stents are compliant to bend in vessels while the stainless steel stents tend to force

blood vessel straight [5].



Therefore, for many complex medical treatments and surgical procedures, there is a vital need for
precise and reliable miniature instruments to achieve accurate positioning and functioning. These
devices can be used in many fields such as orthopedics, neurology, cardiology and radiology and some
examples are endodontics, stents (Figure 2-2-a), bone staples, guidewires and catheters. Aside from
medical devices which is the main focus of this thesis, NiTi is used in other industrial field such as
aerospace (Figure 2-2-b), auto (Figure 2-2-d), robotics (Figure 2-2-c and €) and actuators (Figure 2-2-

0). In all those applications the knowledge over joining and welding of NiTi SMA is inevitable.
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Figure 2-2 Some of NiTi applications: a) Stents[9], b) Boeing variable geometry chevron[10], c) Shape memory vacuum
grippers[11], d) Auto clutch[12], e) Flying robots [5] and f) MEMS thermal actuators [13].

NiTi has two main phases, martensite and austenite, that can transform between each other either
by temperature or by deformation. The austenite phase has a B2 (CsCl-type) ordered cubic structure
with a lattice constant of a=0.3015 nm at room temperature and the martensite phase (B19’) is twin-
based with 24 different variants[14] and a monoclinic type crystal structure. However, under
appropriate thermomechanical processing a third phase, named “R-phase”, can be present also via
martensitic transformation with trigonal crystal structure. The condition for R-phase to be stable
typically require the presence of Ni4Tis, dislocations or stress fields in the austenite matrix [6].

In the shape memory alloys, the martensite/austenite interface is mobile and this leads to a
thermoelastic phase transformation with low internal friction, which can be detected by thermal analysis
[15]. Usually, the martensite phase transforms into the austenite phase by heating over austenite start

and austenite finish temperatures (As and Ays) in an exothermic reaction. Reverse transformation occurs
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in the same way by cooling the austenite phase, crossing the martensite start temperature (Ms),
martensite finish temperature (M¢) and showing an endothermic reaction [16].

Microstructures of undeformed NiTi austenite and martensite are in two different scales as shown
in Figure 2-3: martensite crystallites formed within each parent grain are in a submicron scale as is
marked by blue lines in Figure 2-3-a and the parent grains are visible at with an average grain size of
~10um in Figure 2-3-b. It should be mentioned that the blue lines in Figure 2-3-a are different
orientations of martensite crystallites belonging to aforementioned the 24 different B19’ variants
formed inside each grain as the NiTi cooled through martensitic transformation in free-load condition.
In this context, the word crystallite is normally used to emphasize a material volume that consists of a
single martensite lattice orientation [17]. However, when the material is fully austenitic, the grains are

visible and defined by a single austenite lattice orientation.

Figure 2-3 Microstructure of NiTi shows a) lath-like martensite crystallites formed inside each parent grain and b) grain
structure of austenite phase. Blue lines show some of the different orientation of martensite crystallites [17].

As mentioned before, martensite and austenite phase can transform between each other by applying
and removal of stress/strain. In this regard, tensile behavior of NiTi alloy obtained below the M
(martensite finish temperature, corresponding to the blue curve in Figure 2-4) and above the As
(austenite finish temperature corresponding to the red curve in Figure 2-4) are used to demonstrate
isothermal uniaxial stress-strain response. Each curve entails different regimes: regime i) is related to
the elastic deformation of the material in both phases, regime ii) is inelastic deformation which contains
a reversible transformation, regime iii) is elastic and reversible deformation of either detwinned
martensite (blue curve) or stress induced martensite (red curve) and regime iv) is related to plastic
deformation of the final phase that is irrecoverable. Yield 1 is the transition from regime i to ii. In

regime ii a stress plateau occurs due to stress induced martensite phenomena in austenite phase (red
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curve) or martensite detwinning (martensite reorientation) when the material is deformed in the
martensite phase (blue curve). It is interesting to mention that in both cases these strains are both
inelastic and recoverable strains of the NiTi since they are expected to be fully recovered through phase
transformation via unloading or applying heat (above Ay). Further straining causes a rehardening event
after yielding the induced martensite (in red curve)/reoriented martensite (in blue curve) at the end of
regime ii and entering regime iii of the stress-strain curve of the material. This region is recoverable
and is the elastic deformation of stress induced (red curve) or detwinned (blue line) martensite. Finally

upon reaching Yield 2 the transition to irrecoverable and plastic deformation of martensite starts [17].
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Figure 2-4 Tensile response of NiTi wire at martensite (blue line) and austenite (red line) [17].

The mentioned reversible and thermoelastic transformation between twinned-martensite and
austenite is the main reason for the functional properties of NiTi, which are superelastic effect (SE) and
shape memory effect (SME). Figure 2-5 shows these properties in macroscopic and atomic scale.
Basically, in martensite phase stability (Figure 2-5-a) the condition for shape memory effect arises
when an applied deformation is recovered completely by heating. In this case, twinned martensite first
transforms to detwinned martensite via loading. After unloading and heating, the detwinned martensite
transforms to the austenite phase and recovers its original shape. For the superelastic effect (Figure 2-5-
b), the austenite phase is the dominant phase, and it absorbs a considerable amount of deformation
through a stress-induced martensite transformation. After unloading, the shape recovers (8-12%)
without large residual strains by reverse transformation from martensite to austenite [6,16]. Here, Mq

is the temperature below which the martensite transformation can be induced by stress, and above it
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NiTi in the austenite phase behaves like any other material and has a typical elastic/plastic deformation
with no phase transformation. The transformation strain in this figure can be regained from either strain
recovery upon heating (referring SME) or strain recovery upon unloading (referring SE). Normally,
shape memory effect occurred below the Ms and superelasticity happened between the As and M. It
should be noted that all these phenomena occur below the critical stress for slip. Therefore, the material

has enough yield stress to achieve promising SME or SE functionality [18].
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Figure 2-5 Behavior of superelastic and shape memory effect of NiTi [5].

Some other alloys also have shape memory effect and superelasticity with the same mechanisms as
NiTi, however, NiTi has better mechanical properties and better strain recovery for both SE and SME
in comparison with other shape memory alloys. NiTi also has a wide range of applications in the

biomedical industry due to its superior corrosion resistance and biocompatibility [19].

2.2 Importance of Welding of NiTi

Welding and joining procedures are an inevitable part of manufacturing to provide mechanical
support, electrical connection or insulation and other purposes. Fusion welding processes has been
introduced around 50s by electric arc-based methods. However, as is shown in Figure 2-6 by increasing
the power density the damage to workpiece would be decreased and penetration, welding speed and

weld quality will be enhanced significantly[20].
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Figure 2-6 The relationship between heat input and power density of the heat source in fusion welding processes [20].

In case of NiTi shape memory alloy, aside from its many useful functional and mechanical
properties, the poor workability due to high work-hardening and their increasing applications demand
has resulted in numerous published investigations for suitable joining techniques to obtain complex
system components. Figure 2-7 shows the number of published works relating to different types of
welding and joining technologies for NiTi shape memory alloys. There are multiple fusion and solid-
state welding processes available. For the former, the base materials melt and solidify in the joined area
while in the latter, there is no melting of the base metals while joining by plastic deformation and/or
solid-state diffusion occurs. As is seen the number of publications is rapidly growing in the recent years
and solid state processes have a considerable portion of that, specially from 2020.
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The selection of the type of these welding methods really depends on the size of the parts, the
mechanical properties which are targeted and applications. So far, laser welding is the most heavily
investigated welding process in the case of NiTi, due to its low heat input, reduced size of heat affected
zone (HAZ) and fusion zone (FZ), no contact with heat source, high precision and high welding speed
[21], as is shown in Figure 2-6. However, it has reported that the preferential volatilization of Ni due
to the high energy density of the laser beam causes the formation of brittle IMCs and therefore reduces
the mechanical properties of the joints.

The formation of brittle IMCs is the main concern especially in dissimilar joining of NiTi to other
engineering alloys, where these IMCs can easily form and worsen the mechanical properties and
functional properties of the joints. Hence, solid-state welding can be applied with no melting and
solidification, and thus introduces lower IMCs content in the FZ, but it has other limitations. The aim
of this work is to review fusion welding with focusing on laser welding and analyze the microstructure
evolution, functional and mechanical properties and finally compare these methods in similar and
dissimilar welding of NiTi. First, similar welding of NiTi will be discussed due to reduce complexity
on the nature of these joints and then dissimilar welding of NiTi is conveyed thoroughly.

Table 2-1 Published works on fusion and solid-state welding of NiTi and their applications

Type of L L
. Year of Publication Applications
Materials PP
Aerospace, Auto industry, Construction, Medical
NiTi/NiTi 228115[[225]51%12(%%3{5%] 22%122%53:2%] devices (Stents, coil anchors, filters, orthopedic
b ' B implants), Orthodontic archwires, Staples, Brackets
. Novel medical devices such as PE wire and
DT PES] 2ol tubing for angioplasty and stents
o Medical devices, automotive, aerospace and
NiTi/Cu 2015[37], 2017[38], 2021 [39] electronics industries P
NiTi/SS 301 2020 [40]
Medical devices and civil construction
- 2011[41], 2013[42,43], 2017[44], 2018[45], . e . o
NiTi/SS 304 2019]46,47] , 2020 [48,49], 2021[50] Biomedical, w:;grl]ir;tzr?:iajtgirr:ilsls such as artificial
NiTi/ SS 316 2012 [51,52], 2015 [53], 2017[54]
NiTi/CUAIMN 2017[55] Superelastic Jc(())lr?éiz\tlil\t/?t:/he high electrical
NiTi/Ti6AI4V 2014[56],2016[57], 2017[58], 2020 [59-61], High resistance to corrosion and biocompatibility
2021[62-64] properties
T Various industrial segments to improve design
U T 2R ] flexibility with reduced cost




Dissimilar welding of NiTi is highly demanded since the utilization of complex multi-component
systems has been growing rapidly in recent years. Table 2-1 depicts some of the researches on
different joining combinations of NiTi to other materials and their potential applications [66]. This
thesis is reviewing fusion-based welding of NiTi dissimilar joints. In fusion-based welding, most of
the research focused on laser welding; however, resistance microwelding technique as well as gas

tungsten arc welding and electron beam welding processes will be discussed as well.

2.3 Typical welding processes of NiTi

Figure 2-8 shows different fusion based processes applied for dissimilar materials. Figure 2-8-a
depicts the laser welding of NiTi wires when Nd-YAG laser source is utilized. As is mentioned earlier,
laser welding is the most interesting way for joining NiTi in the published literature due to narrow
fusion and heat affected zones, good controllability over the process, precise method especially under
controlled atmosphere. The details will be discussed in Section 2.4. The laser welding can be expensive
and time-consuming compared with other typical welding processes. Figure 2-8-b shows the micro gas
tungsten arc welding (GTAW) of NiTi and SS304 sheets when NiTi filler material is used. In this type
of processes an electric arc is applied between the electrode and the base materials under an inert gas
protection. The arc produces enough heat to melt the base materials and clean the interested welded
area. The electrode usually made of Tungsten since it has a high thermal emissivity and high melting

temperature.
GTAW
a Laser Head b ‘ “ 3 i

Shiclding gas supply \ g 2o

NTi %ﬁfs) oS
A

NiTinol Plate
20 mm ] 20 mm

NiTinol Plate

Shielding gas supply

c Compacted A1203 powder +

wire clamp

SS tube

Copper electrode

Figure 2-8 Different fusion based procedures using in NiTi dissimilar joints a) laser welding[35], b) Micro gas tungsten
arc welding [47] and c) Resistance welding [44].
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Finally, Figure 2-8-c demonstrates the schematic of resistance welding of NiTi and stainless steel
clamped wires where they are inserted into the stainless steel tube and surrounded by AlO3 compact
powder. Generally, in resistance welding, high intensity electric current passed through the base
materials which could be wires or sheets and due to materials resistivity, great amount of heat generated
which resulted in melting the interface of base materials. Eventually, the welding occurred by applying

an external force on the base materials.

2.3.1 Gas Tungsten Arc Welding (GTAW)

GTAW is a typical fusion welding process implemented in welding of NiTi alloys. In compare with
laser welding, GTAW process is simpler and cheaper, however there are limited studies on dissimilar
welding of NiTi using GTAW because of its high energy density, wide HAZ and FZ. It is reported that
since NiTi and stainless steel 304 has large difference in their chemical compositions, the formation of
partially diluted zone (PDZ) would be inevitable. Figure 2-9 shows this PDZ in the micro GTAW
welding of NiTi to Stainless Steel 304 sheets when NiTi filler material and no post weld heat treatment
(PWHT) were applied. By changing the filler material to Inconel 625 the PDZ still existed however the
Ni-rich phases would be created which decreased the hardness of the PDZ of weld [47].

Crack

1213 HV /

Figure 2-9 Partial diluted zone observed in micro GTAW of NiTi/SS304 with using the NiTi filler [47].

The mechanical properties and the failure regions of mentioned welded samples by NiTi filler and
with/without PWHT are depicted in Table 2-2. As can be seen the best mechanical properties was the
case of using Inconel 625 and after applying PWHT due to mitigation of brittle nature of NiTi/SS304

interface with thermal treatment and formation of less hard and brittle phases in their interface [47].
Table 2-2 Mechanical properties and fracture regions of NiTi/SS 304 dissimilar micro GTAW joints [47]

Filler Materials PWHT Elongation (%0 Fracture region
NiTi No 0.5 SS/FZ Interface

NiTi Yes 05 NiTi/FZ Interface
Inconel No 2.0 NiTi/FZ Interface
Inconel Yes 45 NiTi/FZ Interface

11



Overall, the GTAW process generate significant amount of heat as is mentioned earlier which could
create wide FZ and HAZ resulted in deterioration of mechanical properties of the weld[67]. As is
reported in the case of NiTi/SS304, applying the GTAW resulted in similar mechanical properties of
joints welded using laser [68]. However, adopting GTAW is significantly more economical than most
of the welding processes, and in the use of sheet geometry and by selecting optimal parameters and

proper post weld heat treatments, it could be replaced with laser welding of dissimilar NiTi joints [69].

2.3.2 Resistance Welding

Typical applications of resistance welding involve passing a current across and the welding
interface. The resistance to current flow that occurs at the interface generates enough heat to melt the
weldments at the interface, fusing them together.

R oo )
Figure 2-10 a, b) Microstructure and c, d) hardness values of the cross section of resistence welded NiTi and stainless
steel using 40A and 45A current [44].

Figure 2-10 shows the microstructure of a stainless steel and NiTi joint interface applying resistance
welding at two different currents (40 and 45A). In Figure 2-10-a, two distinct regions are observable in
the interface: the worm-like phase, which is depicted as the darker phase within the interface, is detected
as Fe,Ti and the other phase is Fe,Ti/(Fe, Ni)Ti/NisTi eutectic phase, which formed in very thin layer

12



in the interface and would have detrimental effects on the joint strength, as is discussed earlier. By
increasing the current (Figure 2-10-b) different phases can be formed: the reaction layer, which is seen
as light grey, is in contact with the melted zone analyzed as NisTi/(Fe, Ni)Ti eutectic phase and also
Fe,Ti/(Fe, Ni)Ti/NisTi [44]. The influence of these microstructures on the microhardness is quite
evident, as shown in Figure 2-10-c and d. In lower current of resistance welding (40A), there is no high
hardness value in the interface, and it seems that the interfacial layer is so thin that it cannot be detected
by the hardness indenter. On the other hand, in higher current sample, which contains a reaction layer
and evidence of interfacial melting and the re-solidification process, much higher hardness values (up
to ~800HV) could be detected, which is a sign of the formation of hard and brittle IMCs[44].

These modified microstructures formed with low current (40A) resulted in improvement of the
mechanical properties of dissimilar NiTi/SS joints. The joints failed before reaching the stress induced
martensite level and therefore, the superelastic response of NiTi could not be achieved. However, as is
seen in Figure 2-11, the optimum parameters of resistance welding of NiTi and stainless steel raised
the mechanical response significantly and stress induced martensite formed [44].

1000
40A as-welded 45A as-welded
800
600 ﬂ

400

Tensile stress (MPa)

Elongation (%)
Figure 2-11 Stress strain response of NiTi/stainless steel welded by resistance welding and [44].

The reason for this improvement is due to the thinning of the diffusion layer (10um in 40A in
comparison with 40um in 45A) between the interface[44]. This thinning effect prevents the hard and
brittle intermetallic phases in the fusion zone and results in the formation of the eutectic phase,
especially at the interface of NiTi and fusion zone, which provides better bonding strength at the
interface. Therefore, it is expected that by applying solid state welding of dissimilar welding of NiTi,
the superelastic response could accomplished again.

The other technique which is quite useful to exclude molten metal from the formation of weld after
it is formed is micro resistance welding (MRW). It was employed for the first time on fine Ni wires[70]
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(Figure 2-12), in which sufficient surface melting was generated and then the molten metal was
squeezed out by plastic deformation to form a solid-state weld with high strength. This method requires
a proper balance of high initial contact resistance and sufficiently high welding force. In the first stage
of this process, there is a deformation imposed by electrodes, afterwards the interfacial resistances
between top electrode and upper wire (R1), faying interface (R2) and between bottom electrode and
lower wire (R3) (all are shown in Figure 2-12-a), caused heat generation, and increasing the temperature
until it surpassed the solidus temperature of the wires at their interface. Finally, the electrodes squeezed
out the molten material toward perimeter and the wires joined together with solid-state bonding[71]. It
should be mentioned that the amount of wires deformation after the welding are reported as setdown

parameter which is defined as[70]:

B
Setdown = X 100(pct)

where A and B are defined as is shown in Figure 2-12-b. This parameter is one of the important
variables which could influence on the quality and weldability of the welded samples. It is reported
that, the setdown parameter is not enough to evaluate the joint strength of the welded sample however,

there is an optimum condition of this parameter which resulted in highest joint strength[70].

a

R1__ b A
R NiTi wires A B
E v __

T — A
A

v

R3

Figure 2-12 Schematic of the a) MRW process and b) definition of setdown [22,70].

It is reported that the MRW process could locally annealed the previous strain-hardened base
materials and therefore resulted in modification in transformation temperature of NiTi wires. As is seen
in Figure 2-13, the transformation temperature of the welded NiTi wires is quite similar to the solution
treated NiTi wires. However, it is important to note that, because of MRW, the transformation
temperature of NiTi wires did not change drastically and the austenite phase is predominant phase after
MRW at room temperature which is crucial to have room temperature superelasticity of NiTi wires

after welding process.
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Figure 2-13 Comparison of DSC curves of as received, MRW and annealed NiTi wires (modified from Ref. [22]).

2.4 Laser welding of NiTi

The most investigated method of joining NiTi alloys is laser welding. Most of the applications for
welding NiTi alloys focused on Ni rich alloys where superelastic behavior is expected at room
temperature. However, the effect of laser welding on mechanical properties, texture, microstructure
evolution and functional properties of both Ni and Ti-rich NiTi, which the superelasticity and shape
memory effect occurs at room temperature, needs more understanding. In laser process, an energy
source causes a light radiation emission which has several characteristics such as monochromaticity,
low beam divergence, coherence and high brightness[72]. Therefore, a high density beam could be
focused on a very small spot on a workpiece and generate narrow heat affected and fusion zones.
Amongst different lasers, Nd-YAG laser which is a solid-state laser having Nd:Y3AlsO15 garnet, is
widely used in laser welding of NiTi in both pulsed and continuous welding configuration. There are
some fundamental issues and challenges regarding to applying laser welding and related solutions will

be reviewed below.

2.4.1 Ni vaporization and texture evolution

Falvo et.al [73] reported the effect of similar laser welding on shape memory and mechanical
behavior of NiTi. As is shown in Figure 2-14-a strength of the welded NiTi significantly decreased in
comparison with unwelded base material, and the material becomes more brittle after welding.
According to the phase diagram of Ni-Ti, it is expected with variations to the Ti-side of the material,
TioNi intermetallics formed [74]. As shown in Figure 2-14-b and c there is grain boundary precipitation

of this hard and brittle phase and micro-cracks in the FZ also existed [75].
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Figure 2-14 a) Mechanical response of the welded and NiTi base material after laser welding [73]. b) microstructure of
similar NiTi HAZ grain boundary with Ti rich segregated compound and c) surface fracture of same weld [75].

As was mentioned, most studies discussed Ni-rich NiTi due to its wide range of applications where
a superelastic response is needed (particularly in medical devices). The biggest challenge during high
power density processing procedures like laser or electron beam is composition changes induced by
vaporization of Ni. NiTi is one of the materials that is very sensitive to compositional changes, as is
seen in Figure 2-15-a, a slight modification in chemical composition (especially in Ni-rich NiTi) could

cause considerable variation in transformation temperature.
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Figure 2-15 a) Ms temperature vs. Ni content for NiTi [6], and b) Ni and Ti vapor pressure vs. temperature [76].
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The reason for the higher rate of vaporization of Ni in NiTi alloys is the difference in the partial
vapor pressure of Ni and Ti in an equiatomic NiTi at higher temperatures[76]. In Figure 2-15-b
calculated vapor pressures of these elements as a function of temperature are depicted. As seen, Ni has
higher equilibrium vapor pressure in compared with Ti in the shown temperature range, and therefore
easily evaporated during laser welding of NiTi which will be resulted in the changes the transformation
temperature of the welded material (Figure 2-15-a).

BM - Base material A A - Auslenite
HAZ - Heal affected zone M - Martensite

FZ - Fusion zone

34 A5 36 ar a8 iR 40 41 4.2

260°

Figure 2-16 X-Ray diffraction of NiTi welded sample with presence of martensite in FZ[24].

The change in the transformation temperature causes the formation of a mixture of
austenite/martensite in the fusion zone (FZ). In Figure 2-16, thermally stable martensite forms due to
the preferential Ni vaporization in FZ which results in an increase of the transformation temperature,
thus different amounts of martensite will coexist with some amount of retained austenite. It has been
reported that higher heat input gives a larger percentage of the martensite phase in the FZ [24].

Taking a closer look at the different regions’ microstructure by indexing the phases under
transmission electron microscopy reveals that in the base material there is only the B2 phase (Figure
2-17-a) and the HAZ and FZ consist of a mixture of different phases. The HAZ (Figure 2-17-b) contains
both of B2 and R-phase with some dislocations present. A more complex microstructure is visible in
FZ (Figure 2-17-c) with B2 phase and different second particles identified as TisNi4, Ti2Ni and TiNis
compounds[31,74,77].

The formation of these phases, dislocations and destruction of the martensite phase due to melting
and re-solidification can cause non-uniform stress fields in the HAZ and FZ and decreases the maobility
of the martensite/austenite interface and hence deteriorates the superelastic and shape memory response
by creating irreversible deformation [31,77]. However, post weld heat treatment is one solution to

improve the superelasticity of NiTi welded samples [78].
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Figure 2-17 TEM images and SAD pattern of a) BM, b)HAZ and c) FZ of welded NiTi [31,77].

The other important aspect of similar laser welding of NiTi is the grain structure and texture
evolution of re-solidified material in the fusion zone. The grain structure, texture orientation and inverse
pole figures of welded samples in keyhole and conduction modes are shown in Figure 2-18. The base
material in this study [79] was superelastic cold-drawn wire and therefore their texture was
predominantly <111> type grains [14]. After welding in keyhole mode condition (Figure 2-18-a),
coarse columnar grains at the centerline and finer columnar grains near the HAZ are formed due to
directional solidification after welding. However, in conduction mode (Figure 2-18-b) the average grain
size of FZ is smaller and more equiaxed. As expected, the easy growth direction of cubic materials after
solidification is <100>-type orientation [79-81] which is visible after keyhole condition. In conduction
mode (Figure 2-18-b), there are deviation from the cubic easy growth orientation due to a more rapid

re-solidification.

001 101

Figure 2-18 IPF images in the tensile direction of Similar NiTi in a ¢) Keyhole condition and b) Conduction mode and
their corresponded austenite B2 inverse pole figures [79].
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Figure 2-19 depicts the joint efficiency (the maximum strength ratio of the welded to the base
material) of similar NiTi laser welding in the selected optimal conditions. It varies from near 30% [82]
to more than 90% [83]. The justification of dropping strength of the welded NiTi/NiTi joints were
mainly referred to as deviations in texture and grain size [84], formation of brittle IMCs [35,73,85] and
dendritic structures within the fusion zone [86]. It should be mentioned that in all these studies, the best
joint efficiency was achieved by optimizing the laser parameters(peak power of 0.15kW and 20ms pulse
duration) [84], changing the heat input value (power of 1200W and speed of 6000mm/min) [35] and

proper post-weld heat treatment (laser heat treatment at speed of 50mm/s, power of 2.5kW) [87].
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Figure 2-19 Joint Efficiency [25,27,28,35,73,81-91] on similar laser welding of NiTi.

2.4.2 Formation of Intermetallic compounds and segregations

In medical industry, dissimilar welding of NiTi and stainless steel is usually required in many
application scenarios as shown in Table 2-1 Published works on fusion and solid-state welding of NiTi
and their applications. However this joint formation is extremely sensitive to the formation of IMCs
inside the fusion zone, particularly during laser welding [2]. Figure 2-20-a displays a cross-section of
a typical laser welded joint, where different regions were selected for localized chemical composition
analysis (Figure 2-20-b) and labeled by letters a to e in red color [41]. According to the diffusion path
theory [92], it is expected that the chemical composition of the joint lies in the connected line between
the two base materials (yellow line in the ternary phase diagram of Figure 2-20-b) which is NiTi with
equiatomic Ni and Ti and stainless steel with 90% of Fe. From stainless steel toward NiTi, all of the
shown phases in ternary phase diagram (y-(Fe, Ni), Fe2Ti, NisTi, (Fe, Ni)Ti, ...) can be found along
this grey line. Therefore, many of hard and brittle phases such as Fe,Ti and Ti>Ni should be avoided to

form which will be discussed later.
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Figure 2-20 EDX chemical analysis of a) different points on SS-NiTi weld put into relation with b)the corresponding Fe-
Ni-Ti ternary phase diagram[41].

For better understanding aside 2D chemical composition analysis, 3D chemical composition
analysis of NiTi/SS weld joint is also presented in Figure 2-21. This figure is reconstructed from phase
analysis made by focused ion beam sectioning and EDS mapping, which shows solidification routes
and diffusion pathways inside the FZ [93]. With this figure, there is better understanding of diffusion
pathways and possibility of hard and brittle phases formation during welding and solidification. After
welding, solidification started and the first phase to form from the NiTi side of the phase diagram is
(Fe, Ni)Ti, which grows epitaxially with planar, cellular and dendritic formation. The remaining liquid
in interdendritic arms solidifies as a dendritic phase, NisTi. On the other side, the Fe-rich part starts to
solidify as dendritic Fe,Ti and within the dendrites Ti-poor melt forms another eutectic phase. The
remaining liquids from both sides reach together and forms another complex eutectic. Therefore, the
fusion zone microstructure is quite complex and contains lots of intermetallic networks. As could be

compared, this information related to diffusion pathways was missed in 2D images.

m>2) m>05)
m->(3) >
LEJOR E2CD)

Figure 2-21 3D map reconstruction made by FIB and EDS showing different regions of SS-NiTi fusion zone: 1) NiTi
base metal, 2) (Fe,Ni)Ti dendrites, 3)NisTi in eutectic, 4)remained thin region 5)Fe.Ti dendrites, 6) dendrites made of 6-
a) y-(Fe, Ni) and 6-b)FeTi [93].
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The other common dissimilar welding of NiTi using in medical application is to join it to Ti6AI4V.
As it can be seen in Figure 2-22, in both partial penetration conditions (Figure 2-22-a) and full
penetration conditions (Figure 2-22-b), extensive cracking is visible adjacent to the fusion line due to
solidification shrinkage. As is shown in Figure 2-22-b, the different orientation of cracks follows the
dendrite growth directions. This dendritic structure formed due to molten material flow after welding
during solidification. The EDS analysis proved that Ni migrated and formed extreme brittle Ti,Ni
phases which is stable in a wide range of Ni, Ti and Al chemical compositions. On the other hand, in
compared with NiTi/SS joint, NiTi/Ti joint has more potential in formation of Ti:Ni hard and brittle
phases due to containing more Ti in Ti alloys, therefore the extensive cracks would be visible adjacent
to the fusion zone in the Ti6AI4V area (Figure 2-22) [94].

500 pm

[ —Y

Figure 2-22 Macrograph of NiTi/Ti6Al4V showing a) partial penetration and cracking close to Ti alloy (left). Dashed
lines evidence the weld asymmetries and the black arrows suggest the main NiTi-rich liquid flows in the melt pool and b)
extensive cracking in higher magnification [94].

The other well documented NiTi dissimilar welding is its joining with Cu. Sun et. al. reported the
segregation mechanism of NiTi/Cu laser welded [39]. As is seen in Figure 2-23, in NiTi/FZ interface,
the liquidus temperature of molten fusion zone is lower than this parameter for NiTi, the stagnant layer
has been formed along the fusion boundary without any sufficient mixing (Figure 2-23-a). Subsequently
and due to strong convection, liquid NiTi get mixed in the molten pool and quickly solidified without
any considerable mixing (Figure 2-23-b and c) and caused NiTi peninsula at the NiTi/FZ interface
(Figure 2-23-d).

However, on the other side, since the liquidus temperature of fusion zone is higher than the Cu, after
forming the stagnant layer at the Cu/FZ interface (Figure 2-23-¢), the molten fusion zone started to
solidify pushing toward stagnant layer (Figure 2-23-f). Finally, some Cu beach created due to solidify
the remaining of liquid Cu in irregular shape (Figure 2-23-d). This mentioned segregation in NiTi/Cu

joints has the main responsibility for poor mechanical properties in this dissimilar joint.
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Figure 2-23 Segregation mechanism in a-d) NiTi/FZ interface and e-h) FZ/Cu interface in NiTi/Cu weld [39].

(€)

Bulk molten
pool

Partlalh
mixed Cu

2.4.3 Use of Interlayers

Due to the formation of extensively wide and complex networks of hard and brittle IMCs inside the
FZ of NiTi/stainless steels joints, many works adopted different materials as interlayers in order to
prevent the formation of these phases and improve the joints’ mechanical properties[2]. In this regard,
different elements such as Ni[51,95], Co[96], Ta[53] and Cu[97] were used in order to stop the
formation of hard and brittle common intermetallics between Ni, Ti and Fe or to form other less hard
and brittle IMCs and modified the microstructure.

The selection of the interlayer [98] mainly contains three steps: i. thermodynamic assessment
comparing formation enthalpy (AH) and A(G) of any possible IMCs to base materials, ii. mechanical
assessment of formed fusion zone and if the formed IMCs are not hard phases and iii. feasibility study
through trials and optimization processes. Table 2-3 shows the different interlayers used in the
dissimilar fusion based welding (mostly laser welding) of NiTi to other materials. As can be seen,
different interlayers have been implemented due to either form a chemical barrier (Ni, Ta, ...) and reduce
the amount of IMCs content in the FZ or forming eutectic phase (Nb) in the interface of base material

and fusion zone instead of hard and brittle IMCs.
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Table 2-3 Interlayers used in laser welding of NiTi in published literature [47,50,51,53,54,57,60,62,96,97,99-103]
Strength

Base Materials

Type of Welding

Year

Interlayer

NiTi/304 SS
NiTi/304 SS
NiTi/304 SS
NiTi/316L SS
NiTi/Ti6AI4V
NiTi/316L SS
NiTiNb/Ti6AI4V
NiTi/Ti6AI4V
NiTi/304 SS
NiTi/304 SS

NiTi/301 SS

NiTi/304 SS
NiTi/316L SS
NiTi/304 SS
NiTi/Ti6AI4V

Nd-YAG
Nd-YAG Laser
Nd-YAG Laser

Fiber Laser
Nd-YAG Laser
Nd-YAG Laser
Nd-YAG Laser
Electron Beam
Micro GTAW
Nd-YAG Laser

Fiber Laser

Nd-YAG Laser
Nd-YAG Laser
Electron Beam

Fiber Laser

2012
2013
2013
2015
2016
2017
2018
2019
2019
2020

2020

2020
2020
2021
2021

10-100pm Ni
20-120um Cu
10-50um Co
25-100um Ta
50um Nb
100-150um Cu
300um filler Nb
0.45mm Nb
Inconel 625 filler
Ni powder
0.75mm Nb +
0.15mm Cu
0.3mm Ni
50um Ni
0.5mm FeNi
100um Cu

372 MPa
521 MPa
347 MPa
251 MPa
300 MPa
150 MPa
740 MPa
480 MPa
286 MPa
300 MPa

240 MPa

643 MPa
410 MPa
343 MPa
353 MPa

[51]
[97]
[96]
[53]
[57]
[54]
[99]
[60]
[47]
[100]

[101]

[102]
[103]
[50]
[62]

Figure 2-24 shows the effect of a Co interlayer in transition between the base material and the fusion

zone in a NiTi/SS joint where lots of IMCs could be formed without using an interlayer (Figure 2-24-

a). The white structure in Figure 2-24-a indicates the of the IMCs caused many microcracks. Whereas

using 20um Co interlayer shows a better transition in NiTi/FZ interface (Figure 2-24-b), which

improves the stress concentration in the fusion zone and there are no visible cracks in the joints.

Figure 2-24 Microstructure of NiTi and fusion zone in NiTi/SS joint a) without and b) with 50um Co interlayer [96].

The use of interlayers can promote the formation of ductile IMCs or decrease the amount of hard
and brittle IMCs. Figure 2-25 demonstrates the use of Nb in NiTi/Ti6Al4V joints which leads to

formation of a eutectic phase in NiTi and the fusion zone between NiTi and Nb. This eutectic formation
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improves the mechanical properties of the joint by providing better bonding related to modification of
transient zones between materials[57,99].
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Figure 2-25 EDS map of NiTi/Nb interface in NiTi/SS joint and the correlated regions with NiTi/Nb phase diagram[57].

Formation of different phases are characterized in dissimilar welding of NiTi using XRD, an
example of which is shown in Figure 2-26. In this figure, the effect of different thickness of Ni and Co
interlayers on the formation of IMCs phases could be seen. In all those cases, when less interlayer is
present, more detrimental phases are formed; however, with high amounts of interlayer, some new
IMCs such as TiNis (in Ni), TiCo,, Ti2Co and TiCo (in Co) are formed. It is important to note that for
all these cases there is optimum amount of interlayer (visible later in Figure 2-28) for which the
minimum amount of harmful intermetallics are made[51,53,96].
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Figure 2-26 XRD pattern of NiTi/SS weld using a Ni [51] and b) Co [96].
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Other than aforementioned pure metal interlayers, alloyed FeNi interlayer has been recently used in
the laser welding of NiTi to Stainless Steel 304[50]. It is reported that, this specific interlayer improved
the uniformity of the composition of the fusion zone. By using the EBSD (Figure 2-27), the distribution
and content of IMCs are visible in the fusion zone of NiTi/SS304. By applying the Ni interlayer, the
IMCs content decreased from 47% (in Figure 2-27-a) to 43% (Figure 2-27-b), whereas this number
significantly decreased to just 9% (Figure 2-27-c).

o

v-(Fe,Ni) phase [} Intermetallic compounds

Figure 2-27 EBSD phase map on the fusion zone of NiTi/SS304 showing IMCs content in different conditions of using a)
no interlayer, b) Ni interlayer and c) FeNi interlayer [50].

As is expected from different formed phase in Figure 2-26, the mechanical properties of these joints
are the best in the optimum condition as can be seen in Figure 2-28. In optimum condition of Ni
interlayer thickness where minimum Ti element is presented in fusion zone and Ni is not too much to
form NisTi, the hardness value of the fusion zone is considerably lower than the other interlayer
thicknesses (Figure 2-28-b) and therefore the tensile strength of this joint is the best (Figure 2-28-b)
due to fewer preferential sites for crack initiation and propagation during the loading. It could also be
seen that by using proper interlayer (FeNi instead of Ni in Figure 2-28-c), the tensile strength could be
improved from 264MPa to 343MPa in the case of NiTi to Stainless Steel joint[50].
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Figure 2-28- a) microhardness and b) tensile strength of NiTi/SS joint using different Ni interlayer thickness [51] and c)

effect of FeNi interlayer on tensile strength of NiTi/SS joint [50].

2.4.4 Effect of Laser power

The other method for controlling the base materials’ elements mixing is to optimize the laser process

parameters and the main important one is laser power. Figure 2-29 shows the application of different

laser peak powers in dissimilar laser welding between NiTi and Cu. Various regions are labeled based

differentiations in contrast of microstructure and EDS measurements used to estimate the chemical

composition within each region.
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Figure 2-29 Microstructures of NiTi/Cu dissimilar joints showing formation of different regions and their corresponded

chemical composition gathered by EDS[104].
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With the proper peak power, which is 2.2kW in this case by using pulsed Nd-YAG laser, the Cu
content is lower than 10% leading to the formation of the soft and ductile NiTiCu phase. However,
lower peak powers resulted in insufficient bonding strength, while higher peak powers caused high Cu
content in the FZ (due to increased mixing of the element) to form possible hard and brittle CuTi, CuTi>
and other brittle intermetallics.

By selecting proper parameters, the mechanical properties improved due to enhancements to the
microstructure, as shown in Figure 2-30. In NiTi/Ti6Al4V joints (wires with a diameter of 300um), the
laser power of 22.4W (the highest between samples) resulted in the best tensile strength (around 82%
of Ti alloy), due to better microstructure, less IMC content and reduced HAZ width in comparison with
the two other parameters[99]. On the other hand, in NiTi/Cu joints, adopting 2.2 kW power (Figure
2-30-b) improved the formation of stress induced martensite because of defect-free joint and preventing
the formation of brittle fusion zone, thus a stress induced martensite region in stress-strain curve of the

joint appears, which could be a sign of the preserving superelasticity[38].
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Figure 2-30 Mechanical properties of a)NiTi/Ti6Al4V joint in different laser power (from Sample A to C the laser power
increased)[99], b)Cu/NiTi joint in different laser power[104].

2.4.5 Laser Offsetting

Another way to decrease the amount of IMCs is through applying the laser offset to the centerline
of the two base materials but focused on the material which has a lower conductivity, higher melting
point and less diffusivity and therefore the potential for mixing different elements together would be
lower. Panton et. al [36] showed that offsetting the laser onto MP35N (Ni-Co-Cr-Mo alloy) in the laser
welding of NiTi and MP35N would bring crack free joint with less porosity and less macro-segregation
(Figure 2-31). The reason for this behavior is less mixing of Ti into the MP35N alloy and therefore a
reduced possibility for the formation Ti>Ni, Ti.Co and TiCr; inside the fusion zone. Enhancement of

mechanical properties by using the offsetting strategy has been demonstrated in the case of MP35N-
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NiTi joints. Using offsetting onto MP35N improved the joint break force significantly from 40N to
near 100N due to less mixing of Ti, formation of cracks, and porosity in fusion zone[36].
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Figure 2-31 Cross section of NiTi/MP35 with a)100um on NiTi b) centerline and ¢) 100um on MP35N offset [36].
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One of the recent studies [40] used hybrid of both laser offsetting and Nb and Cu interlayer foils.
As observed in Figure 2-32, there are four distinct zones in this joint, namely: i. the reaction layer |
formed at the NiTi/Nb interface, ii. the unmelted Nb, iii. the fusion zone (FZ) formed in the Nb
interlayer, and iv. the reaction layer Il formed at the Nb/Cu/301SS interface. As mentioned in section
2.4.3[57], NiTi/Nb interface formed an eutectic phase. Additionally, the pure Cu foil melts completely
and causes wetting to Nb and Fe and their diffusion into the liquid phase. Therefore, three distinct
metallurgical joining zones are formed based on three welding mechanisms for the NiTi and SS301
laser joint. The first metallurgical joining region is the melting zone formed within the Nb interlayer
based on the fusion welding mechanism. The second metallurgical joining region is the reaction layer
I based on the eutectic reaction of Nb and NiTi. The third metallurgical joining region is the reaction
layer 11 formed at the Nb/ Cu/301SS interface based on the brazing mechanism.

However, cracks could form in Cu/Nb interface due to the high heating and cooling rates of pulsed
laser welding and immiscibility between Cu and Nb. The Fe;Nbs IMC is also formed at the interface
of Nb/Cu/301SS. The strength and ductility of this joint with these interlayers were 240 MPa and 1.3%,
respectively, which were 126% and 188% higher than the joint without these interlayers [101].

Laser beam
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-

Figure 2-32 Cross section micrograph of NiTi/Ni/ 304SS joint using laser offsetting [101].
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2.4.6 Post Weld Heat Treatment

Post weld heat treatment (PWHT) also can improve the weld microstructure by forming possible
ductile phases. As reported in the dissimilar welding of NiTi and SS304 [48], by adopting a Ni
interlayer, the post weld heat treatment has a great beneficial effect. The interface of NiTi and Ni is
observed in three different conditions: without PWHT (Figure 2-33-a), PWHT at 650°C (Figure 2-33-
b) and PWHT at 850°C (Figure 2-33-c). There are two distinct layers in fusion zone of this interface
(Figure 2-33-a) and the thickness of the layer | gradually decreases as the PWHT temperature increases.
Layer I is mainly a eutectic structure of NiTi and NisTi confirmed by the EDS results. Another layer,
which shown as layer II, is mainly NisTi IMCs and its content increases as the PWHT temperature
increases (shown by XRD). This phenomenon can be justified by the increase in the diffusion
coefficient as the PWHT temperature increased, thereby promoting more inter-diffusion at the interface.
Therefore, PWHT introduced some Ni.Tis phases (shown by gray in Figure 2-33-b and c) as a result of
Ni dilution in the eutectic structure.

Point Chemical compositions (at. %) Possible phase
Ti Ni Fe Cr

A 38.77 59.21 2.01 - NiTi + NisTi

B 25.42 68.15 5.34 1.09 NiyTi

C 49.87 50.13 - - NisTis

D 27.60 67.78 4.62 NisTi

Figure 2-33 The microstructure at the NiTi/Ni interface of the joints: (a) As-welded, (b) PWHT at 650 °C, (c) PWHT at
850 °C. EDS analysis results of the NiTi/Ni interface [48].

As shown in Figure 2-34, post weld heat treatment can increase the mechanical strength of the joint.
Adopting PWHT at 100°C, 200°C and 300°C in NiTi/SS304 orthodontic arch wire joints [68] can alter
the tensile strength of these joints as demonstrated in Figure 2-34-a. There is an optimum condition at
200°C due to the releasing of the residual stress in the joint, whereas at 300°C lots of brittle IMCs
formed (NisTi, Ti2Ni) causing deterioration the mechanical properties of the joint. However, as is
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shown in the other study [48] higher temperatures of PWHT in the same materials joint (NiTi to
Stainless Steel 304) could increase the tensile strength significantly, because it can homogenize the
microstructure and form NisTis precipitates. As is seen in Figure 2-34-b, while the average tensile
strength of as-welded NiTi/SS304 joints is approximately 303 MPa, the 650°C of PWHT temperature
increased this value up to approximately 384 MPa. By increasing the PWHT to 850 °C, the joint showed
the best average tensile strength and elongation, which was about 643 MPa and 12%, which are 2.12
and 3.91 times higher than that of the as-welded joints, respectively. The tensile strength and elongation
improvements may be caused by the precipitation of NisTi; phase [105-107] and also through the
decreasing the layer I in interface of NiTi/Ni (Figure 2-33.¢)[48]. Therefore, the influence of post weld
heat treatment on the microstructure and mechanical properties of the welded NiTi to other materials
such as stainless steel, needs further investigation by selecting different range of temperature and time

of the heat treatment.
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Figure 2-34 Tensile properties of the PWHT of NiTi/SS304 joint at a)2100°C to 300°C [68] and b) 650°C and 850°C [48].

2.5 Ternary NiTi-based alloys
2.5.1 Introduction to HTSMAs

Despite great functional properties and biocompatibility of binary NiTi shape memory alloys, their
applications are limited to the temperatures below 100°C. However, in auto and aerospace industries,
it is vital to have higher temperature shape memory effect and/or superelasticity properties. Therefore,
to increase the transformation temperature of shape memory alloys for high temperature shape memory
alloys (HTSMASs) applications, two different approaches could be chosen. The first solution is applying
plastic deformation on binary NiTi alloy to stabilize the martensite phase, however once the stabilized

martensite phase heated to austenite phase the mentioned effect would be vanished [108]. The second
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approach is adding some elements such as Au, Pd, Pt, Zr and Hf in the binary NiTi alloys to fabricate
ternary NiTi-based HTSMAs[109-113].

The applicable transformation temperature and shape memory strain of different types of high
temperature shape memory alloys have been studied and it has been showed the best performance of
material in different temperature range and also where the material could preserve the 85% of its
functional properties’ performance. As compared, among these alloys, NiTiPt is one of the unique
materials that have functional properties in a wide range of temperatures and even above 700°C which
make it applicable in the variety of industrial applications.

The fabrication and production of ternary NiTi-based shape memory alloys are the same as NiTi
alloys consists of casting the material from high purity Ni, Ti and the third elements using vacuum
induction melting (VIM) or vacuum arc remelting (VAR) processes, following by homogenization and
optimum heat treatment. Figure 2-35 shows the microstructure of the NiTiPt material after casting
(Figure 2-35-a with dendritic structure), homogenization at 1050°C (Figure 2-35-b) and cold worked
to 60% reduction with subsequent annealing (Figure 2-35-c)[115]. This conventional method contains
time-consuming procedures and needs precise optimizing, additionally the fabricated material has lots
of difficulty for any traditional forming and machining [116]. In recent years, additive manufacturing
(AM) has been introduced as an effective way to fabricate high temperature shape memory alloy [117],
although it also contains lots of trial and error to achieve a non-defective HTSMA[118,119].

Figure 2-35 NiTiPt alloy production after a) casting showing dendritic structure, b) homogenization and c)cold working
and annealing [115].

2.5.2 Laser Welding of HTSMAs

There are very few reports on welding and joining of HTSMAs, except some focus on the laser
welding of a phase strengthened NiTiZr [120,121]. In these types of material (NiTiHf and NiTiZr), H-
phase precipitates resulted in solid solution strengthening and promoting phase transformation[122].
However, as is seen in Figure 2-36-a, while the base material mainly consists of martensite and near
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7% H-phase, the H-phase completely dissolve inside the fusion zone causing changes in chemical
composition of the matrix and decreasing the transformation temperature. Therefore, the considerable
fraction of austenite phase (near 30%) could be found inside the fusion zone. Additionally, the
microhardness map of the weld (Figure 2-36-b) indicates a sharp decrease in hardness values by
entering the fusion zone, due to H-phase dissolution. However, in the middle of the fusion zone, when
there is significant amount of austenite phase and drop in the amount of H-phase, the hardness values
increased again[121].
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Figure 2-36 Evolution of a) different phases volume fraction and b) hardness mapping across the weld joint [121].

2.5.3 Increasing the radiopacity

The other important effect of the third elements in NiTi-based alloys, rather than fabricating a high
temperature shape memory alloy, is increasing the radiopacity of these materials for medical
application. Despite having excellent functional properties for NiTi shape memory alloys, they have
radiolucent visibility under X-ray fluoroscopy. In this case, there are two well-known solutions to make
the medical device (stent, guidewires, etc.) more visible under the X-ray fluoroscopy. The first one is
using some markers by using some radiopaque elements, and the second option is to make the whole
NiTi based medical device radiopaque by adding a third element (amongst radiopaque elements). With
comparison the relevant radiopacity between different metals such as Pt, Ir, Au it can observed that
they have extremely higher radiopacity in compared with Ni and Ti [123].

As is mentioned the first solution to track the radiolucent NiTi medical device inside the patient’s

body is welding the proper markers to NiTi. As is seen Ptlr sleeve markers are applied on the
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expandable stent (Fig. Figure 2-37-a) or Ta markers are welded on other types of self-expandable stents
(Figure 2-37-b) [124], therefore their visibility under the x-ray could be enhanced significantly.

Y
Figure 2-37 Different types of markers a) Ptlr sleeves and b) Ta markers in NiTi self-expandable stents[124].

The second way to track NiTi-based medical device under the fluoroscopy is alloying the radiopaque
element with NiTi and fabricating NiTiX ternary shape memory alloy to increase their x-ray visibility.
The comparison between binary NiTi and ternary NiTiPt stents are shown in Figure 2-38-a, where the

top 5 stents are NiTiPt, and the bottom two stents are NiTi.

Figure 2-38 Adding third element to binary NiTi alloy using a) NiTiPt stents (top 5)[125], b) NiTi-Ag composite with
hierarchical structure[126] and c) In-situ NiTi-W composite [127].

Additionally, there are some efforts to fabricate NiTi-X composite where X is the radiopaque

element. Figure 2-38-b shows the cross section of hierarchical structure of the NiTi-Ag composite
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manufactured by repeated assembling and wiredrawing with preserving the superelasticity of NiTi
material. The other example is fabrication in-situ NiTi-W composite as its microstructure shown in
Figure 2-38-c by two-step melting process. Therefore, it could be concluded that applying other creative
methods to resolve the x-ray visibility issue of NiTi medical devices are needed in future.

2.6 Issues and problems in laser welding of NiTi

This chapter reviewed the most important works on fusion welding focusing on laser process of
NiTi shape memory alloys. As is mentioned, there are several challenges regarding the laser welding
of NiTi such as Ni vaporization and changing the transformation temperature, formation of IMCs,
complex flow pattern specially in dissimilar joints with different element density and deterioration of
functional properties of NiTi during welding. Next chapters are discussing these issues and suggesting
solutions to overcome them using advanced characterization methods, and finally introducing

capabilities of laser microwelding of NiTi in fabrication of ternary NiTi alloys.
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Chapter 3 The controlling of Ni evaporation during laser welding of
NiTi!

3.1 Introduction

The inevitable joining processes during the production of multi-component biodevices can
significantly compromise the alloy’s unique properties. As a rule of thumb, the formation of the HAZ
and FZ typically deteriorates the mechanical properties of any welds, including laser welded material.
However, laser welding has been commonly used for joining of NiTi due to narrow fusion and heat
affected zones along with the desired reproducibility [21,128]. Still, the laser welding cycle destroys
the previously optimized cold worked and annealed NiTi material by formation of dendrites and coarse
grains [129] results in the deterioration of its superelastic response. Some studies [89,130-133] have
indicated that by selecting optimal parameters obtained from design of experiments in laser welding,
75% to 86% of strength of the base material in NiTi joints can be achieved after the formation of stress
induced martensite at fracture.

Additionally, one of the main challenges in laser welding of NiTi is the preferential Ni vaporization
during welding which occurs due to the higher equilibrium vapor pressure of Ni in comparison with Ti
[76,134]. This phenomena results in a decrease in the Ni concentration of the material and in turn the
formation of Ti-rich IMCs (such as Ti2Ni) which deteriorates the mechanical properties and also
increases the transformation temperature [6]. Transformation temperature changes can lead to
significant microstructural changes and martensite formation which affect joint properties [23,24,135].
It is well established [136] that the superelastic response of welded samples also decreased, since aside
from thermal stability of martensite, mechanical stabilization of martensite will also occurred in FZ and
HAZ due to dislocations introduced during superelastic cycling of welded joints [137].

Although many efforts have been made to improve the functional behavior of laser welded NiTi
alloys through changing the process parameters [2,138], eliminating of Ni vaporization during laser
welding/joining of NiTi is difficult, and the evaluation of local superelastic response to Ni concentration
variation across NiTi welds is still unclear. Additionally, debating is still ongoing regarding whether
the superelasticity of the welded NiTi could be altered by changing the cyclic test temperature,

considering the variation in the transformation temperature of the welded material.

! The results of these chapter are published in two journal papers: 1- Shamsolhodaei, A., Y. N. Zhou, and A.
Michael. Science and Technology of Welding and Joining 24.8 (2019): 706-712 and 2- Shamsolhodaei, A., et
al. Materials Letters 287 (2021): 129310.
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In this chapter, a laser process window is designed to have a fundamental study of Ni vaporization
issue in laser welding of NiTi wires; and two extreme laser conditions (the highest and lowest power
within a laser processing window) are selected for further analysis. The results shows that the dominant
phase at room temperature changes from austenite to a mixture of austenite and martensite under low
power and high power condition, respectively, due to higher Ni loss in the high power sample.
Furthermore, the high power sample has deviation from base material texture that causes deterioration
in mechanical properties. Superelastic response were studied using nanoindentations and cyclic tensile
tests. By adopting the possible lowest power laser condition, superelastic response in both conditions

significantly enhanced.

3.2 Experimental Procedure

3.2.1 Welding setup

A superelastic NiTi wire with diameter of 400um and 50.8at%Ni was used in this study. A dilute
solution of 7.5% HF, 28.5% HNO3 and 64% H20 was used to remove the thick surface oxide from the
wires. After etching, the wires were cleaned using acetone, ethanol and de-ionized water to remove any
surface contaminants. Laser processing/welding on this material was performed using a Nd:YAG
Miachi Unitek LW50A laser with a wavelength of 1.064um. Laser processed/welded samples were
produced using square pulsed profiles with 400um nominal spot size diameter with pulse durations of
5,10, 15 and 20ms included 1ms ramp up and ramp down. First, laser processing was conducted to find
the full penetration processing window with a 60% pulse spot overlap and the maximum peak power
before any observable breakage in wires. Thereafter, lowest power and highest power of full penetration
processed window were determined to be the conditions of consequence welding of NiTi. Butt joint
laser welding configuration was selected in order to evaluate the mechanical properties and superelastic
response of welded wire samples. Figure 3-1 shows the schematic of the laser welding in a butt joint

configuration of NiTi wires.

Laser Beam

1
I |

A
Figure 3-1 Schematic of the laser welding in a butt joint configuration
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3.2.2 Characterization

Microstructural analysis of cross sections of welded samples were examined through conventional
procedures, which is mounting in epoxy, grinding with SiC sandpaper up to number of 1200, polishing
to 0.25um diamond spray and etching with Kroll reagent (2-4%HF, 5-7%HNO3 and 89-93%water).
The etched samples were observed by optical microscopy (OM). Detailed analysis of the phase map
and microstructure carried out by electron backscatter diffraction (EBSD) using JEOL JSM
7000 FESEM equipped with the HKL Technology system with a step size of 1um, working distance of
about 15 mm and an accelerating voltage of 20 kV. The welded samples were prepared using oxide
polishing suspension (OPS) after grinding with sandpapers up to number of 1200 and polishing to
0.25um diamond spray. The acquisition of data was carried out by the Oxford Instruments Aztec
software and collected data was post-processed by HKL Channel 5 software.

Phase transformation temperatures of welded materials were measured by Differential Scanning
Calorimetry (DSC- TA Q2000) system equipped with a refrigerated cooling system. It should be
mentioned that due to small size of HAZ and FZ regions, some remnant base materials existed in DSC
samples. The DSC samples were first thermally pre-cycled to remove any effects of internal mechanical
stress generated by the laser procedures and then DSC curves were recorded in a temperature range
from -50°C to 50°C using a heating and cooling rate of 10°C/min. All required transformation
temperatures were measured using TA Trios software in accord with ASTM F2004-05 Standard. Based
on this standard, each DSC sample should be measured prior experiment and should be in the range of
25-40 mg. To satisfy this criteria, 4 or 5 welded samples have been used as a DSC sample.

Vickers Microhardness were adopted using Clemex CMT automated hardness tester attached to
Clemex CMT 8.0 software according to ASTM E384. Microhardness measurements were captured by
applying a load of 200 g for 15 seconds and 50 um apart on the longitudinal centerline of the welds.
Tensile tests of were conducted three times for each laser condition at room temperature with an Instron
5548 microtensile tester at a gauge length of 12 mm and a strain rate of 2.8x10* s* for all welded
samples. Also, cyclic tests to evaluate superelasticity and were performed to a maximum strain of 10%
before unloading to zero stress and repeated for 5 cycles also for 3 samples for each condition.
Nanoindentations were performed by a nanoindentation platform (NHT, CSM Instruments,
Switzerland), using a spherical tip, with a radius of 20 um, a maximum indentation load of P = 100
mN, a loading/unloading rate of 200 mN/min and a dwell time equal to 15 s. Finally, the cyclic tests
were performed at room temperature and 60 °C to a maximum strain of 10% before unloading to zero
stress and repeated for 10cycles.
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3.3 Results and Discussion
3.3.1 Laser welding parameters

Figure 3-2 shows the profile map for 400um spot size during laser processing, with the full-
penetration processing window labeled. This processing window was obtained by applying different
peak powers and pulse durations on a 400 um NiTi wire. It is well known that high power (keyhole
mode) causes more Ni vaporization than low power parameters due to extra keyhole vaporization and
surface vaporization that is predominant in low power condition (conduction mode) [76,134]. These
two mentioned criteria, labeled by green and red dotted circle for lowest and highest peak power
respectively, were selected to study the effect of Ni vaporization. As displayed in Figure 3-2, both
selected conditions result in full penetration condition without any retained base materials and are

applicable for butt-joint welding of NiTi wires.
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Figure 3-2 Laser pulse processing window showing full penetration condition. Green circled low power (0.15kW)
condition vs. red circled high power (0.9 kW) condition in this chapter.

3.3.2 Microstructure and texture of welds

Cross section of welded samples and their corresponding phase maps are seen in Figure 3-3. In the
microstructures, the location of FZ, HAZ and BM regions of welded samples are marked by dashed
lines and will be discussed later. However, in the corresponding phase maps, it could be seen that the
FZ region of high power (0.9 kW) sample (Figure 3-3-b) contains a considerable amount of unindexed
areas (black color) which are related to martensite phase formation after welding. The low power
(0.15kW) sample (Figure 3-3-a) is almost fully austenite (indexed with red color and very low amount

of unindexed parts). The formation of martensite is related to more Ni vaporization at high power,
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resulting in shifting the transformation temperature to higher temperatures and the appearance of

martensite phase at room temperature.

< Austenite

a

Low power Sample

b Austenite Martensite
‘ ‘

High power Sample

Figure 3-3 Microstructure of a) low power condition and b) High power condition laser welded samples and their
corresponded phase map

The SEM overview and EBSD IPF images of the low power and high power laser welded samples
are shown in Figure 3-4-a and c. The IPF image in the high power condition shows a considerable
unindexed region which is attributed to the B19* martensite phase. This behavior is a direct result of Ni
evaporation during high power laser processing (Figure 3-4-c). It worth to mentioned although the base
material has <111> direction, the fusion zone of the high power sample (Figure 3-5-a) has directed
toward <100> which is a easy-growth direction during the solidification of cubic materials whereas this
region in the low power sample, contained finer and more random grains due to applying laser
conduction mode (Figure 3-4-a).

To provide better insights into this observation, EPMA maps of the low and high power conditions
are shown in Figure 3-4-b and d, respectively. As seen at the high power laser condition (Figure 3-4-d)
more blue color is detected inside the fusion zone which means lower amounts of Ni is present inside
the fusion zone. However, to quantify this variation, one region outside and two regions inside the
fusion zone were selected and labeled by BM, FZ1 and FZ2.

39



e Bl
SBM
HP Wel

Figure 3-4 Microstructure and IPF map of a) low power (LP) welded sample, b) high power (HP) welded sample and c)
the low power (LP) and d) high power (HP) welded samples’ EPMA showing Ni concentration.

Detailed grain structure, texture orientation and inverse pole figures of base material and welded
samples are shown in Figure 3-5. As expected, base material (Figure 3-5-a) has predominantly <111>
type grains because the superelastic wire are cold drawn and subsequently heat treated to have this
texture orientation to exhibit supreme superelastic response [14]. Figure 3-5-b and c illustrate coarse
columnar grains at the centerline and finer columnar grains near the HAZ formed after welding due to
directional solidification. It is also evident (Figure 3-5-c) that the high power sample contains coarser
grains both in FZ and HAZ in comparison with low power one (Figure 3-5-c). However, a deviation in
texture orientation after welding between base and weld material for both conditions exist based on the
IPF maps related to these welded sample: formation of <100>-type orientation after laser welding of

NiTi has been already observed [79-81], because this orientation is the preferred and easy-growth
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direction for cubic materials under maximum temperature gradient and maximum heat extraction
conditions. Since the NiTi has B2 (bcc order) structure, hence it is expected that the solidified grains
within FZ form in this <100> direction (coloured by red). In low power sample (Figure 3-5-c), although
grains are formed slightly toward <100>, they are distributed in randomly with a lower intensity. This
behavior has been observed when conduction mode is in dominant [79]. Therefore, it should be
mentioned that in the low power sample (Figure 3-5-b) less observed deviation from base material

texture in comparison with the high power sample (Figure 3-5-c).

Exp. densibes (mud}
Mine 0.05, Max= 360

1
2
3]

Base Material

Low power Sample

High power Sample

Figure 3-5 IPF images in the tensile direction of a) NiTi base material, b) HP and c) LP samples and their corresponded
austenite B2 inverse pole figures showing the deviation of intensity after laser welding.

3.3.3 Ni content and Phase transformation Temperature

The weight percentage of Ni inside the selected regions (BM, FZ1 and FZ2 in Figure 3-4-b and d)
are given in Table 3-1, where the difference of Ni concentration in BM and FZ of the low power sample
is negligible. However, this difference is in the range of 0.3-0.4 wt.% between the FZ and the BM at
the high power condition, which could cause a significant difference in transformation temperature of
welds. Generally, the higher rate of Ni evaporation is mainly attributed to the higher vapor pressure of
Ni, compared to that of Ti during laser keyhole welding of NiTi alloys [76].

41



Table 3-1 Ni concentration per wt.% in selected region of the laser welded samples shown in Figure 3-4

Regions BM Fz1 Fz2
Ni (wt%) in LP 55.04 54.98 55.12
Ni (wt%) in HP 55.69 55.38 55.31

To understand the effect of Ni evaporation, differential scanning calorimetry (DSC) of the high
power and low power samples was used to characterize transformation temperature changes. Figure
3-6 indicates the variation of the transformation temperatures during heating and cooling for high power
sample (red curves) and low power sample (green curves). In both samples, there are two sets of peaks:
one relates to phase transformation of base material and another one relates to weld. The transformation
temperature of the weld material in the high power sample increases significantly in comparison with
the low power samples because of its lower Ni concentration caused by more Ni vaporization. The Ni
evaporation of the material can directly shift the transformation temperature between austenite B2 and

martensite B19’.
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Figure 3-6 Differential Scanning Calorimetry of High Power (Red curves) and Low Power samples (Green curves)
during cooling and heating showing the variation of transformation temperature due to Ni loss in both conditions.

The critical transformation temperatures of the NiTi BM, low power, and high power welding
conditions were measured from DSC curves as -16, -2 and 22°C for As, -2.5, 18 and 42°C for Af, -
25.5,-32 and 19.5°C for Ms and -43, -21.5 and -7°C for Mf, respectively. Therefore, the transformation
temperature of weld increased; however, this increase is more significant in the high power condition
due to the Ni evaporation resulting in the formation of the martensite phase which was not indexed in
IPF image (Figure 3-5-c). On the other hand, the austenite transformation finish temperature (As) for
the low power condition is still at room temperature (18°C), which was confirmed by the fully austenite

microstructure in the FZ (Figure 3-5-b).
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Furthermore, to approximate the Ni concentration in the welded joints, an established relationship
between Ni concentration and austenite transformation temperature is recalled [134]. In this regard, the
Equations 3-1 and 3-2 were used [139,140], replacing AT with (AP-MP) in Equation 3-2 the Ni
concentration can be determined. These relationships are as follows:

Mp(cyi) = (2027077588.5 — 205968221.1cy; + 8370845.646¢y;%> — 170093.5974cy; + 1728.050544cy;* —

7.022069029¢y;5)K Equation 3-1
if cy; > 49.8at.%, AT = (—17.5cy; + 920.5)1(} -
{if cvi < 49.8at. %, AT = 49K Equation 3-2

where, cni is the Ni concentration. Therefore, by extracting the austenite temperature from DSC curves,
Ni concentration can easily be determined, which is mentioned in Figure 3-6. As is seen the major Ni
loss (~0.23 at %) occurs when the peak power is high. On the contrary, when lower power is used, there

was a negligible change in the Ni concentration (less than 0.03 at %).

3.3.4 Mechanical Properties

The high degree of deviation in texture between base and weld materials in high power sample
(Figure 3-5-c) caused a drastic decrease in the UTS from 81% of base material strength in the low
power sample to 63% in the high power sample, as is seen in Figure 3-7. It is worth to mention that in
this figure, the overshoot of stress in welded samples is the result of needing extra force to create the
initial martensite nuclei [141]. Moreover, due to formation of thermally stable martensite phase in the
high power sample, this welded sample needs lower amount of critical resolve shear stress in plateau
region rather than the low power sample which contains fully austenitic phase and also has lower young

modulus in elastic region [142].
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Figure 3-7 Tensile Stress-Strain curves of NiTi un-weld, high power and low power welded samples.
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Figure 3-8 shows the variation of microhardness across the weld for both the high and low power
samples. In both conditions the base material has a higher hardness than the FZ and HAZ due to the
coarser grain size (See Figure 3-5). However, the hardness was higher in the FZ of the low power
sample compared with the high power samples for two main reasons: coarser grain size in high power
in compare with low power one and containing a considerable amount of martensite phase in high

power sample, due to Ni vaporization, which is a softer phase in NiTi [6].
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Figure 3-8 Microhardness profile of a) HP (red dots) and b) LP (green dots) welded samples.

3.3.5 Superelasticity

Load-unload nanoindentation across the FZ and HAZ has been applied across the fusion zone for
both samples. The correspondent residual depth and dissipated energy has been calculated from the
load-unload curves as seen in Figure 3-9-a and b, respectively. As observed by entering the HAZ and
FZ, the residual depth and dissipated energy gradually increased after unloading. As a rule of thumb,
any melting and solidification of a superelastic wire can significantly degrade the material’s
superelasticity, since the critical yield strength of the material could be shifted to a lower value than the
critical stress for the martensitic transformation [6]. However, within the FZ of the high power
condition, the mentioned parameters are higher than its low power counterpart due to the existence of
martensite phase. It should be noted that most of the energy inside the FZ of the high power sample had
dissipated by plastic deformation or martensite detwinning and only a small fraction of it was consumed
for the strain recovery.
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Figure 3-9 The calculated parameter from load-unload nanoindentation on LP and HP welded samples a) Residual depth

after unloading and b) Dissipated energy

Nevertheless, it is worthwhile to evaluate the cyclic tensile test to evaluate the superelastic response
through the whole welded wires and to the effect of different amounts of Ni loss during welding. This
behavior is characterized by the residual strain after a cyclic tensile test at room temperature and at
60°C where both welded samples are in austenitic phase condition, as shown in the stress strain curves
in Figure 3-10. As can be seen the formation of martensite via the stress induced phenomena occurs in
several stages in the fusion zone before reaching a stress plateau level. As reported elsewhere this
phenomena is related to the existence of residual stresses in the HAZ and FZ of the laser welded NiTi
joints [23] and these kinks can manifest before or within the plateau [131]. Moreover, there was almost
complete strain recovery with very little residual strain (0.38%) observed in low power welded wires
after the first cycle, and it reaches a saturation point of 1% residual strain after 10 cycles (Figure 3-10-
a), both at room temperature. However, for the high power welded samples at room temperature, the
amount of residual strain is considerably higher (1.1% after first cycle and 1.9% after saturation in 10
cycles, as shown in Figure 3-10-b). It is important to note that during mechanical cycling, dislocations
are introduced in the FZ and HAZ and therefore mechanical stabilization of martensite would be
occurred [137]. Therefore, residual strain continues to increase with cycling until a saturation point is
reached. However, rather than martensite stabilization during cycling, which is common for both
welding conditions, presence of martensite in the high power sample or thermal stability of martensite
in addition to relatively coarse grain in FZ and HAZ causes a reduction in the superelastic response.
Since fully recoverable strain due to superelasticity is based on the B2 (austenite phase) to B19’
(martensite phase) reversible transformation [6], the material must be fully in the austenite phase to
obtain higher amounts of recovered strains. Overall, the low power conditions have better a superelastic
response and the control of the evaporation of Ni during laser welding plays a key role in achieving
this.
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Figure 3-10 The tensile cyclic response of the a) LP and b) HP welded samples up to 10 cycles at RT and 60°C.

However, at 60°C (Above Ar of both samples), there is almost no difference between the low and
high power welded samples (shown by dotted lines in Figure 3-10), even after the 10th cycle and the
residual strain is near 4% for both samples. Nevertheless, the considerable residual strain in both welded
conditions at 60°C is attributed to the large grains in the HAZ and the fusion zone along with the lower
yield strength of the welded samples at this temperature, which resulted in more plastic strain and a
lower recoverable strain [143].

3.4 Summary

This study examined the effect of Ni vaporization on NiTi joint performance by selecting low and
high power welding parameters. It was shown that in addition to Ni vaporization and its consequences,
which is changing the transformation temperature and forming martensite phase in FZ, the texture
variation between fusion zone and base material has a great impact on the mechanical properties of
weldments. Whereas the high power sample has mostly <001> grain type orientation, the low power
sample has lower intensity in texture and was slightly rotated toward <111> which is the main
orientation in base material. In this regard, the strength of the low power sample reaches 81% of
ultimate tensile strength of the as-received sample, while this number drops to 63% in case of high
power sample. Furthermore, the residual strain, which is a sign of superelasticity, was just 0.38% for
the lower Ni loss sample which was significantly better than the higher Ni loss sample with 1.01%
residual strain. This behaviour justified by formation of fraction of martensite phase and also coarser
grain in HAZ and FZ of the high power sample.

The high power sample has more texturized microstructures and larger grains compared to the low
power condition, in addition to the vaporization of Ni-content of the FZ. This Ni loss resulted in
changing the transformation temperature, and hence, in the formation of the martensite phase within

the fusion zone of the high power sample. It was shown that the presence of this unfavorable martensite
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phase is the primary reason for the different superelastic response of both welded samples at room
temperature. This superelastic response is shown by performing nanoindentation tests across the weld
area and cyclic tests up to 10 cycles in the tensile mode. However, by increasing the tensile cyclic test
temperature to 60°C (above Af temperature of the high power welded sample), the residual strain
difference between high power and low power samples was eliminated and both welded samples
presented similar superelastic behaviors.

With this chapter’s understanding of Ni vaporization and selecting proper laser parameters, next
chapter will study the formation of IMCs due to great affinity of Ti and complex flow pattern in the

dissimilar laser welding of NiTi.
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Chapter 4 Intermetallic compounds and flow behavior in dissimilar
NiTi welds?

4.1 Introduction

This chapter is the starting point for entering the dissimilar laser welding of the NiTi shape memory
alloys to other biomaterials. The most important one is the laser welding of NiTi to stainless steel (SS)
which is quite challenging and is of great importance to design medical devices, but formation of hard
and brittle IMCs results in low strength joints. The other highly demanded dissimilar welding of NiTi
is its joint with Cu since its use in the production of NiTi medical devices which need high electrical
conductivity (pacemakers). Therefore, these two dissimilar NiTi laser welds will be discussed in this
chapter in two separate sections.

Based on NiTi/stainless steel dissimilar joints studies and also taking the ternary phase diagram of
Ni-Ti-Fe into consideration [144], numerous extensive and complex networks of different hard and
brittle IMCs are responsible for low strength nature and extreme brittleness of NiTi/stainless steel joints
[41,93]. Therefore, different interlayers have been used to prevent the formation of these harmful IMCs
and improve the joints mechanical properties [51,53,54,95-97,145]. However, the usage of interlayers
needs optimization of laser parameters and a proper selection of interlayer material dissimilar laser
welding.

One of the aspects of minimizing IMCs in joints is to control the degree of mixing in the fusion
zone. In fact, accurate positioning of the laser spot and using of small dimension of the heat source can
control the microstructural evolution within the fusion zone [36,146], especially in butt joint
configuration. Laser offsetting welding (LOW) technique is another effective method to achieve sound
joints [147-151], because it provides different patterns of element mixing and thus different phases in
joints [152—154].

The aim of the present chapter is to adopt laser offsetting welding in a dissimilar combination of
NiTi to 316L SS and to Cu. In the first section, laser offsetting welding was introduced without
inserting any interlayer by shifting the laser beam 100pm into the stainless steel from the NiTi/316L

stainless steel interface. It shows that the LOW could be an effective method to laser weld the NiTi/SS.

! The results of these chapter are published in two journal papers: 1- Shamsolhodaei, A., et al.
Intermetallics 116 (2020): 106656. and 2- Shamsolhodaei, A., et al. Journal of Materials Engineering and
Performance 29.2 (2020): 849-857.
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The second section discusses the dissimilar pulsed laser welding of NiTi and Cu wires, used to
investigate the effect of laser positioning on NiTi/Cu joint performance. It was shown that positioning
the laser beam on the NiTi or on the centerline resulted in a better transition in microstructure that led
to acceptable mechanical properties without optimizing laser parameters or inserting any interlayers.
Thus, this present work may open the door for fabricating biomedical devices by studying effects of
laser beam offset on the microstructure, mixing patterns and mechanical properties of NiTi/SS316L

and NiTi/Cu dissimilar butt welded joints.

4.2 Experimental Procedure
4.2.1 Laser welding of NiTi/SS
A superelastic NiTi (50.2 at% Ni) wire and stainless steel AIS1316 (17 at. %Cr, 12 at. %Ni, 2% at.

Mo and Fe balanced) wire both with 400pum diameter were used in this work. Both sets of wires were
cleaned prior to laser welding using acetone, ethanol and de-ionized water to remove any impurities
and contamination. Laser welding on these dissimilar materials performed using Miyachi Unitek
LWH50A pulsed Nd:YAG laser, with a wavelength of 1.064 um, the nominal spot size of 400 um and a
square shaped laser profile with a 0.9 kW peak power and width of 5 ms. Argon gas protection was
employed as a shielding gas with a flow rate of 30 Cfh. Figure 4-1 depicts the schematic of the different
conditions of dissimilar laser welding in a butt joint configuration: a) laser beam positioned at the
interface of both materials, b) laser beam offsetting by 100 um from centerline and ¢) Ni foil with 50

um thickness inserted between two materials and the laser beam positioned at the centerline.

a Laser Beam

l b Laser Beam

Laser Beam

C ’ l
100pm

Figure 4-1 Dimensions and schematic of stainless steel 316 and NiTi in conditions: a) laser beam on centerline b) using
50um Ni interlayer and c) laser beam offsetting 100pm from centerline.

400pm

Microstructural studies were performed on cross sections of dissimilar welded specimens prepared
by mounting the welded wires in epoxy, grinding up to grit number 1200, polishing by diamond spray
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down to 0.25 um and etching with Kroll reagent (2-4%HF, 5-7%HNO3 and 89-93% water by volume).
Microstructure observation and phase map were conducted by Olympus BX51M Optical microscope
(OM) and Zeiss Ultra Plus field emission scanning electron microscope (SEM) equipped with Energy
dispersive spectroscopy (EDS). Synchrotron XRD performed with a Perkin Helmer 2D detector placed
at 1.35 m from the sample with a wavelength of 0.1426 A (87 keV) at beamline P07 high energy
materials science (HEMS) of Helmholtz-Zentrum Geesthacht at PETRA I11. A 200x200 um pixel size
of a detector with a measured accuracy of 26=0.0084° was used. The raw data images were treated
using Fit2D [155] using the procedure described in [24]. In these experiments, the probing line started
from NiTi base material and ended in SS base material perpendicular to the weld area. The distance
between consecutive probed regions was of 50um, while the X-ray beam size had 50 x 50 pm.

Vickers microhardness testing was carried out to make a series of 200 g indents with a distance of
50 um between each indent and 10 seconds holding time using a CMT Clemex automated hardness
tester according to ASTM E384. The strength of the welded samples measured by adopting an Instron
5548 micro tester at a gauge length of 12 mm which includes the FZ, the heat affected zones and the
base materials. All tensile tests were performed at room temperature and a strain rate of 3x10s*and
three samples for each welding condition were tested.

4.2.2 Laser welding of NiTi/Cu

A superelastic Ni-rich NiTi (50.2 at% Ni) wire with 400 um diameter and commercially pure Cu
(99.9 at%) wire with same diameter were used in this present study. The sample preparation and laser
equipment are the same as previous part. The top-hat shaped laser profile with a 0.9 kW peak power
and width of 15 ms, including 1ms upslope and 11ms downslope was used for all experiments. The
laser was positioned on five different locations on the NiTi side, centerline and Cu side which are
depicted in Figure 4-2. Focusing the laser on NiTi with a 100 um offset could not make a sound joint
with Cu and will not be discussed further. X-ray diffraction (XRD) measurements were taken at room
temperature on a Bruker D8 diffractometer with Co source with the scanning range of 26 = 30 to 100°.

Cross sections of welds were mounted in epoxy and then grinded with sandpaper up to number 1200
and then polished to 1 um using diamond sprays, followed by etching with Kroll’s reagent for 30
seconds. The related microstructures were observed using Olympus BX51M Optical microscope (OM)
and Zeiss Ultra Plus field emission scanning electron microscope (SEM) equipped with Energy
dispersive spectroscopy (EDS) to analyze the compositional changes. A Clemex CMT automated

micro-Vickers hardness tester was used to make a series of 50g indents across the base materials and
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FZ, 50 um apart with a holding time of 10 seconds. Tensile testing was performed four times for each

weld with a gauge length of 12mm and a strain rate of 3x10**s using an Instron 5548 micro tester.

Laser Beam

l

400pm
- —

e

-100-50 0 50 100

Joint centerline offsetting (pm)

Figure 4-2 Schematic of the laser welding process with different laser offsets.

4.3 Formation of IMCs in NiTi/SS316L welds
4.3.1 Microstructural analysis

The cross-section microstructure of the laser welded sample without any offsetting is shown in
Figure 4-3. Full penetration was achieved and both base materials could be distinguished as NiTi in the
left side and stainless steel in the right side (Figure 4-3-a). In addition, a swirling effect occurred inside
the FZ which is related to the Marangoni effect and promotes mixing of the two base materials within
the fusion zone. Different densities of the base materials, rapid heating and cooling in laser welding
could cause this complex pattern inside the FZ. Three different regions of the FZ: NiTi/ FZ interface,
inside the FZ and in FZ/stainless steel interface are shown in Figure 4-3-b to d.

The NiTi/FZ interface in Figure 4-3-b shows the characteristics of epitaxial growth starting from
planar, mainly cellular and ended with dendritic structure from base material to FZ. The cellular
interface between NiTi and the FZ consists of numerous microcracks (Figure 4-3-c) which were
reported elsewhere in this region due to formation of brittle phases [41]. On the FZ interface with
stainless steel (Figure 4-3-e), planar, cellular and dendritic morphologies formed in a thinner region
due to higher cooling rate during solidification. The microstructure of FZ in this sample (Figure 4-3-d)
consists of an extensive network of intermetallic phases in the form of a dendritic structure. These IMCs
are the main outcome of mixing elements, especially Ti which formed TiFez, TiCrz, TiNis and Ti2Ni,

and caused extreme brittleness and failure even under low stress conditions.
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Figure 4-3 Microstructure of welded sample without laser offsetting shows a) the whole FZ area, b) interface of NiTi/FZ,
¢) microcracks in the interface, d) center of the FZ and e) interface of SS/FZ.

By inserting a Ni interlayer between the two base materials (Figure 4-4), a white and sharp interface
formed in the interface of NiTi and the FZ (Figure 4-4-b). This interface consists mainly cellular and
cellular dendrites similar as literature [51]. This white interface might be the mixture of TiFe,, TiNi3

and NiTi B2 phases based on the mentioned literature in Chapter 2, extending along the entire interface.

Figure 4-4 Cross section microstructure of welded sample by inserting 50um in thickness Ni interlayer a) the whole FZ
area and b) interface of NiTi and FZ.

In case of offsetting the laser beam on stainless steel (Figure 4-5-a), the FZ exhibits different
characteristics. It seems that the large network of IMCs is limited to some regions inside the FZ and its
amount reduced considerably. The interface of NiTi and stainless steel (Figure 4-5-b) became narrower
but still consist of mainly cellular growth characteristic without visible microcracks. A dendritic
structure inside the FZ is formed with finer features in some selected regions inside the FZ (Figure 4-5-
c). The other important microstructural difference between the joint using the Ni interlayer and the one
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obtained without laser offsetting (Figure 4-3) is the inability to identify the interface of the stainless
steel/FZ. A section of the interface could be characterized (Figure 4-5-d) with very narrow and abrupt
interface and very fine and modified equiaxed dendritic structure.

Figure 4-5 Cross section microstructure of welded sample in 100um offsetting laser on stainless steel a) the whole FZ
area, b) interface of NiTi and FZ, c) center of the FZ and e) interface of SS/FZ.

4.3.2 Phase identification

Figure 4-6 demonstrates the distribution of Ti, Fe and Ni elements for the different welded joint. As
seen in Figure 4-6-a to c, by focusing the laser beam on the centerline of two base materials, the
elements distributed uniformly (especially Ti and Fe that could form several IMCs). In the case of
inserting the Ni interlayer, the amount of Fe mixing decreased inside the FZ (Figure 4-6-e) compared
with the other two conditions because of the chemical barrier role of Ni between two base materials.
The amount of Ni increased considerably due to the insertion of the Ni interlayer which caused the
formation of Ni-based IMCs inside the FZ. By offsetting the laser beam onto the stainless steel, Ti
content (Figure 4-6-g) decreased significantly and most of the FZ consisted of Fe (Figure 4-6-h) which
is the result of the stainless steel melting and welding with NiTi. This decrease in mixing of Ti inside
the weld pool could cause reduction in the amount of IMCs inside the FZ which will be discussed
further. In general, the higher mixing of Ti and Fe inside the FZ results in more IMCs formation. When

Ni content increased (using Ni interlayer), Ni-rich IMCs can be preferentially formed.
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Figure 4-6 EDS mapping of a-c) centerline, d-f) inserting Ni interlayer and g-i) laser offsetting welding condition
showing distribution of a, d, g) Ti, b, e, h) Fe and c, f, i) Ni element.

To identify which IMCs formed in the different welded joint, synchrotron X-ray diffraction (SXRD)
was used. The superimposition of the scans performed from one base material to the other base material
are plotted in Figure 4-7. Additionally, the intensity variation of one diffraction peak of each one of the
IMCs found along the joints was plotted to obtain a qualitative assessment of the volume fraction of
each IMC. Overall, various phases are formed inside the FZ. In weld centerline condition (Figure 4-7-
a) for instance, from the NiTi base material side to stainless steel base material side, Fe.Ti, Cr.Ti, FesTi
and NisTi are formed. These IMCs are highly brittle and detrimental for joint performance [43]. These
mentioned variation in different IMCs could be better followed in Figure 4-7-b in which Cr.Ti and
FesNi have higher intensity inside the FZ when compared to the LOW or Ni interlayer insertion joints.
It should be mentioned that these intensities were captured just from the main peaks of each phase and
as it could be seen Fe,Ti are highly formed within the FZ in centerline condition FZ. Inserting the Ni
interlayer (Figure 4-7-c and d), however, introduced Ni-rich intermetallics compounds such as FesNi
and NisTi. By offsetting the laser to the stainless steel side, a considerable decrease in IMCs intensity
could be visible (Figure 4-7-e), as Fe.Ti peaks reduced and the amount of TizNi, NisTi and Cr,Ti also
considerably decreased. The main peaks intensities of different phases are clearly visible in Figure 4-7-

f, where stainless steel austenite phase possess highest intensity inside the FZ.
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Figure 4-7 Superimposition of synchrotron x-ray diffractograms of a) centerline joint, ¢) Ni interlayer joint welded, e)
laser offsetting joint; and b, d and f) the extracted intensity of different phases in the corresponding samples.
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4.3.3 Mechanical Properties
The microhardness maps for each weld condition are depicted in Figure 4-8. The microhardness
variations are in a good agreement with cross section microstructure and mixing element pattern (Figure
4-6). In Figure 4-8-a high microhardness values (with average ~970HV) could be visible all over the
fusion zone due to homogenous distribution of elements (Figure 4-6-a to c) and the presence of hard
and brittle IMCs network inside the fusion zone (Figure 4-3-a). In the case of Ni inserted sample (Figure
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4-8-b), a higher content of Ti caused higher values microhardness region (red areas). By offsetting the
laser beam on stainless steel (Figure 4-8-c), lower hardness values inside the FZ (570HV) can be
observed. Considering the element distribution and phase identification based on SXRD results (Figure
4-7), it could be suggested that the higher amount of Ti inside the FZ (Figure 4-6-d) and also more
brittle and hard phases such as Cr,Ti and Fe;Ti resulted in higher values of microhardness. The HAZ
displayed lower values of hardness values as expected due to grain growth in the cold worked wires

and destabilization of martensite in the 316L SS base material due to the experienced thermal cycles.
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Figure 4-8 Microhardnessxng:gs) for a) centerline condition, b) Ni interlayer and c) laser offsetting welded samples.

Figure 4-9 depicts the mechanical properties of welded samples and corresponded base materials.
Both offsetting and insertion of the Ni interlayer increase the maximum tensile strength (Figure 4-9-a)
two times. As mentioned in section 4.1, using a Ni interlayer was already an established method for
improving joint performance in NiTi/stainless steel dissimilar welding. Similarly, laser offsetting
welding also has the ability of enhancing mechanical properties as shown in Figure 4-9-a through
hindering the formation of hard and brittle intermetallics and modifying the microstructure in the
interfaces of base materials and FZ. Nevertheless, none of the samples could reach the required stress
level to exhibit stress induced martensite phenomena (Figure 4-9-b) and even laser offsetting samples
failed just before occurring stress induced martensite plateau region for NiTi base material.

56



a . b
2000
= 450
)
g ow
= 350 = 1500
@ z B
2 300 E -
w5 z -
5 S 20 £ 1000 _
E 2 200 E ~—ssateL —
@ NI
E 150 500 ———NiTi = — sexmuow
‘ ——SSNITi (LOW) — 55T Cemetine
Z 100 - _
= w0 —— SS-NiTI (Centerline) o
) LK ——
0 0 s 10 15 20 25
. i (%
Centered Interlayer LOW Strain (%)

Figure 4-9 Mechanical properties of NiTi/SS welded samples in different conditions showing a) Maximum Tensile
Strength of the samples and b) Stress-Strain curves for welded samples and the base materials.

Figure 4-10 shows the fracture surface of welded samples after tensile testing. All the samples
exhibit sharp facets and considerable cleavages suggesting a sign of brittle nature of fracture. However,
by inserting Ni interlayer (Figure 4-10-b) and laser beam offsetting (Figure 4-10-c), some dimples and
tearing ridge could be observed as a sign of better ductility of these pulled samples in compare with

centerline weld sample (Figure 4-10-a).

60 um

Figure 4-10 Surface Fracture of NiTi/SS Joints in a) centerline condition, b) Ni interlayer and c) laser offsetting welded
samples.
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4.4 Flow behavior in NiTi/Cu welds
4.4.1 Fusion zone appearance

Figure 4-11to Figure 4-13 display the cross sections of NiTi/Cu dissimilar joints welded by different
laser offset positions and their corresponding elemental distribution map. The weld width decreased
when moving the laser position from NiTi to Cu and the mixing pattern inside the FZ changed
significantly. The FZ in the NiTi offset and centerline welds (Figure 4-11and Figure 4-12) have uniform
element mixing. The Cu offset welds (Figure 4-13) have a complex mixing pattern and elemental
distribution, which will be discussed in the next section. Focusing the laser on the NiTi side (Figure
4-11-a) can result in forming of large weld width with 1150um. As the laser was positioned towards
the Cu side of the joint, the weld width decreased to 950um (Figure 4-12-a), 500um (Figure 4-13-a),
and 375um (Figure 4-13-e).

Figure 4-12 FZ microstructure of the laser focused on the centerline and its EDS map for b) Ti, ¢) Ni and d) Cu.
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Figure 4-13 FZ microstructure of the laser focused on a) Cu (50 pm) and e) Cu (100 um) and their EDS elemental map
for b and f) Ti, c and g) Ni and d and h) Cu.

It was reported in dissimilar welding of Cu and other alloys that Cu was melted not by the welding
heat source, but by heat transfer from the melted dissimilar material [153]. This is due to the high
thermal conductivity, higher melting point and expansion coefficients of Cu [153,154]. In the current
study NiTi has lower thermal conductivity and laser reflectivity than Cu (Table 4-1), therefore, most of
the input energy for melting in joint was through laser absorption of NiTi and heat transferring into Cu.
The Cu was melted by the liquid NiTi alloy [97,154]. As the laser offset changed from the NiTi to the

Cu side, the energy absorption decreased, leading to a decreased FZ width.

Table 4-1 Thermo-physical properties of experimental materials at room temperature

Melting point Conductivity Heat capacity Absorptivity with laser
(°C) (W/m <C) (Y(kg =C)) (%)

1310 10 77 ~35
1083 401 386 3

4.4.2 Microstructure and phase identification

Figure 4-14 presents the magnified microstructure inside the FZ in different samples labeled by A,
B, C and D in Figure 4-11 to Figure 4-13. The welds with the laser offset onto the NiTi (-50um in
Figure 4-11-a, Figure 4-14-3) and on the centerline (Oum in Figure 4-12-a, Figure 4-14-b) show
columnar dendritic microstructures. This dendritic solidification microstructure is formed due to higher
mixing of elements inside the FZ [37,97]. The weld with the laser offset onto the Cu exhibits a variety
of microstructures with complex elemental mixing patterns (Figure 4-14-c and d). With increasing Cu
content in the FZ, cellular and dendritic microstructures can be suppressed [97]. EDS point analysis
was performed on the labeled points on different zones (P1 to P6 in Figure 4-14-c and P1 to P7 in
Figure 4-14-d) and the results are listed in Table 4-2. The microstructures in region C (Figure 4-14-c)

consists of zones I, Il and Il which are related to gradual changes from dendrites to lamellar
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microstructures from left to right. The EDS results (Table 4-2) and Ni-Ti-Cu alloy ternary phase
diagrams [156] indicate that NiTi and Ni-Ti IMCs may be present in zone 1.

~

Figure 4-14 FZ microstructures from different welded conditions, laser spots pointed on a) NiTi (-50um), A in Figure
4-11-a, b) centerline (Oum), B in Figure 4-12-a, ¢) Cu (50um), C in Figure 4-13-a and d) Cu (100um), D in Figure 4-14-a.

Thus, it can be inferred that the re-melting and solidification of NiTi base metal occurred in this
region. As previously mentioned in section 4.4.1, Cu has much higher heat conductivity and reflectivity,
in addition to a lower melting point. The higher conductivity, melting temperature, and reflectivity of
Cu compared to NiTi increased the cooling rate of the weld resulting in the entrapment of NiTi in the
FZ with insufficient time for mixing with Cu. In zone 1l (Figure 4-14-c), the Cu content increased from
22.74 at.% to 68.06 at.% from P3 to P5. The existing phase in this region could be a mixture of
NixTiyCu, hard and brittle phase, Ni-Ti and Cu-Ti IMCs [157-159]. In zone 111, because the Cu content
is more than ~80 at.%, there is a potential for dissolution of Ni and Ti in Cu to form a Cu solid solution
[160,161]. In the case of the 100um offset on the Cu side (Figure 4-14-d), chemical compositions of
different zones with were characterized (Table 4-2). Pure Cu was detected in the FZ (V1 zone) which
was not present in the former condition (50um offset on Cu). The reason for the presence of pure Cu
inside the FZ is the fact that the Cu content was greater than the other offset conditions, as well as the
high thermal conductivity of Cu and laser rapid cooling rate, leading to an uneven mixing of Cu with
the NiTi alloy. The chemical composition of selected points in zones VI and V shows the presence of
Cu solid solution and in some extent of Ni-Ti and Cu-Ti IMCs as possible phases [97,158].
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Table 4-2 Composition and possible phases in selected points in the FZ shown in Figure 4-14
Zone Points Cu(at%) Ni(at%) Ti (at.%) Possible phases [31-%!

NiTi (-50pm) A - 21.7 39.1 39.2

Centered NiTiCu matrix and
B -- 314 33.0 35.6 probable NixTiyCu; IMCs
(Opm)

| IF;; g ::Z 221 NiTi islands
Cu (50pm) C P3 22.1 419 354 NiTiCu matrix and
I = 92:5 238 238 probable NixTiyCuz IMCs
25 68.1 15.6 16.4
Il P6 80.3 9.5 10.2
v P1 83.6 7.9 8.4 Cu solid solution
P2 75.3 12.2 12.5
P3 55.5 23.0 21.6 NiTiCu matrix and
Cu (100pm) D V P4 35.4 34.7 29.9 probable Cu-Ti and
B5) 42.2 31.2 26.6 NixTiyCuz IMCs
v P6 825 8.4 9.2 Cu solid solution
VI P7 100 0 0 Pure Cu

To identify the formed phases in the welds, X-ray diffraction (XRD) was adopted. The XRD graph
is plotted for all the samples with different laser positions as shown in Figure 4-15. Overall, various

phases are formed inside the FZ of each sample mainly consisting of NiTi, pure Cu and equiatomic
NiTiCu phase in two different forms (NiTiCu and Nio37Tio33CUo3). By positioning the laser position
on Cu, a phase consisting mainly of Cu is formed inside the FZ and some NiTiCu phases are present.
In the centerline condition and positioning on Ni (-50um), most of the peaks are related to NiTi and

NiTiCu phases which is in good agreement with Table 4-2.

% W Nickel Titanium (NiTi) On NiTi (-50um)
% Copper (Cu) ——On Centerline (Oum)
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Figure 4-15 XRD of welded samples showing formed phases of the different laser positions on the NiTi/Cu joint.

4.4.3 Mechanical properties

Figure 4-16 presents the microhardness profile mapping of dissimilar welded samples with different

laser offset. As is observed, the Cu base material has a significantly lower hardness (90HV) than NiTi
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base material (~380HV). However, in almost all joints, the FZ has higher values of hardness due to
mixing of different elements of the base materials and formation of new phases and hard IMCs (mainly
NixTiyCu,). With changing the offset from NiTi to Cu, the FZ width decreases drastically and therefore
the higher hardness region decreases; the NiTi offset condition (Figure 4-16-a), has large and extensive
high hardness regions and the Cu offset samples (Figure 4-16-c and d) have very small and narrow high
hardness regions in the FZ.

On the other hand, positioning the laser on NiTi or on the centerline resulted in more homogenous
FZ both in chemical composition and hardness values as expected from EDS maps (Figure 4-11 to
Figure 4-13). Nevertheless, the hardness values inside the FZ in Cu offset samples are uneven and
experienced near 80HV to 450HV in some points. Based on EDS maps and point scans, this variation
in hardness is pointed to complex mixing patterns of Cu inside Ti and Ni elements which could cause
the formation of pure Cu islands (indicated by the color green in Figure 4-13-d and h, Figure 4-16-c
and d) in some parts and NixTiyCu, intermetallic hard phases (Table 4-2 and red color in Figure 4-16-c
and d). It is worth noting that the hardness of pure Cu was measured at 105+4HV, therefore the green
area (hardness less than 100HV) is a sign of softness in HAZ of Cu side [162].
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Figure 4-16 Microhardness mapping of NiTi/Cu welded joint offsetting a) 50pum on NiTi, b) on base metals centerline ¢) 50um
on Cu and d) 100um on Cu.

To compare the hardness values quantitatively, the average hardness values inside the FZs are
depicted in Figure 4-17. It could be observed that with changing of the offset from NiTi (-50um) to Cu
(+100um), the average hardness values decrease from ~512 HV to ~158HV, respectively. The main

reasons for higher hardness in the NiTi offset condition is due to a greater mixing of elements and an
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increased possibility of the presence of NixTiyCu, which is a hard and brittle phase (especially when z

is higher than 10% [157]).
500 E
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NiTi (-50pm)  Centerline (Opm) Cu (50pm) Cu (100pm)
Figure 4-17 Effect of laser position offset on average hardness inside the FZ of NiTi/Cu.

By altering the focus of the laser onto the centerline and then Cu, the FZ had less Ti and more Cu

content, which means the probable presence of Cu-Ti IMCs (the softer IMCs) instead of NiTiCu and

Average Hardness (HV)

Ni-Ti IMCs. Thus, it can be considered that the hardness of the FZ decreased with shifting the laser
position from the NiTi side to the Cu side, although some local regions in these samples could be found
with high hardness values due to Ti-rich and Cu-lean regions.
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Figure 4-18 a) Stress-strain curves for all samples, b) Stress-Strain curves for welded samples and the corresponding
fracture locations for c¢) Offset on NiTi (-50um) d) Centerline (Oum) e) 50um offset on Cu and f) 100um offset on Cu.
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Figure 4-18 shows the stress-strain curves and the locations of failure for all joints. The extracted
mechanical properties from these stress-strain curves are shown in Table 4-3. The joints with offset
onto the NiTi(-50um) and the centerline (Oum) had the highest tensile strengths (Figure 4-18-b), and
fracture occurred in the Cu heat affected zone (Figure 4-18-c and d). In comparison with these
conditions, the tensile strength of the Cu (50um) offset joint decreased slightly, but with a near similar
extension and fracture location (Figure 4-18-e). On the contrary, more offset on Cu (100um) resulted
in a drastic decrease in both the tensile strength (more than 50 MPa) and the extension (6%) (Figure
4-18-b and Table 4-3). It is also visible that the fracture location in the 100pum offset sample changed
from the Cu base material to the FZ of the NiTi/Cu joint (Figure 4-18-f).

Table 4-3 Mechanical properties of as received and welded samples extracted from the curves shown in Figure 4-18

Sample YS (MPa) UTS (MPa) Elongation
%

NiTi 915.1+5.1 1257 + 4.8 21.8+0.3

Cu 179.1+6.4 245+ 2.4 475104

NiTi (-50pm) 136.8 + 6 216.9+ 3.2 11.8+15
Centerline (Opm) 155.8 +7.1 234.7+£4.1 12.1+0.8
Cu (50pm) 148.8 +6.5 2299+24 122+12

Cu (100pm) 175.6 7.2 1756+ 7.8 6.4+1.1

It should be mentioned that compared to the Cu(100um) joint, the mixing pattern of the Cu(50um)
joint was also not uniform, but the defect-free FZ ensured the properties of the joints and the fracture
occurred in the softer Cu base metal. Moreover, as the Cu(100um) sample absorbed more energy into
the Cu side of the joint, the HAZ of the Cu would have larger grain size [162]; thus, the effect of HAZ
on the deterioration of the Cu(100) strength should not be neglected.

To have a better understanding of the differences between these fracture locations, fracture surfaces
of offset -50um on NiTi (with failure from the cu base material) and the 100um Cu joint (failure
occurring at the FZ) are depicted in Figure 4-19. The other two samples (centerline and 50um offset on
Cu) have the same mechanical properties (Figure 4-18), the same fracture locations (in Cu base
material) and almost the same fracture surface features. The top view and low magnification fracture
surfaces of the aforementioned welded samples are depicted in Figure 4-19-a and d. Fracture surfaces
of the first three mentioned samples (the candidate is NiTi -50um in Figure 4-18-c) display many deep
and equiaxed dimples in the fiber region, implying ductile fracture in the Cu base material [163,164]
(shown in Figure 4-19-b and c). However, with the laser position focused on Cu at 100pm (Figure 4-19-
f), the fiber region shrinks (Figure 4-19-d) and tear ridges coexist with decreasing amount of dimples
and pores indicating a more brittle nature of this welded sample [163,164]. In it worth mentioning that

as seen in Figure 4-19-c some precipitates could cause the dimpling of the samples while in offsetting
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condition on Cu (Figure 4-19-f), there is no such precipitates. Based on previous results, the mentioned
precipitates might be NixTiyCu, IMCs formed in the case of no offsetting or offsetting on NiTi.

Figure 4-19 Fracture surface morphology of two different offset conditions in NiTi/Cu weld joints a), b) and c) centerline (Oum)
and d), e) and f) 100pum on Cu.

The microstructure of the Cu 100um laser offset contains cracks and pores inside the FZ as shown
in Figure 4-20. Some points surrounding these defects were selected for composition analysis using
EDS and the results are gathered in Table 4-4. There are sharp gradients in the composition (Table 4-4)
for different sides of the crack (P1 and P2 in Figure 4-20), which could indicate that the crack was
located at the interface of the Cu solid solution and probably brittle NixTiyCu, IMCs.

Previous studies showed that the formation of cracks in dissimilar NiTi welds had been attributed
to both solidification cracking and brittle IMCs [36,165]. It should be mentioned that the crack appeared
at the interface of Cu-lean (P1 in Figure 4-20-a) and Cu-rich (P2 in Figure 4-20-a) regions. Therefore,
due to the formation of these different phases, solidification cracking has great potential to form [37,97].
Additionally, the chemical composition of P1 in Figure 4-20-a has a great potential to form NixTiyCu;,
hard and brittle IMCs and formation of cracks would be inevitable.
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Figure 4-20 Magnified microstructure of Cu (100um) joints showing a) cracks and b) pores inside the FZ. Different
points are indicated for EDS point scan analysis in Table 4-4.

Formation of pores in the Cu offset weld sample (Figure 4-20-b) refers to the high conductivity and
fluidity of Cu combined with the short cooling time of the laser process. Therefore, any created bubble
inside the welding pool had no time to escape to result in pores during solidification [165].
Consequently, it can be concluded that focusing the laser on Cu increased the potential for the formation
of cracks and pores inside the FZ that will deteriorate the mechanical properties of NiTi/Cu dissimilar
joints.

Table 4-4 Elemental distribution around cracks and pores in the Cu(100um) joint in selected points shown in Figure 4-20

Points Cu (at.%) Ni (at.%0) Ti (at.%0) Inferred phase [31-3]

P1 39.1 20.7 30.2 NiTiCu matrix with NixTiyCuz IMCs
P2 91.1 3.7 5.1

P3 97.1 2.9 0

P4 96.8 3.2 0 Cu solid solution

P5 97.6 2.3 0

P6 93.2 2.4 45

4.5 Summary

The current study surveyed the effect of laser offsetting welding on joint performance of
NiTi/stainless steel 316L and NiTi/Cu. The enhancement of the joint performance of NiTi/SS joints
was achieved by laser offset welding without using interlayer. By focusing the laser beam on the
centerline of NiTi and stainless steel, extensive IMCs (such as Fe,Ti, Cr.Ti and TiNi) formed inside
the FZ which caused high hardness because of a uniform distribution of elements. Offsetting the laser
beam on stainless steel caused different element distribution and IMCs to form. Therefore,
microhardness values are non-uniform and high hardness values are related to higher Ti content and
the intermetallic formation inside the FZ. The same phenomena occurred when a 50um thickness Ni

interlayer was used. However, Ni interlayer resulted in many Ni-rich IMCs, such as FesNi and NisTi
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inside the FZ. Finally, it is reported that offsetting strategy and inserting a Ni interlayer could both
increase the mechanical response of the welded samples by suppressing the high hardness regions and
extremely brittle intermetallics, changing their distribution inside the FZ and modifying the
microstructure.

In the second part of the chapter, NiTi and pure Cu wires were laser welded in butt joint
configuration with different laser positioning to understand the effect of laser location on the
microstructure and properties of these joints. It is concluded that positioning the laser on the NiTi
(50pum) and the centerline (Oum) resulted in a homogenous microstructure including the presence of
NixTiyCu, IMCs. By changing the position onto the Cu (50pum and 100um), the microstructure
displayed complex flow and mixing patterns containing NiTiCu, pure NiTi, Cu solid solution and pure
Cu. XRD measurements confirmed that the amount of NiTi and NiTiCu alloys decreased and pure Cu
inside the FZ increased, respectively.

Hardness profile maps showed an increase in hardness with increasing mixing of NiTi and Cu in the
FZ of the joints. By positioning the laser on the Cu, soft pure Cu and hard IMCs inside the FZ coexisted
with a softened HAZ in the Cu side. However, the average hardness of the FZ varied from ~512 HV to
~158HV by positioning on NiTi and Cu, respectively. Only the 100um Cu offset joint fractured in the
FZ during tensile loading, while the other joints failed in the Cu base material. The 100um Cu offset
joint contained inhomogeneous microstructures, composition distributions, cracks, and pores.
Therefore, it was acceptable to weld NiTi and Cu wires with a 0~50pum laser offset on the NiTi side.

Although the mechanical properties of dissimilar laser welds of NiTi to SS and Cu can be enhanced
by changing the IMCs contents and flow behavior in FZ, another issue related to these dissimilar welds
is the losing of their superelasticity. In the next chapter, the dissimilar laser welding of NiTi to Ptlr
based on the previous knowledge will be studied and the possibility of perseverance of superelasticity
of NiTi in the NiTi/Ptlr welds will be discussed.
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Chapter 5 Laser microwelding of NiTi to Ptir?

5.1 Introduction

In the previous chapter, the dissimilar laser welding of NiTi to SS and Cu could be improved by
adopting some techniques such as inserting interlayers and offsetting laser strategy. However, even in
the modified scenario, the laser welded material could not preserve the functional properties of NiTi
due to insufficient strength in the welded material. In this chapter, the laser welding of another
biomedical couple, NiTi to Ptlr has been surveyed.

NiTi has a wide range of applications in biomedical devices such as guidewires, stents and
orthodontic archwires [5,166,167]. On the other hand, Pt-based alloys have been traditionally employed
in the medical industry as electrical terminals and electrodes owing to its excellent electrical
conductivity, X-ray visibility, excellent corrosion resistance and biocompatibility [168]. Nevertheless,
some medical devices have complexity in design and dissimilar joining of biomaterials is not only a
good solution to overcome this challenge but also allows to combine properties of the two base
materials. For instance, Ptlr has been used as electrode terminals in pacemakers while the
interconnecting wires were made of NiTi [169]. Since NiTi stents have poor visibility under X-ray
fluoroscopy, Pt-based alloys have been welded to NiTi which act as a marker for NiTi guidewires [124].

Dissimilar laser welding of Ptlr is limited to joining with Ti-based alloys and stainless steels. It is
reported that by increasing the laser pulse energy, dilution of Ti inside the FZ increases and TisPt and
TiPt hard and brittle phases can be formed, promoting the formation of microcracks [168]. During
microwelding of Ptlr and stainless steel wires, selecting the optimum peak power resulted in achieving
90% of the Ptlr base material tensile strength [170]. However, the preservation of superelasticity
dissimilar laser welding of NiTi to other relevant engineering materials is still needed [55]. In this
chapter, the microstructural and mechanical properties of dissimilar laser welded joints of NiTi to Ptlr
has been studied by optimizing the welding parameters.

It shows that by process optimization, it was possible to control the formation of the B2 NiTiPt, with
no IMCs being formed. The NiTiPt phase inside the fusion zone had a strong metallurgical bonding
with the NiTi base material due to the smooth transition of its grain orientation towards <111> B2 NiTi.

The major finding of the present work is the preservation of the NiTi superelastic response in the welded

! The results of these chapter are published in a journal paper: 1- Shamsolhodaei, Amirali, et al. Materialia 16
(2021): 101090.
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joint as evidenced by the load/unloading cycling up to 6 % strain, significantly higher than typically
required for biomedical applications.

5.2 Experimental Procedure

The materials used in this study were a 50.2 at% Ni-rich NiTi and Pt-10at%Ir wires both with a
diameter of 380 um. The nominal laser spot size was 400pum and a square shaped temporal laser profile
with a 0.15 kW peak power and pulse duration of 20 ms was selected. These laser parameters were
reported as an optimum condition for achieving full penetration condition, while still minimizing the
Ni evaporation for the same NiTi wire [84]. Microstructural observations and chemical composition
analysis were conducted using a Zeiss Ultra Plus field emission scanning electron microscope (SEM)
equipped with Energy dispersive spectroscopy (EDS). Detailed analysis of the grain structure, texture
and phase map analysis was performed by electron backscatter diffraction (EBSD) using JEOL JSM
7000 FESEM. The step size for the EBSD measurements were 1 and 0.2 pum, using a working distance
of 15 mm and an accelerating voltage of 20 kV. Data acquisition and post processing of the collected
EBSD raw data was executed by Aztec and HKL channel 5 software, respectively.

Scanning transmission electron microscopy (STEM) images and electron diffraction patterns were
acquired on a FEI Tecnai G2 F20 microscope at 200 kV. EDS analyses were obtained using an EDAX
super ultra-thin window (SUTW) X-ray detector. Quantification was performed using the Pt M, Ti K,
and Ni K, signals with FEI TEM Imaging and Analysis (T1A) software. Phase identification has been
done via synchrotron X-ray diffraction using a 2D Perkin Elmer detector. A 200x200um pixel size of
a detector with a measured accuracy of 260 = 0.0084° was used. The raw data images were treated using
Fit2D [171] using the procedure described in [24]. In this study, the probing line started from NiTi BM
and ended in Ptlr BM perpendicular to the weld area. The distance between consecutive probed regions
was of 50 um, while the X-ray beam size was of 50x50 pm.

Vickers microhardness testing was conducted to make a series of 50 g indents with a distance of 50
um between each indent vertically and horizontally with 10 s for holding time using a CMT Clemex
automated hardness tester according to ASTM E384. The strength of the welded samples measured by
adopting an Instron 5548 micro tester at a gauge length of 15 mm which includes the fusion zone, the
heat affected zones and the BMs. All tensile tests were performed at room temperature and at a strain
rate of 3x10* s and three samples for the selected welding condition were tested. To evaluate
superelasticity and residual strain upon each full load/unload cycle, cyclic tests performed at room

temperature up to a maximum strain of 6% before unloading to a zero stress condition. The cyclic tests
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for the welded samples were continued until fracture occurred and to differentiate the BMs effect on
cyclic response, both BMs were also tested for a total of 50 cycles.

5.3 Results and Discussion
5.3.1 Microstructure and phase of welds

The microstructure of NiTi/Ptlr laser butt weld joint is depicted in in Figure 5-1. The NiTi BM (left
side), the Ptlr BM (on the right side) and the FZ can be clearly observed in Figure 5-1-a. There were
not any visible cracks or detectable gas porosity inside the FZ and a full penetration condition was
achieved. The presence of relatively high-density elements (Pt, Ir) and the high heating and cooling
rates during the laser welding cause Marangoni currents resulting in a visible mixing pattern inside the
FZ. The BMs/FZ interfaces are selected in Figure 5-1-a and b (blue and red boxes) and have been

magnified to have better understanding of the microstructure evolution in Figure 5-1-b and c.

40pum

Figure 5-1 Microstructure of NiTi/Ptlr welded sample shows a) the whole cross section microstructure, b) interface of
NiTi/FZ and c) interface of Ptlr/FZ.

In the adjacent of NiTi/FZ interface (Figure 5-1-b), the grain growth of the NiTi heat affected zone
is visible and the grains are connected to the epitaxial grains of the fusion zone. This phenomenon can

also be seen at the PtIr/FZ interface (Figure 5-1-c). It should be mentioned that the thermal conductivity
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of Ptlr (31 W.mK™) is higher than that of NiTi (10 W.mK), therefore it is expected that cellular and
planar structures in the Ptlr side become thinner in comparison to those of the NiTi side.

Figure 5-2 shows the elemental distribution inside the FZ and across the dissimilar interfaces. The
line scan was performed from the NiTi to the Ptlr base materials on the marked green line seen in Figure
5-2-a. The concentration of Pt inside the FZ is less than 15at. % all over the analyzed line; while inside
the FZ/Ptlr interface the amount of Pt reaches higher values (up to 40 at. %). To understand the overall
distribution of Pt inside the FZ, EDS mapping was performed as shown in Figure 5-2-b and Figure 5-2-
c. This EDS map reveals that, the Pt content is very low (Figure 5-2-¢) in comparison to the Ni content
(Figure 5-2-b).
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Figure 5-2 The EDS scan of FZ showing a) line scan showing elements variation b) Ni map and c) Pt map.

The reason for lower dilution of Pt and Ir inside the FZ is related to the higher melting point of Ptir
(about 1800°) and higher laser reflectivity of Ptlr (near 80% at room temperature) when compared to
NiTi (1310°C and 60% at room temperature, respectively). Therefore, during laser welding of these
materials, a lower amount of Ptlr was melted and diluted inside the FZ, resulting in the composition of
Pt not exceeding 20at.% [172,173]. The elemental distribution is not homogenous inside the FZ due to
incomplete mixing as a result of the short duration of the laser pulse, and the different densities of the
alloys (6.45 g / cm? for NiTi vs 21.56 g / cm? for Ptlr) [55,103]. This swirling pattern inside the FZ has
brighter areas which corresponds to higher Pt/Ir content, while the darker areas correspond to a higher
concentration of Ni/Ti. These variations are visible in EDS line and maps depicted in Figure 5-2.

71



To see the details of grain structure and possible precipitation in the welded sample, TEM analysis
was performed (refer to Figure 5-3). The NiTi BM contains the B2 austenite phase (confirmed with a
selected area diffraction, SAD, pattern) with equiaxed nanosized grains (Figure 5-3-a) due to prior cold
drawing and annealing process. In the FZ, relatively large grains with the B2 NiTiPt crystal structure
(indexed with a SAD pattern) were observed, and dislocations pile up (labelled by black arrows in
Figure 5-3-b) are depicted. This is an example of substructured grains which will be discussed in IPF
images in Figure 5-5-c. They are related to some distortion in NiTi crystal structure due to dissolution
of relatively high amount of Pt entrapped in the B2 crystal structure. In other parts of the FZ, nanoscale
precipitates can be observed in the grain boundaries of the NiTiPt phase (Figure 5-3-c). Chemical
analysis of this precipitate is shown in Figure 5-3-c. The precipitate has more than 40 at. % Pt and has
less than 20 at. % Ni. Therefore, this phase is related to (Ni+Pt)-rich precipitates which were reported

in a previous study of NiTiPt ternary alloys [174].
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Figure 5-3 TEM images of different region of NiTi/Ptlr welded sample showing the grain structure a) in NiTi BM/HAZ
b) inside the FZ near to NiTi containing some dislocations (labelled by arrows) and c) in the center of the FZ and
chemical composition (per at%) in selected regions labelled by numbers.

Figure 5-4 illustrates the superimposition of the synchrotron X-ray diffraction patterns from one
base material to the other passing through the fusion and heat affected zones. As is seen in Figure 5-4-
a, the series of peaks related to NiTi BM and Ptlr BM were detected and there are some microstructural
changes inside the FZ. For the sake of clarity, the indexed phases from each region (NiTi BM, FZ and
Ptlr BM) are shown in Figure 5-4-b to Figure 5-4-d. All diffraction peaks in the NiTi BM corresponding
to the B2 austenitic phase (Figure 5-4-b) while on the Ptir BM only diffraction peaks corresponding to
the cubic Ptlr phase are observed (Figure 5-4-c). Inside the FZ (Figure 5-4-d), multiple diffraction peaks
corresponding to both austenite and martensite phase of NiTi as well as Ptlr and NiTiPt are observed.
It seems that Ni vaporization shifts the transformation temperatures to higher value, promoting the
formation of martensite inside the FZ [175,176]. On the other hand, the dilution of Pt inside the FZ
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promoted the formation of ternary NiTiPt with the same crystal structure, but different lattice
parameters, of NiTi B2 austenite. It should be mentioned that, since the concentration of Pt inside the
FZ was low, there were no detectable IMC compounds inside the FZ.
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Figure 5-4 superimposition of synchrotron XRD for the welded sample showing a) whole sample consisting of FZ and
both BM, b) NiTi BM, c) Ptlr BM and d) FZ.

5.3.2 Grain orientations and texture

The inverse pole figure (IPF) images of the grain structure and grain orientation distribution across
the FZ and BMs are depicted in Figure 5-5. The NiTi BM (left side in Figure 5-5) was previously cold
drawn and annealed, therefore most of its grains were rotated toward the <111> direction in order to
enhance the alloy superelastic properties [14]. The Ptlr BM was also cold drawn and annealed and most
of its grains are distributed toward <111> and <100>. By entering to the FZ, the epitaxial structure is
clearly seen at both interfaces with the BMs. However, these structures are smaller in size at the Ptlr
interface due to the higher thermal conductivity of the Ptlr alloy in comparison to NiTi. In the central
region of the FZ, the existing different colors of the grains indicate the formation of a random texture
inside the FZ, which is also presented in the IPF triangle.

Nevertheless, the important issue here is the way of transition of grain orientations from random
texture toward the predominant texture of the BMs [177]. From NiTi BM side toward FZ the grain
orientation (IPF images in Figure 5-5) is gradually changed and the interface of NiTi/FZ exhibits almost

the same orientation of NiTi BM. On the contrary, the interface of FZ/Ptlr has great variation of grain
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orientation in comparison with FZ and Ptlr BM. The reason behind these variations and their
consequences will be discussed later.
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Figure 5-5 Microstructure, grain orientation distribution and IPF maps of different regions (NiTi BM, NiTi/FZ interface,
FZ, FZ/Ptlr BM and Ptlr BM) of butt weld NiTi-Ptir joint.

The EBSD phase map, Kernel Average Misorientation (KAM) map and the fraction of recrystallized
grains of the joint are depicted in Figure 5-6. The phase map (Figure 5-6.2) indicates that the FZ is
indexed as a NiTi B2 crystal structure as well as in NiTi BM which was also confirmed previously in
the SXRD experiments (Figure 5-4). The reason behind the indexing FZ with B2 crystal structure is the
fact that NiTi can dissolve up to 20 at.% of Pt without changing its crystal structure [178]. The Pt
concentration across the FZ (except at FZ/PtlIr interface) is lower than 15 at.%. The Ptlr BM is indexed
with as FCC structure as labeled in red in the EBSD phase map (right side in Figure 5-6-a). KAM is
the measurement of the misorientation of every single point of the map related to its neighboring point
and is observed in Figure 5-6-b. As was shown in Figure 5-5, both BMs contained small grain size and
therefore their local misorientation is not negligible. However, the melted and solidified FZ has low
value of KAM as blue color indicated in Figure 5-6-b. It should be also pointed out that the smooth

distribution change of KAM values between FZ and BM is an indication of lower amount of residual
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strain [179,180] as is observed here between NiTi BM and FZ. This transition between FZ and Ptir BM
shows the presence of residual strain at this interface after welding. Figure 5-6-c depicts the degree of
recrystallization of the grains inside the FZ and in both BMs. As mentioned, the BMs were in the cold
drawn and annealed condition. Therefore, the mixture of deformed and recrystallized grains could be
detected in NiTi and Ptlr BMs. However, after laser welding, the FZ consisted mostly of substructured
(in yellow color) and recrystallized grains (in blue color). The presence of some substructured grains
inside the FZ was due to the higher amount of Pt (based on EDS map in Figure 5-2.c). As detailed in
section5.3.1, Pt can dissolve into the NiTi crystal structure and change its lattice structure, therefore the
corresponding formed grains could be indexed as substructured grains due to the presence of

dislocations caused substructured grain evolution [181,182].
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Figure 5-6 EBSD images of welded sample showing a) IPF image in the tensile direction b) corresponded phase map and
c) recrystallized, substructured and deformed grains.

The high magnified EBSD images in the interface of FZ and both BMs are depicted in Figure 5-7.
The IPF image of NiTi/FZ interface shows epitaxial grains and this kind of growth is visible by
maintaining the orientation of the HAZ grain structure (toward <111>) at the mentioned interface. This
behavior occurs due to a crystal structure matching between the BM and FZ [20] and in the present
study both of these regions were indexed with a B2 crystal structure as seen in Figure 5-7-b. At the

Ptlr/FZ interface (Figure 5-7-c), there are also epitaxial grains, however the grain orientation of FZ and
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HAZ of Ptlr are not the same. Based on Figure 5-7-d, there is a thin layer of NiTiPt with B19
orthorhombic crystal structure between the B2 FZ and FCC Ptlr BM. This phase is formed when the
concentration of Pt inside NiTi surpasses 20 at. % [183].

B2 NiTi/
B2 NiTiPt

Ptlr

Figure 5-7 The EBSD images at the interfaces of FZ and BMs shows a) IPF image and b) phase map of NiTi/FZ interface
and c) the IPF image and d) the phase map of Ptlr/FZ interface.

5.3.3 Mechanical Properties

The joint microhardness map is depicted in Figure 5-8. In Figure 5-8-a, the hardness profile map is
superimposed with an actual image of the FZ microstructure after indentation. The variation of hardness
inside the FZ (Figure 5-8-a) is in good agreement with the variation of the Pt concentration as depicted
in Figure 5-2-c. That is to say that the higher amount of Pt inside NiTi and, therefore, more dilution of
Pt can promote an increase in hardness due to solid solution strengthening mechanism as well as
precipitation hardening owing to mentioned NiTiPt precipitates.

This hardness increase is further evidenced in profile lines from show in Figure 5-8.b. It has been
reported that NiTiPt alloys can present high hardness due to solid solution hardening for high Pt
contents (typically above 10 at. %) and the elemental variation of Pt strongly affects the alloy hardness.
However, with further increasing of the Pt concentration rather than solid solution hardening second
phases can form in order to maintain the stoichiometry of NiTiPt phase [174]. This correlates with the
higher hardness in the region adjacent to the Ptlr/FZ interface (Figure 5-8-b), where the Pt content is at
a maximum level. Another important observation in the line profile hardness in Figure 5-8-b is the

slight decreasing in hardness in the HAZ of NiTi and Ptlr due to grain coarsening.
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Figure 5-8 Microhardness evaluation of NiTi/Ptlr laser dissimilar welds showing a) microhardness map and b) line
profile hardness in 3 selected lines marked in Figure 5-3-a.

Figure 5-9-a shows the stress-strain response of both the BMs wires and the welded sample during

uniaxial tensile tests. The NiTi BM shows a constant stress plateau condition up to 10% strain and

fracture at 25% strain, whereas the annealed Ptlr shows little strain hardening after yielding and

fractured at around 12% strain. The welded sample fractured after an external imposed strain of 7%

after a semi plateau region at a higher stress level than the stress plateau region of NiTi. In a higher

magnification, a kink is visible before reaching to load-free condition which could be related to

existence of residual stresses within the HAZ and/or FZ of the welded sample [23].
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Figure 5-9 a) Stress-strain curve of two BMs and dissimilar welds between NiTi/Ptlr joint and b) the cross section of
fractured welded sample after tensile test.

The welded joint fractured at the Ptlr/FZ interface as displayed in Figure 5-9-b. This can be
attributed to the fact that the NiTi/FZ interface has an epitaxial growth and the same texture as the
adjacent NiTi HAZ (Figure 5-6), leading a strong metallurgical bonding since epitaxial growth the
molten material inside the FZ through solidifying from the lattice site of the NiTi BM. However, in the
Ptlr/FZ there is a crystal structure mismatch between Ptlr and the FZ and higher concentration of
residual strain (based on KAM in Figure 5-6-b) resulting in a weaker metallurgical bonding. It should
be mentioned that, since the welded sample evidences a semi-plateau stress region in the stress-strain

curve during loading, this dissimilar joint possibility exhibits superelastic response.

5.3.4 Cyclic Response

Based on the observation in Figure 5-9-a, it is worthwhile to examine the potential existence of
superelasticity in NiTi/Ptlr dissimilar joint. In this regard, cyclic tests were performed on both BMs
and the dissimilar joint up to 6% (before fracture of welded sample) to differentiate the possible
superelastic response. As expected, the NiTi BM wire (Figure 5-10-a) displayed almost full recovery
and reached to a saturated condition of superelasticity after multiple cycles. Also, the Ptlr had no
recoverable strain and yielded around 1.5% strain (Figure 5-10-b). However, the welded sample showed
superelastic response (Figure 5-10-c) with a residual strain of around 0.5% after a first cycle and this
cyclic behavior is comparable to that of NiTi similar joints obtained by laser welding [84].

The cyclic load-unload test of the welded sample continued until fracture occurred after 263 cycles
which is a great achievement in dissimilar laser welding of NiTi shape memory alloys. As observed in
Figure 5-10-d after 263 cycles the welded sample almost reached to a saturated strain of 1.2%, which

is the double of that obtained for the NiTi BM (0.6%). This means that the dissimilar laser welding of
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NiTi/Ptlr could preserve the superelasticity of NiTi shape memory alloy BM to a great extent. Except
for the increase in residual strain, the cyclic response characteristics of the welded joints are similar to
that of the NiTi BM and in both cases the stress plateau level decreased with increasing the number of
cycles. Therefore, it could be concluded that with achieving acceptable strength in the welded sample
the NiTi BM could preserve its functional behavior. The increase in the residual strain is a direct
consequence of the large and recrystallized grains inside the FZ, as well as the contribution of the Ptlr

BM to the irrecoverable strain in the first load/unload cycle.
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Figure 5-10 Cyclic response of a) NiTi BM, b) Ptlr BM, c) NiTi/Ptlr welds up to 263 cycles where 1%, 2", 10t 50" and
last cycles are selected and d) residual strain of NiTi BM and NiTi/Ptlr welds after cyclic tests.

Fracture surfaces of NiTi/Ptlr dissimilar joint on both NiTi BM and Ptlr BM sides were observed
after the tensile test and cycling test. As mentioned in section 5.3.3, the welded sample fractured at the
interface of PtIr/FZ because the residual strain and the weak metallurgical bonding. Based on Figure
5-9-b, the fracture occurred after necking indicating ductile fracture. It is in good agreement with Figure
5-11-a and b where dimples are visible. However, in the Ptlr side (Figure 5-11-b) some tear ridges are
also due to brittle fracture. After cyclic test up to 263 and subsequent fracture (Figure 5-11-c and d),
the tear dimples became smaller and changed to microvoids suggesting a ductile-like fracture while a
quasi-cleavage fracture mode is also visible in the adjacent region (right side of Figure 5-11-c). The
interesting point here especially in the Ptlr fracture side (Figure 5-11-d) is formation of corrugated

pattern which is a sign of fatigue fracture. Therefore, it could be concluded that the weakest region of
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the joint was responsible for the fracture after 263 cycles due to accumulation of plastic deformation in

Figure 5-11 Fracture morphology of NiTi/PtTi dissimilar laser welds after a) tensile test- NiTi side, b) tensile test- Ptir
side ¢) 263 cycles- NiTi side and d)263 cycles- PtIr side. White arrows show dimples and yellow arrows show tear ridges
and corrugated patterns.

5.4 Summary

This study focused on laser welding of dissimilar NiTi and Ptlr wires. A comprehensive
microstructure and mechanical characterization along with the analysis of the functional behavior of
the joint was performed. The major conclusions of this chapter are summarized as follows:

The solute Pt inside the FZ (up to 15 at. %) caused the formation of ternary NiTiPt with the same
crystal structure of B2 NiTi. Nonetheless, based on the synchrotron X-ray diffraction measurements,
there were no detectable IMCs inside the FZ. The grain orientation of NiTi BM gradually transitioned
toward FZ and the NiTi/FZ interface exhibits almost the same orientation of NiTi BM due to their
similar B2 crystal structure. On the contrary, this transition is completely abrupt at the interface of
FZ/Ptlr.Some precipitates were observed under TEM at the grain boundaries of the NiTiPt phase which
were related to (Ni+Pt)-rich precipitates. Formation of substructured grains inside the FZ was related
to the dislocation pile ups occurred owing to the dissolution of Pt into the NiTi crystal structure.
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Microhardness mapping of the joint is in good agreement with the variation of Pt concentration. In
particular, more dilution of Pt promoted higher hardness due to solid solution hardening. The fusion
zone has stronger bonding with NiTi BM in compared with Ptlr BM. It was also shown that the residual
strain was higher in the interface of Ptlr BM/FZ due to crystallographic and textural mismatch after the
welding, therefore the fracture during tensile tests occurred in this interface.

As a result of achieving acceptable strength in the welded sample, the NiTi BM preserved its
functional superelastic behavior (up to 263 cycles with 6 % imposed strain before failure). The
incremental increasing in the residual strain after each cycle was a consequence of large and
recrystallized grains inside the FZ.

The formed NiTiPt phase inside the FZ is a type of high temperature shape memory. Therefore, in
the next chapter, the possibility of fabricating of this high temperature shape memory alloy using laser
microwelding concept will be discussed. In case of succession, it would be a straightforward and

applicable method to fabricate these kinds of materials.
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Chapter 6 Laser microwelding enabled alloying to fabricate NiTiPt *

6.1 Introduction

Using laser welding of NiTi to Ptlr, high temperature shape memory alloy hamely NiTiPt has been
formed inside the fusion zone. Therefore, it opened a door to fabricate the mentioned high temperature
alloy. In current chapter, this proof of concept will be surveyed by dissimilar laser welding of Ptlr wire
inside NiTi tube in a single pulse and afterwards multiple pulses to fabricate the NiTiPt high
temperature shape memory wire which will be discussed in two sections, separately.

The operating temperatures of binary NiTi alloys are generally limited to room temperature. in some
industries such as auto, aerospace and actuators, there is a great demand for using the mentioned
functional properties at relatively higher temperature (100 to 400°C) [10,184]. On the other hand, in
medical industries, NiTi implants and guidewires have poor visibility under X-ray fluoroscopy. Hence,
the addition of alloying elements have a twofold effect: the development of shape memory alloys with
higher transformation temperatures as well as an increasing radiopacity of binary NiTi which increases
visibility under x-ray imaging [124,185]. Among these elements, Pt was found to be more beneficial
due to create a narrower transformation hysteresis and better dimensional stability[186,187].

Alongside the previously stated advantages, the addition of Pt to NiTi alloys results in complexities
in the microstructure of the shape memory alloys. For instance, As a consequence of forming Tiz(Ni,
Pt); precipitates, the matrix is depleted of Ni and the transformation temperature is increased, the same
behavior as NisTis in binary NiTi alloys [188]. It is worth mentioning that the Ti»(Ni, Pt); and P-phase
precipitates are one of the main characteristic of NiTiPt and their presence is strong evidence for
showing the fabrication of NiTiPt HTSMAs [115,189].

So far, most of the HTSMA fabrication methods are limited to conventional or additive
manufacturing except some attempts adopting MEMS [190] (NiTi thin film covered by Ta patterns)
or assembling NiTi/Ag composite [126]. The conventional methods include casting the material from
high purity Ti, Ni and third element in a vacuum furnace, homogenization, and finally optimal
thermomechanical processing similar as that of NiTi which all needs expensive facilities as well as
precise optimization of the equipment [178,186]. It is reported [191,192] that some inherently problems
are associated with fabrication of NiTiPt and optimizing their thermomechanical process parameters is

quite challenging. Rios et. al [174] produced NiTiPt in different chemical composition using vacuum,

! The results of these chapter are published in a journal paper: 1- Shamsolhodaei, A., et al. Metallurgical and
Materials Transactions A (2021): 1-11.
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non-consumable-arc melting by a cooled Cu crucible. They did vacuum arc remelting for multiple time
in addition to 72 hours heat treatment in vacuum furnace at 1050°C for having homogenous bulk
material, since the Ni, Ti and Pt elements have complete difference density.

To overcome these challenges, many alternatives (e.g., additive manufacturing[193-196]) have
been introduced. It was shown that by selecting optimal parameters (the dominant one is laser power)
the density could be increased and the amount of pores and the Ni loss of fabricated NiTiHf and NiTiCu
could be decreased [118,197,198]. Currently, there are some studies focus on laser surface alloying on
NiTi substrate with Nb or Cu elements to enhance its corrosion or wear resistivity [199,200]. If
fabricating of HTSMA using laser alloying method can be realized, it will greatly simplify the process.
Therefore, the objective of this chapter is to fabricate NiTiPt HTSMA using dissimilar laser alloying
of NiTi and Ptir alloys. To this end, knowledge regarding laser processing of NiTi and its advanced
characterizations will be applied to verify the assembly of the desired material.

In the first section, four different peak powers (from 1.0kW to 2.5kW) in a single pulse were
implemented on Ptir inserted into the NiTi tube to study their effects on NiTiPt laser fabricated
materials. It was found that the formed phase inside the mixed zone shifted the critical transformation
temperature more than 200°C which is a sign of fabrication of high temperature shape memory alloy.
In the second section, a NiTiPt high temperature shape memory alloy (HTSMA) was fabricated using
the mentioned microwelding procedure. The results showed that the fabricated NiTiPt material has
considerable functional properties at 250°C with just 0.7% residual strain after heat treatment due to
formation of Ni4(Ti, Pt)s. Adopting microwelding enabled laser alloying for fabrication of NiTiPt could
open a door for straightforward method of producing HTSMAs.

6.2 Experimental procedure
6.2.1 Single pulse laser welding

A superelastic NiTi (50.2 at% Ni) tube (inner diameter (ID)= 400 um, outer diameter (OD)= 600
um) and a Pt-10%Ir 400 um OD wire were used in this study. Both sets of materials were cleaned prior
to laser mixing using acetone, ethanol and de-ionized water to remove any impurities and
contamination. Laser mixing was performed using a Miyachi Unitek LW50A pulsed Nd:YAG laser,
with a wavelength of 1.064 um and a nominal spot size of 400 pm. The top hat shape laser profile with
peak powers ranging from 1.0 kW to 2.5 kW with a pulse width of 5 ms, which included a 1ms upslope
and downslope, were selected. Argon gas protection was employed as a shielding gas with a flow rate

of 14 L/min. Figure 6-1 illustrates the schematic of the laser welding procedure, where Ptlr wire was
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inserted into the NiTi tube. Thereafter, the laser beam was pointed on the NiTi tube and the FZ formed
as is shown in the schematic. Microstructural studies were executed on cross sections of the specimen,
which were prepared by mounting the sample in epoxy, grinding up to grit number 1200, polishing by
diamond spray down to 0.25 um and etching with a Kroll reagent (4%HF, 7%HNO3 and 89% water by
volume). Microstructural observations and chemical composition analysis were conducted with an
Olympus BX51 M Optical microscope (OM) and a Zeiss Ultra Plus field emission Scanning Electron
Microscope (SEM) equipped with Energy Dispersive Spectroscopy (EDS), respectively.

Single Pulse

Laser Beam
l NiTi Tube

//Ptlr Wire

400pm
h
600pm
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[

Figure 6-1 Schematic of NiTi wire and Ptlr tube configuration during laser welding.

Detailed analysis of the phase map and IPF image microstructure was carried out by Electron
Backscattered Diffraction (EBSD) using a JEOL JSM 7000 FESEM equipped with the HKL
Technology system using a step size of 1 um and 0.2 pum, at a working distance of about 15 mm, with
an accelerating voltage of 20 kV and 70° for the incline angle of the sample. The sample was prepared
using oxide-polishing suspension after grinding with sandpaper up to the number of 1200 and polishing
to 0.25 um diamond spray. The acquisition of data was carried out by the Oxford Instruments Aztec
software and the collected data were post-processed by the HKL Channel 5 software. Transmission
Electron Microscopy (TEM) analysis was completed using a JEOL 2010F operated at 200 kV. Cross-
sectional TEM samples were prepared by the focused lon Beam (FIB) lift-out technique using Thermo
Scientific Helios G4 UXe Dual Beam Plasma FIB in a selected region inside the mixed zone. TEM
analysis was carried out by employing an FEI Tecnai Osiris Scanning Transmission Electron
Microscope (STEM) at an operating voltage of 200 kV.

X-ray diffraction (XRD) measurement in both mixed laser samples were carried out with a Bruker
D8 Discover X-ray Diffractometer using Cu ko radiation in a range of 30-60° 20 with 0.01° step size.
The XRD results were analyzed with DIFRAC.EVA V3.0 software. The microhardness testing was
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performed using a CMT Clemex automated Vickers hardness tester according to ASTM E384. In order
to have a hardness map a series of 50 g indents with a distance of 50um between each indent vertically
and horizontally with 10 s for holding time have been conducted. Phase transformation temperatures
of materials were measured by the differential scanning calorimetry (DSC-TA Q2000) system equipped
with a refrigerated cooling system. The DSC sample was first thermally pre-cycled to remove any
effects of internal mechanical stress generated by the laser procedures and then DSC curves were
recorded in a temperature range from —50°C to 300 °C using a heating and cooling rate of 10 °Cmin1.
All required transformation temperatures were measured using TA Trios software in accord with
ASTMF2004-05 Standard. As is mentioned in Chapter 3, some processed samples have been measured

to be in the correct weight range for a DSC sample.

6.2.2 Multi pulse laser welding

A simple dissimilar laser welding on the NiTi and Pt alloys can be introduced as a novel method to
fabricate NiTiPt HTMSA. In this regard, a Ptlr wire with 400pum diameter has been inserted into a NiTi
tube (ID=400um and OD=720um) and laser processing has been conducted using multiple pulses on
the sample. An Nd-YAG Miyachi pulse laser with 400um spot size and 1.064um wavelength has been
used to perform the laser pulsation with considering the 60% overlap for subsequent laser spots to
ensure the processing the materials. Based on the previous section, two laser powers of 1.5kW and
2.0kW has been selected to do the laser processing. Figure 6-2 shows the schematic of the process. The
as-fabricated material was homogenized at 1050°C for 6hrs following 1hr aging process at 450°C for
strengthening the alloy by introducing Ni-rich precipitates.

Laser Beam

1400 pml 1 1
5 . g
S PtIr wire &
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- NiTitube  gapricated NiTiPt

Figure 6-2 The schematic of NiTiPt fabrication using microwelding of NiTi tube with Ptir wire.

The 3D microstructure of fabricated materials was thoroughly characterized using X-ray computed
tomography (XCT). The scans were acquired employing a Zeiss Versa 520 x-ray microscope with a

120 kV accelerating voltage. The angular increments of 0.12° between -180 to 180° were used to
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collected 2000 projected scans. A pixel size of 0.4 um up to 1 um was achieved with an exposure time
of 1s per projections. Finally, the 3D reconstruction from the acquired 2D projection was generated
after using smoothing filtering, vertical artifacts removing and using phase retrieval to enhance the
contrast at the boundary of constituent phases.

A TA Q2000 differential scanning calorimetry (DSC) system equipped with a refrigerated cooling
system was utilized to measure the transformation temperatures. The DSC curves were recorded in a
temperature range from 150 °C to 300 °C using a heating and cooling rate of 10°Cmin™,
Microstructural studies were executed on cross sections of the specimen, which were prepared by
mounting the sample in epoxy, grinding up to grit number 1200, polishing by diamond spray down to
0.25um and etching with a Kroll reagent (4%HF, 79%HNO3 and 89% water by volume). Microstructural
observation was conducted with a Zeiss Ultra Plus field emission Scanning Electron Microscope
(SEM). Transmission Electron Microscopy (TEM) analysis was completed using a JEOL 2010F
operated at 200 kV. Cross-sectional TEM samples were prepared by the focused lon Beam (FIB) lift-
out technique using Thermo Scientific Helios G4 UXe Dual Beam Plasma FIB in a selected region
inside the mixed zone. TEM analysis was carried out by employing an FEI Tecnai Osiris Scanning
Transmission Electron Microscope (STEM) at an operating voltage of 200 kV.

6.3 Single Pulse Laser Alloying of Ptlr to NiTi
6.3.1 Weld Appearance

The overview of applying different laser power on the NiTi tube and Ptlr wire can be observed in
Figure 6-3. As seen the 1 kW (Figure 6-3-a) laser power did not result in sufficient mixing region and
there is interfacial bonding between the two materials. The 2.5 kW (Figure 6-3-d) laser power resulted
in significant through the laser mixed sample due to thermal shock. Therefore, to study the effect of
laser alloying of NiTi into the Ptlr wire two intermediary powers of 1.5 kW (Figure 6-3-b) and 2.0 kW
(Figure 6-3-c) have been selected for further investigation. In these selected laser mixed samples, some
boxes have been marked and their detailed microstructure will be discussed later. For simplicity, the
1.5 kW and 2.0 kW peak powers were named low and high laser powers, respectively. In these two
laser conditions (Figure 6-3-b and c), the mixed region contains a sound and defect-free laser process
(i.e., no voids or other internal defects). The darker base material (top right corner of Figure 6-3-b and
c) and the brighter base material (bottom half of Figure 6-3-b and c) correspond to the NiTi tube and
Ptlr wire, respectively. Evidently, the varying mixture of the different elements within the mixed zone

(MZ) has caused the appearance of different contrasts in the backscattered SEM images: the areas
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enriched with heavier elements (Pt and Ir) are brighter. Moreover, there are two different interfaces
related to NiTi/MZ (marked by the yellow box) and Ptlr/MZ (marked by the green box). It should be
mentioned that presence of dark and bright areas inside the mixing zone of the low power sample
(Figure 6-3-b) is a sign of non-homogeneity inside the mixed zone; whereas, this zone is observed to

be larger and more homogenous after applying the high power condition (Figure 6-3-c).

Figure 6-3 The cross section of laser mixed NiTiPt samples using a)1.0kW, b)1.5kW, ¢)2.0kW and d)2.5kW. The marked
colored boxes are magnified in Figure 6-4 and Figure 6-6 (interfaces of the mixed zone and base materials are marked by
dashed white lines).

To quantify the mixed zone geometry based on the peak power applied, several attributes of the MZ
are evaluated and summarized in Table 6-1. These include the width of the MZ adjacent to the NiTi
wire (labeled by upper NiTi and lower NiTi), the width in the center of the MZ adjacent to the Ptlr wire
and the area of the MZ as shown in Figure 6-3. Although increasing the peak power can widen the
mixed zone, applied peak power from 2.0 kW to 2.5 kW can maintain the upper width of the mixed
zone (1311.9 vs. 1314.1um) but cause a larger central and a lower width of the mixed zone (415.1 vs.
560.1 um and 596.2 vs 804.8 um). This might be the indication of entering the keyhole mode in the
laser, where the penetration of the laser in the material becomes greater than the width of melt pool.

Table 6-1 The width and area of the mixed zone (MZ) from applying different peak powers as shown in Figure 6-3

1.0 kW 1.5 kW 2.0 kW 2.5 kW
731.4 pm 1086.9 pm 1311.9 pym 1314.1 pm
- 323.3 um 415.1um 560.1 um
- - 596.2um 804.8 um

884.1 um? 1347.3um? 2085.6 um? 2116.8 um?
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6.3.2 Microstructure analysis

Figure 6-4 show higher magnification of the red, yellow and green boxes which were marked in
Figure 6-3.b. An epitaxial like structure is observed to formed in the interface of the base materials and
mixed zone (Figure 6-4.a and Figure 6-4.b). These epitaxial features are finer in the interface of
NiTi/MZ (Figure 6-4-a) compared to the PtIr/MZ interface (Figure 6-4-b). The possible reason for this
could be from lower heat dissipation in the Ptlr wire confined inside the NiTi tube, which would result
in a lower solidification rate and thus cause the formation of coarser columnar features in the Ptir/MZ
interface (Figure 6-4-e and f) [103,168]. The specified region adjacent to NiTi/MZ (marked by the blue
box in Figure 6-4-a) will be discussed later.

»

Figure 6-4 The cross section microstructure of the low power sample mixed zone showing a) the interface of the NiTi
tube and the mixed zone, b) the interface of the Ptlr wire and the mixed zone and c) a selected region marked in Figure
6-5-b inside the mixed zone, higher magnification of the €) NiTi/MZ and the f) Ptlr/MZ interface showing dendritics.

A greater magnification of the interfaces in the MZ within the NiTi tube and Ptlr wire which were
marked by yellow and red box in high power sample (Figure 6-3-c) are shown in Figure 6-6-a and
Figure 6-6-b, respectively. As can be seen, another difference of this sample with the low power
condition, in addition to the prior mentioned change in homogeneity, is the decreased size of cellular
and epitaxial features in the interface of the MZ and base materials. This is due to the lower heat
dissipation of the Ptlr wire inside the NiTi tube, resulting in a lower solidification rate to cause the
formation of a coarser columnar structure in the interface of the MZ and Ptir (Figure 6-6-c and d).
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However, in the case of the high power relatively high input energy resulted in a higher heat dissipation

and finer final structure.

Figure 6-6 The cross section microstructure of the high power sample mixed zone showing a) the interface of the NiTi
tube and the mixed zone, b) the interface of the Ptlr wire and the mixed zone, higher magnification of the ¢) NiTi/MZ and
the d) Ptlr/MZ interface showing dendritic structures.

The overview of the grain structure in the low power laser mixed sample is evident in Figure 6-7-a
where the IPF image of the mixed zone is depicted. The details of the interfaces of the mixed zone with
both base materials are shown in Figure 6-7-b and c. As was observed earlier in Figure 6-4, the NiTi/MZ
interface has equiaxed grains related to the heat affected zone, which change to elongated grains inside
the mixed zone. This directional growth of the grains is prominent in the PtIr/MZ interface (Figure 6-7-
c). However, the center of the mixed zone contains large grains with random orientations. It should be
mentioned that both base materials are highly texturized due to the initial cold work in the
manufacturing processes.

The phase map of the same region is shown in Figure 6-7-d with only the B2 phase indexed inside
the mixed zone. This phase is a result of the NiTiPt material containing mostly less than 20at% Pt.
However, by magnifying and decreasing the step size of the EBSD (to 0.2um) on the interface of
Ptlr/NiTi (Figure 6-7-e) where the Pt-concentration should be higher than 20at%, the B19 phase could
be indexed. The appearance of this phase is related to the high content of the Pt element, resulting in
the formation of the B19 martensite phase of NiTiPt. Therefore, raising the Pt-content inside the mixed
zone can promote the formation of the B19 martensite phase in larger quantity; where decreasing the
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step size and increasing the magnification, these phases could be indexed by EBSD phase map imaging.
It should be noted that the Ptlr wire is in the FCC phase condition, which is the same as pure platinum
[201]. Due to the high concentration of the B19” martensite phase in the high power sample, most of
the regions of the fabricated sample were not indexed in EBSD, therefore the EBSD of the high power

sample was not discussed.

Wiz B2 rcc

Figure 6-7 The EBSD images of the mixed zone showing the : a) IPF image of the whole sample, b) IPF image of the
interface of the NiTi tube and mixed zone, c) IPF image of the interface of PtIr wire and mixed zone, d) phase map image
of whole mixed region and e) phase map image of the interface of the PtIr wire and the mixed zone.

6.3.3 Chemical analysis and phase identification

In order to study the element distribution of low and high power laser mixed samples, the EDS map
of Ti and EDS line scans of these samples were used as shown in Figure 6-8 and Figure 6-9,
respectively. From the EDS maps (Figure 6-8-c and Figure 6-9-c) it is apparent that the element
distribution is more homogenous in the high power sample, due to the higher mixing degrees of
elements. By evaluating the Ni and Ti content in selected line scans of the low power sample (Figure
6-8-a and b), Ti and Ni are seen to approximately have the same composition along the top surface of
the mixed area, whereas in the bottom surface the Ni concentration is somewhat higher than Ti. On the
top surface, the laser intensity is higher and the mixed area is in the molten state for a longer period
compared to the bottom region; therefore, Ni has more time to vaporize from the surface and Ti has a
longer time to be mixed in molten zone overcoming the Marangoni effect owing to its lower weight

density [91]. Although this Ni vaporization also occurred in the high power sample (Figure 6-9-a), due
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to the higher degree of element mixing, an almost equal distribution could be observed in the whole
mixed zone area. Specifically, in the bottom region of the mixed zone in the low power sample, the
higher cooling rate results in diminished time, which is not enough for an equal distribution of Ni and
Ti elements. Nevertheless, the degree of all elements intermixing between NiTi and Ptlr is governed

by both the Marangoni effect and convection flow created by the rectangular laser profile[202].

Mixed zone

) R e L e~ P e

Chemical Comp. (at%)

Ti-EDS map

Figure 6-8 Backscattered image of the mixed zone of the high power sample and two selected line scan EDS
measurement from a) the NiTi tube base material through the mixed zone , b) the Ptlr wire base material through the
mixed zone consisting of Ni, Ti, Pt and Ir elements (at%) and c) the Ti-EDS map for the whole region.
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Figure 6-9 Backscattered image of the mixed zone of the low power sample and two selected line scan EDS measurement
from a) the NiTi tube base material through the mixed zone, b) the Ptlr wire base material through the mixed zone
consisting of Ni, Ti, Pt and Ir elements (at%) and c) the Ti-EDS map for the whole region.

Based on these different variations and concentrations of Pt, there is a great possibility to form
NiTiPt in both the austenite and martensite phases, either Ni or Ti rich. It should be mentioned that the
crystal structure for the ternary NiTiPt structure is B2, the same as binary NiTi. When the Pt content is
less that 20at%, much of the mixed zone of the low power sample (Figure 6-8) has the same parent
phase as the NiTi tube base material. However, it is expected that some regions could contain the B19
martensite phase where the Pt-content is higher than 20at% due to the expected change in
transformation temperatures, as seen predominantly in the high power sample (Figure 6-9) [178]. On

the other hand, by having less than 5% Pt in the mixed zone (in the interface of NiTi/MZ and in some
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part of the low power sample), a solid state solution of NiTi could be formed [174]. These mentioned
Pt rich and lean regions can be seen throughout the mixed zone by the change of contrast in Figure 6-3-
b and c.

It is also worth mentioning that in the Marangoni effect, different phase densities, surface tension
gradients and temperature gradients produce flow mixing liquid metals outward from the center of the
pool which is the main reason for fluid flow inside the mixed zone as well as the increased width of the
melt pool at the surface [203]. On the contrary for the high power sample, the higher input energy
resulted in enough time for elements to intermix, therefore homogenous NiTiPt mixed zones were
fabricated. Also, in the low power sample, owing to the higher cooling rate in the bottom part of the
mixed region and the fact that the Ptlr wire is located at the bottom of the melt pool, there is not enough
time for enough mixing and homogeneity in the mixed zone (comparing Figure 6-8-a and b).

X-ray diffraction (XRD) of these two samples is provided in Figure 6-10. Both the martensite and
austenite phases of NiTiPt, in addition to some binary intermetallic phases, could be indexed in the
mixed zone of both samples. As expected, most of the MZ of the low power sample is the austenite
phase of NiTi and NiTiPt, because of less than 30%Pt from the line scan result (Figure 6-8). It should
be mentioned that the location of the NiTi austenite and NiTiPt austenite are very close together,
therefore the higher content of NiTiPt in the B2 phase and residue NiTi in the XRD sample, resulted in
a wider peak in the low power sample (Figure 6-10). Additionally, as shown in the line scans of the
high power sample (Figure 6-9), the higher Pt content of the MZ (slightly above 30%) could cause
higher content of the NiTiPt in the martensite phase. It was also observed that the high content of Pt
due to the greater mixing in the high power sample resulted in the formation of some binary
intermetallics such as PtsTi.
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Figure 6-10 X-ray Diffraction pattern of high and low power laser mixed samples indicating presence of NiTiPt alloy in
both martensite and austenite phases.
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6.3.4 Microhardness analysis

Microhardness maps of low and high power samples inside the MZ and its surrounding are shown
in Figure 6-11-a and b, respectively. The variations inside the mixed zones are in good agreement with
the elements distribution as depicted in Figure 6-8 and Figure 6-9. The higher concentration of Ti and
Ni content inside the mixed zone resulted in lower amounts of microhardness due to the lower
possibility for the formation of ternary Ni-Ti-Pt IMCs and less solid solution strengthening related to
the presence of Pt inside the NiTi structure [174].
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Figure 6-11 Microhardness maps of the laser mixed regions and its surroundings after adopting the a) low power and b)
high power conditions.

6.3.5 Precipitation’s characteristic

As mentioned in section 6.3.3, there are possibilities for the presence the Ni, Ti, Pt precipitates and
IMCs. Figure 6-12-a is a higher magnification of the region marked with a blue box in Figure 6-4-a
inside the mixed zone, adjacent to the NiTi/MZ interface. Fine nano-size precipitates are visible in
inter-dendritic space of the solidified NiTiPt. TEM image in Figure 6-12-b also shows these
precipitates. A higher magnification micrograph is presented in Figure 6-12-c where the captured SAD
pattern confirms the presence of the B2 phase in the matrix.

To characterize the precipitates, the SAD taken from the precipitates reveals that they are P-phase
particles (Figure 6-12-d), which can be commonly formed in the NiTiPt alloys. The light ring feature
of the SAD pattern suggests the transition from a crystalline structure to the amorphous nature of P-
phase precipitates. Normally, P-phase has a monoclinic structure that has a tendency to be amorphous
under certain conditions [183]. These nano-size precipitates were formed during rapid solidification
after laser alloying without enough crystallization time. However, since the formed ring-pattern is not

diffused enough, the P-phase is not completely amorphous.
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Figure 6-12 Nanoscale precipitates in the mixed zone of the low power sample a)in the interdendritic space shown by
SEM micrograph, b) the same region at a higher magnification using TEM, ¢) SAD pattern under [111] zone axis of
matrix showing B2 structure, d) SAD pattern of precipitates showing the ring-like pattern of P-phase.

The existence of P-phase in the mixed zone of the fabricated NiTiPt is confirmed with EDS analysis
on these precipitates, as shown in Figure 6-13. The results are summarized in Table 6-2. The precipitates
contained ~15at% Pt, near 50at% Ti and the balance is Ni. This chemical composition is in excellent
agreement with the Ti11Ni9Pt4 P-phase in similar alloys [188,204]. Therefore, the existence of these
precipitates is a confirmation of the fabrication of a ternary NiTiPt alloy using the laser alloying of NiTi

and Ptlr alloys.

Figure 6-13 Three different spots for evaluating the chemical analysis of precipitates using EDS in the low power sample.
The results are shown in Table 6-2.
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Table 6-2 The chemical composition (per at%) of selected points on the precipitate presented in Figure 6-13.

Ti Ni Pt

48.35 38.43 13.23
4321 40.04 16.75
50.48 33.68 15.85

6.3.6 Phase Transformation

Figure 6-14 shows the transformation temperature variation of the sample. The results show two
distinct sets of peaks both in the cooling and heating regime: the biggest peaks are in good agreement
with transformation temperature of the as-received NiTi tube (As=-11, Af=-1, Ms=-25 and Mf=-33°C)
which is in the B2 condition at room temperature (marked by NiTi tube in Figure 6-14-a). The other
peaks located over 200°C are critical transformation temperatures of As=207, A=258, Ms=249 and
M¢=202°C as magnified in Figure 6-14-b and c. These peaks are related to the mixed region where the
NiTiPt phase formed as is reported elsewhere [186,205]. It should be noted that the DSC sample
contained residual NiTi base material in HAZ and MZ, therefore the corresponding NiTi tube peaks
are still visible. The presence of the transformation temperature related to NiTiPt is another proof for
the formation of this high temperature shape memory alloy in the mixed zone.
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Figure 6-14 a) Differential scanning calorimetry of the laser mixed sample during cooling and heating cycles
showing the shifting of the transformation temperature of the mixed region to higher temperatures during b)
cooling and c) heating at around 250°C.

Moreover, there are another small set of peaks appear around 80°C both in the cooling and heating
regimes (Figure 6-8-a). There could be two possible explanations: a. selective evaporation of Ni due to
its higher equilibrium vapor pressure compared to Ti [76], causing a shift in transformation
temperatures [84]; and b. the formation of high temperature shape memory alloys with lower

transformation temperature which is distinct from the previous mentioned sets of peaks.
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6.4 Multi Pulse Laser Alloying of NiTi to Ptlr

6.4.1 3D microstructure

The 3D x-ray tomography image of fabricated materials is shown in Figure 6-15 where the NiTi
tube and Ptlr wire are indicated by green and red colors. With 1.5kW laser power (Figure 6-15-a and
c), Ptlr base material cannot be fully melted. However, increasing the peak power to 2.0kW, the
fabricated material does not have any residue initial materials and full penetration has been achieved.
Therefore, the rest of characterization will be performed just on the latter fabricated material.

Figure 6-15 X-ray tomography and segmented of fabricated material using a and c) 1.5kW and b and d) 2.0kW laser peak
power. Red color and green color are indication of Ptlr and NiTi base materials.

As illustrated in Figure 6-16, there are some microporosities inside the fabricated material. Two
general shapes of these porosity, irregular and spherical due to lack of fusion and gas entrapment, could
be found (Figure 6-16-b). The former is reported in additive manufacturing processes, where large and
irregular porosity could be formed due to lack of fusion and incomplete melting during the process
[206]. The latter is a consequence of keyhole laser mode which encourage the bubble formation and
bubble merging [207].

Q Unprocessed b i
Region
3 LY
g .
i .
v, @
. . 200 S Y
NiTi tube PtIr wire Fabricated NiTiPt I llml .
l()ﬂ‘m

Figure 6-16 a) 3D microstructure of fabricated NiTiPt material and b) its magnified image showing microporosities with
different shapes.
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6.4.2 Effect of heat treatment

The microstructure of the as-fabricated material shows (Figure 6-17-a) the fully dendritic structure

and the darker region versus bright region are represented the two different phases. The microstructure

can be modified after homogenizing and aging processes (Figure 6-17-b), in which some

nanoprecipitates are observed as marked by arrows. However, fully homogenization of this material

needs more heat treatment time [174]. The DSC curves show the transformation temperature before

and after annealing process. After annealing the curves become narrower with sharper peaks. The
transformation temperatures are measured as, Ms=226°C, As= 174°C and My=182°C. Therefore, above

As temperature, fully austenitic structure is dominant.
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Figure 6-17 a) microstructure of as-fabricated material, b) microstructure of homogenized and aged fabricated material
and c) DSC curves of fabricated material before and after heat treatment showing transformation temperatures.

The load-unload test at 250°C (above As temperature) exhibits a significant superelastic response at

250°C with around 0.7% residual strain from a total strain of 5% as shown in Figure 6-18.
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Figure 6-18 Load-unload tensile test of the fabricated material shows significant superelasticity at 250°C.
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6.4.3 Elements distribution

Figure 6-19-a depicts the STEM image of a selected region in the fabricated sample prepared by
focused ion beam. The overview of the microstructure shows a dark grain between lighter grains
containing twin martensite structure. For better quantitative measurement, chemical composition of the
marked area (yellow dotted circles) of Figure 6-19-a is given in Table 6-3. EDS map of this region
(Figure 6-19-c to f) reveals the higher Ni content and lower Pt content in the mentioned grain.
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Figure 6-19 a) STEM microstructure of NiTiPt fabricated material consisting EDS map of c) Ni, d) Ti, e) Ptand f) Ir
elements and b) variation of these elements in a selected line scan. The chemical composition of marked points is
mentioned in Table 1.

The dominant low Ni matrix consist ~25at% of Pt which is in good agreement with formation of
B19 NiTiPt when the Pt is higher than 18.75at%][187]. The amount of Pt inside the dark region (~16at%)
is not high enough to switch the B19'(monoclinic) structure to B19 (Orthorhombic) martensite structure
[208], nevertheless this needs further characterization. On the other hand, the chemical composition of
marked precipitates in Figure 6-19 matches the stoichiometry of Tix(Ni, Pt)s which has been reported
for introducing superelasticity in these materials [204]. It is worth mentioning that, due to oxygen
entrapment during the laser processing and great affinity of Ti to absorb oxygen[209], some Ti-oxide

has been detected as marked in Figure 6-19.
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Table 6-3 Chemical composition (at%) and possible phase of selected regions shown in Figure 6-19-a (marked by dotted

circles)
Elements Point 1 Point 2 Point 3 Point 4
Ti 37.88 25.45 37.65 35.49

Ir 4.28 2.22 4.16 2.89

Phases B19 NiTiPt B19' NiTiPt B19 NiTiPt Tiz (Ni, Pt)s

6.4.4 Twin-based B19 and B19' martensite

To detect the formed phase inside each of the mentioned regions in the matrix, TEM image (Figure
6-20-a) and related SAD patterns of the similar region were provided, where the interface of Ni rich
and Ni lean grains is magnified (Figure 6-20-c). The SAD patterns of these regions indicate that the Ni
rich grain has B19' NiTiPt martensite structure, while Ni lean region has B19 orthorhombic martensite
crystal structure. B19 and B19'" are shear structures of B2 austenite phase and in NiTiPt materials the
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Figure 6-20 a) The TEM observation of the fabricated NiTiPt b) the HRTEM image of the interface of Ni-rich and Ni-
lean grains, c¢) the magnified TEM image of the interface, e and f) SAD patterns of marked area of designated regions.
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Therefore, the low Pt concentration in Ni rich area resulted in the presence of B19' martensite
structure, whereas in other areas the high content of Pt caused the formation of B19 martensite structure.
The twinned martensite structure of each type of martensite (B19 and B19') is visible in Figure 6-20-d
and e. Other than presence of B19'is the designated area, the SAD pattern in Figure 6-20-d also revealed
the existence of Ni4(Ti, Pt)s precipitates due to higher concentration of Ni in this region, in addition to
some dislocation pile-ups in this grain (Figure 6-20-c). These features are a probable explanation for

having a 0.7% residual strain in load-unload of the fabricated material at 250°C.

6.5 Summary

In this chapter, laser alloying has been implemented during laser microwelding on the dissimilar
joint between NiTi tube and Ptlr wire. It was shown that the NiTi tube and Ptlr wire could form a
microstructurally sound mixing region and due to Marangoni effect, there is dilution of the Pt-content
throughout the mixed zone, though with varied composition. However, by increasing the peak power,
a more homogenous fabricated NiTiPt was achieved. The findings demonstrated that the laser alloying
resulted in the successful fabrication of ternary NiTiPt shape memory alloys and by changing the laser
parameters, the characteristics of the fabricated material could be affected. The key findings of this
section could be summarized as follows.

Chemical analysis of the mixed zone confirmed the possibility of forming different phases based on
the dilution of Pt inside the mixed zone using a low peak power condition whereas a more homogenous
NiTiPt with lower element variation could be formed inside the MZ by adopting a high peak power
condition. The phase map image captured by the EBSD technique and XRD patterns displayed the
formation of mainly B2 and a small fraction of B19 phases of NiTiPt inside the mixed zone of the low
power sample and a higher fraction of martensitic NiTiPt in addition to binary intermetallics in the
high-power sample.

The microhardness evaluation inside the mixed zones and their surrounding approved the higher
homogeneity by adopting higher power condition. Using TEM and STEM equipped with SAD pattern,
the nanosized precipitates inside the mixed zone were indexed as P-phase precipitates. These
precipitates are one of the main characteristics of ternary NiTiPt alloys. Finally, the appearing the
transformation temperatures related to NiTiPt formed phase inside the mixed zone is a strong proof of
formation of high temperature shape memory alloy.

By adding Pt content to NiTi base material, the transformation temperature of fabricated material

increased to above 200°C and it showed significant superelasticity at 250°C. However, the
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microstructure of fabricated material has microporosity. The changes in Pt concentration resulted in
transition between two type of martensite structure of NiTiPt (B2 and B19') and the presence of Ni4(Pt,
Ti)s nanoprecipitates. Existed dislocations caused some irrecoverable strain in superelastic response.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

In conclusion, the current thesis shed a light on the understanding of laser microwelding of NiTi
shape memory alloys, adopting it in welding of similar and dissimilar materials and also fabrication of
ternary high temperature shape memory alloys. The detailed conclusions are as follows:

i. One of the main issues regarding the NiTi wire similar welds is Ni vaporization. In order to study
this, two different laser parameters have been applied. The high power welds have more texturized
microstructures and larger grains compared to the low power condition. In addition, the vaporization
of Ni-content resulted in the formation of the martensite phase at room temperature. The results at room
temperature showed better superelasticity for the low power sample. However, above the Ags
temperature of the high power welded sample, both welded samples presented similar superelastic
behaviors.

ii. The effects of laser offset on joint performance of NiTi/stainless steel 316L and NiTi/Cu have
been surveyed. In the case of NiTi/SS316L, the offsetting strategy could increase the mechanical
response of the welded samples by suppressing the high hardness regions and extremely brittle
intermetallics and changing their distribution inside the FZ. On the other hand, laser offsetting on
NiTi/Cu showed that positioning the laser on the NiTi and the centerline resulted in a homogenous
microstructure including the presence of NixTiyCu, IMCs. While laser offsetting onto the Cu, the fusion
zone displayed complex flow and mixing patterns containing NiTiCu, pure NiTi, Cu solid solution and
pure Cu. The microstructural analysis and phase identification suggested that an acceptable NiTi/Cu
weld can be achieved with a 0~50 um laser offset on the NiTi side.

iii. Dissimilar NiTi/Ptlr wire welds without detectable IMCs inside the FZ were fabricated with laser
welding. The grain orientation of NiTi BM gradually transitioned toward FZ and the NiTi/FZ interface,
exhibiting almost the same orientation of NiTi BM due to their similar B2 crystal structure. However,
this transition was completely abrupt at the interface of FZ/Ptlr, resulting in large residual strain due to
crystallographic and textural mismatch after the welding. Therefore, fracture during the tensile tests
occurred in this interface. In successful NiTi/Ptlr welds with acceptable tensile strength, the NiTi BM
preserved its functional superelastic behavior (up to 263 cycles with 6 % imposed strain before failure).

iv. Laser alloying has been implemented during laser microwelding on the dissimilar joint between
NiTi tube and PtIr wire. A single laser pulse can result in the successful fabrication of ternary NiTiPt
shape memory alloys and by changing the laser parameters, the chemical composition, homogeneity
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and microstructure of the fabricated material could be affected. The appearance of the additional peaks
on DSC curves is a strong proof of formation of high temperature shape memory alloy. Consequently,
the procedure has been used for fabricating NiTiPt wire, which has significant superelasticity at 250°C.
It is shown that, the fabricated material consists of NiTiPt B19 and B19' due to different Pt content in
two different phases. As a conclusion, laser welding enabled this alloying process and can introduce a

unique fabrication method to rapidly develop ternary shape memory alloys.

7.2 Recommendations and opportunities for future work

Although the present thesis work provids insights into the microwelding of NiTi shape memory
alloys using in medical devices, there is a great need to focus more on the process-microstructure-
properties of welded NiTi joints. The future studies, in one hand, should have deep analysis of weld
appearance and microstructure of microwelded samples considering the flow behavior, the porosity,
and quantifying IMCs phases; on the other hand, the applying of solid state processes could be an
interesting topic to overcome melting and subsequent solidification, which causes dendritic structure,
IMCs formation and complex flow pattern. These studies would be providing a universal map of
microwelding of NiTi alloys used in the medical sector.

As mentioned in the third chapter, changing the laser mode from keyhole to conduction mode has a
great influence on texture and grain orientation of the welded material. Additionally, in the keyhole
mode Ni evaporation accelerated resulting in drastically changing the transformation temperature.
However, in the future studies the formation of porosity using 3D characterization technique could
open a door for differentiating the types of porosity caused by Ni evaporation and/or keyhole laser
mode. Furthermore, adopting a solid state method such as using optimal parameters in resistance
microwelding could change the welding characteristic completely and overcome these mentioned
challenges.

In the dissimilar laser microwelding between NiTi and stainless steel, interconnected IMCs network
could cause embrittlement without preserving any functional properties of the NiTi. Therefore, there is
a great opportunity to study other laser parameters (defocusing, adopting other interlayers, changing
the laser head angle, laser profile, etc.) in addition to applying resistance microwelding to fabricate
acceptable NiTi weld joints with preserved NiTi functional properties. The same studies could be
surveyed in NiTi/Cu where the different density of the elements causes complex flow behavior inside

the fusion zone.
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Finally, fabricating NiTiPt high temperature shape memory alloy by microwelding is in the initial
stage. Therefore, different methods can be investigated in the future to optimize the microstructure
(through increasing the homogenization time, applying different laser parameters, different aging time
and temperature) and control the different phases and precipitates. In this regard studying the shape
memory effect of these fabricated materials (NiTiPt) and their relationship with characteristics of
martensite would be interesting. It should be mentioned that, in the current research Pt-10Ir material
was selected due to its application in the medical industry; however, in order to minimize the

complexity or study the Ir influence, pure Pt could be used in the future studies.
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