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Abstract: In the present study, a friction welding process was adopted to join dissimilar alloys of Ti-
Al-4V to Nitinol. The effect of friction welding on the evolution of welded macro and microstructures
and their hardnesses and tensile properties were studied and discussed in detail. The macrostructure
of Ti-6Al-4V and Nitinol dissimilar joints revealed flash formation on the Ti-6Al-4V side due to a
reduction in flow stress at high temperatures during friction welding. The optical microstructures
revealed fine grains near the Ti-6Al-4V interface due to dynamic recrystallization and strain hardening
effects. In contrast, the area nearer to the nitinol interface did not show any grain refinement. This
study reveals that the formation of an intermetallic compound (Ti2Ni) at the weld interface resulted
in poor ultimate tensile strength (UTS) and elongation values. All tensile specimens failed at the
weld interface due to the formation of intermetallic compounds.

Keywords: friction welding; Ti-6Al-4V; nitinol; intermetallic compound; fractography; dissimilar
metal joining

1. Introduction

Titanium and titanium alloys are being widely used in several industrial applications
because of their attractive properties, with a low density being one of them [1]. The most
widely used α+β titanium alloy is Ti-6Al-4V (the workhorse grade in the titanium alloy
group). This alloy finds extensive use in the medical industry and aerospace applications,
due to its high specific strength, corrosion resistance, good fracture toughness, fatigue resis-
tance, elevated temperature strength up to 500 ◦C, biocompatibility and weldability [1–4].
Nitinol, or titanium nickelide, belongs to the category of shape memory alloys, and it
consists of an equiatomic alloy of nickel (Ni) and titanium (Ti). Nitinol is applied in the
biomedical, aerospace, sensorics, fashion and automotive industries, as well as in structural
elements and actuators, owing to its shape memory, biocompatibility and pseudoelasticity
properties [5,6].

The joining of Ti-Al-4V to Nitinol would be of great interest for many applications, in-
cluding the hybrid welded structure of an adaptive gas turbine engine’s toothed nozzle [7].
A joint made of Ti-Al-4V joined to Nitinol adds the superelastic behavior of Nitinol to the
excellent biocompatibility and corrosion resistance properties of these alloys. However,
welding Ti-Al-4V to Nitinol is challenging because of differences in their chemical and
physical properties [8–10]. The functional behavior of NiTi alloys is strongly influenced by
the chemical compositions and heat input of welding processes. Fusion welding readily
forms stable intermetallic compounds (Ti2Ni, Ni3Ti) when titanium alloy is welded to
Nitinol. The migration of Ni from Nitinol to the liquid titanium leads to the formation of
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Ti2Ni. These intermetallic compounds contribute to degradation of the mechanical proper-
ties of the welded joints [9–12]. These problems can be avoided by using an interlayer in
between the Ti-Al-4V and Nitinol that inhibits or decreases the formation of intermetallic
compounds in the weld zone [13].

NiTi was joined to another shape memory alloy, CuAlMn, by laser welding. A complex
microstructure with islands of base metal deep inside the fusion zone were seen [14]. Datta
et al. [15] did a feasibility study on the dissimilar joining of NiTi to Ti by laser welding. They
reported that dissimilar welds exhibited poor strength and ductility due to the formation
of Ti2Ni phases and transverse cracks in the weld [15]. Similar problems occurred in Ti-
6Al-4V-NiTiNb welds, too [9,16]. Though intermetallics in general reduce weld ductility in
dissimilar metal combinations, some types of intermetallics seem to be less harmful. In NiTi-
Cu laser welds, a larger Cu dilution means a greater amount of Cu-based intermetallics in
the weld metal, and these Cu-based intermetallics prove beneficial for the weld ductility
when compared to Ti-based intermetallics [17,18].

The problem of brittle phases was overcome by placing an Nb interlayer with a
thickness of 50 µm in between the Ti-6Al-4V and NiTi in laser welding [19]. The interlayer
acted as a diffusion barrier between the two base metals. By varying the laser power
and thereby controlling the Nb dilution, Zhou et al. could control the overall amount of
intermetallics within the weld [20]. When the Nb melted completely, the joint strength shot
up to as high as 82% of the Ti-6Al-4V base metal strength. Even electron beam welding
produced similar effects [21].

Another possibility is to explore the solid state welding process to join Ti-Al-4V to
Nitinol, in which the joining of materials takes place without melting and without the use
of any filler. Solid state welding, like friction welding, can alleviate to some extent the
fusion welding problems described above. Friction welding is a solid state welding process
in which joining is achieved by one placing work piece in the rotating fixture and the other
in a stationary fixture, and frictional heat is generated by the pressure and relative motion
between these work pieces. Senkevich et al. [22] studied the joints of Ti-54.2% Ni with
VT6 titanium alloy by the diffusion bonding technique. They observed a transition zone
between the connected alloys, and this zone exhibited a higher hardness compared with
the two base metals due to enrichment of the titanium. It was reported that a maximum
shear strength of 170 MPa was achieved at 950 ◦C and a 30 min holding time. Wei Zhang
et al. [23] investigated the microstructure and mechanical properties of Nitinol-Nitinol
joints by ultrasonic welding, using Cu as an interlayer. They found that no intermetallic
layer was observed at the joint interface. It was reported that the ultimate shear load
increased with the increasing weld energy from 500 J to 1000 J due to metallurgical bonding
at the interface.

There were quite a few successful attempts at joining Nitinol to Nitinol, whether it
was through fusion welding [24,25] or solid-state welding [26,27]. However, when it came
to joining Nitinol to Ti-Al-4V, the reports were few and far between, and even then, the
welds turned out to be substantially poor in quality. All these published works dealt with
fusion welding only [9–21]. This knowledge gap threw open the opportunity for us to
attempt the same weld combination through a solid state joining technique like friction
welding. Friction welding had already proved itself as a promising technique in several
other dissimilar metal combinations. To the authors’ best knowledge, this is one of the
first attempts at joining Nitinol to Ti-Al-4V. This study demonstrates how, by choosing
weld parameters carefully, we could obtain significantly strong welds between Nitinol and
Ti-Al-4V. At the same time, some of the challenges that still need to be overcome before this
promising combination of dissimilar metals could be used in wide-ranging applications
have been identified.

2. Materials and Methods

Ti-6Al-4V and Nitinol rods 100 mm in length with a cross-sectional diameter of 10 mm
were used in the present investigation. The chemical compositions of these alloys are
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listed in Table 1. The rods of Ti-6Al-4V and Nitinol alloys were face turned and cleaned
with acetone before friction welding. Continuous drive friction welding with a capacity of
150 kN was employed for the friction welding of dissimilar materials (Figure 1). Ti-6Al-4V
was held in the non-rotating vice and Nitinol in the rotating chuck. At the start of the
friction welding process, the rotating spindle quickly reached a set speed (spindle speed).
The non-rotating specimen was then pushed toward the rotating one under high pressure
(friction pressure). Due to the relative motion between the two specimens under pressure,
frictional heat was generated at the interface. This heat very quickly plasticized both of
the base metals, resulting in a flash. The flash, in fact, helps by ejecting out impurities and
oxide layers from the surface of the specimens. The loss in the overall length of the rods
was monitored by a sensor, and when the set burn-off length was achieved, the rotating
chuck was suddenly brought to rest using a brake. This ended the first stage of the weld
cycle, called the friction stage. In the next stage (the upset stage), the pressure was further
increased (upset pressure) and held constant for a certain length of time (upset time). The
bond consolidation between the two specimens was thus completed.

Table 1. Composition of base metals (wt%).

Elements Al V Fe Cr C N O H Ti

Ti-6Al-4V 6.01 4.0 0.04 0.14 0.01 0.004 0.114 0.008 balance

Elements Ni Co Cr Fe Nb C O H Ti
Nitinol 55.7 0.005 0.003 0.015 0.005 0.04 0.036 <0.001 balance

Figure 1. Friction welding machine used in the current study.

The initial parameter window considered is listed in Table 2. At first, one parameter
was varied at a time to see how it affected the quality of the welds. Here, quality was
assessed by two simple and quick methods: visual inspection of the flash and how the
welds survived a drop test. The upset pressure, spindle speed and upset time did not have
a significant effect, whereas the friction pressure and burn-off length noticeably influenced
the weld quality. In the second stage, just these parameters (friction pressure and burn-off
length) were changed by two levels each. Again, based on visual inspection, a final set of
parameters was selected, and the same set was used for all the subsequent welds in the
current work (Table 2).
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Table 2. Welding parameters.

Explored Parameter Range Final Parameters Chosen

Friction Pressure 50–250 MPa 60 MPa
Upset Pressure 100–400 MPa 150 MPa
Spindle Speed 1000–2000 rev/min 1400 rev/min

Burn-off Length 1–7 mm 5 mm
Upset Time 4–10 s 5 s

A solution containing 2% HF and 3% HNO3 in 95% distilled water was used to etch
the Ti-6Al-4V alloy weld, and 40% HNO3 and 10% HF in 50% distilled water was used to
etch the Nitinol weld. The chemical compositions of the Ti-6Al-4V alloy to the Nitinol rods
were analyzed by employing a LECO TCH 400 instrument (LECO Corporation, St. Joseph,
MI, USA). The low-magnification macrostructure of the friction welds was observed using
a Nikon SMZ745T stereo microscope (Nikon Instruments Inc., New York, NY, USA). The
microstructural features of the friction welded samples were observed using a Leitz optical
microscope. The microstructure and energy dispersive spectroscopy (EDS) line scan were
investigated using a VEGA 3LMV, TESCAN scanning electron microscope and oxford
instruments, respectively (TESCAN ORSAY HOLDING, Brno, Czech Republic). X-ray
diffraction (XRD) analysis (PANalytical, Malvern, UK, X’pert powder XRD) was used to
identify phases in the base metal and weld. Vickers microhardness measurements were
carried out as per the ASTM E384 standard (West Conshohocken, PA, USA) across the
weld region by using a diamond pyramid indenter under a load of 500 g for 15 s (MMT-X
Matsuzawa, Akita Prefecture, Kawabetoshima, Japan). Transverse weld specimens of a
25 mm gauge length and 4 mm diameter were machined from friction welded samples.
Tensile tests were carried out according to the ASTM E8 standard on the base metal, as well
as dissimilar friction welded samples using a servo hydraulic testing machine at a constant
displacement rate of 0.5 mm/min.

3. Results and Discussion
3.1. Base Metal Microstructures

The optical microstructures of the Ti-6Al-4V and Nitinol alloys are shown in Figure 2a,b
respectively. Both microstructures showed equiaxed grains, and the average grain sizes
of the Ti-6Al-4V and the Nitinol were 7 ± 1 µm and 50 ± 8 µm, respectively. The optical
microstructure of the Ti-6Al-4V revealed alpha grains (brighter phase) in a transformed
beta matrix (darker phase). Predominantly, a single-phase equiaxed microstructure was
seen, with distinct twin lines in the Nitinol. Nitinol transforms to an austenitic phase when
heated to a point above its austinite start (As) temperatures, but reverts back to its stable
state of a martensitic phase when cooled [5]. Depending on the Ni content, the start and
finish temperatures of the phase transformation varies. However, it is safe to assume that
the present alloy remained predominantly austenitic at room temperature, with possible
tiny volumes of a martensitic phase.

Figure 2. Optical microstructures of the base metals (a) Ti-6Al-4V and (b) Nitinol.
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3.2. Macro and Microstructures of Dissimilar Friction Welds

An actual Ti-6Al-4V and Nitinol joint is shown in Figure 3. Visual examination revealed
no obvious macroscopic defects. The low-magnification friction welded joint made between
the Ti-6Al-4V and Nitinol alloys showed a flash formation, which is a typical characteristic
of the friction welding process (Figure 3). The flash predominantly occurred on the Ti-6Al-
4V side, but for the Nitinol it was notably absent. From Figure 4, it is worthwhile to note
that a precipitous drop in flow stresses in Ti-6Al-4V at high temperatures during friction
welding makes the alloy softer compared with the Nitinol side, even though the yield
strength (YS) of Ti-6Al-4V is higher than Nitinol to begin with at room temperature [28].
In addition to this, the poor heat conducting properties of Ti-6Al-4V cause the temperature
to rise quickly on its side of the joint.

Figure 3. The visual view of a Ti-6Al-4V and Nitinol dissimilar friction welded joint.

Figure 4. Dissimilar friction welded Ti-6Al-4V and Nitinol sample showing the flash on the Ti-6Al-
4V side.

The optical microstructure of the Ti-6Al-4V/Nitinol joint interface is shown in Figure 5a.
The grains nearer to the interface on the Ti-6Al-4V side underwent refinement, whereas
the Nitinol microstructure largely remained unaffected. Friction welding introduced a lot
of dislocations into the materials because of the heavy plastic deformation that occurred
during the process and, at the same time, it generated high temperatures close to the melting
point of the base metals. The subgrain structure could also be seen if the dislocation density
increased. These low-angle grain boundaries rotated to form stain-free grains, which are
fine grains referred to as dynamic recrystallization (DRX) [29]. DRX was observed on



Metals 2021, 11, 109 6 of 11

the Ti-6Al-4V side, adjacent to the joint interface when compared with the Nitinol side.
This means that the deformation was more on the Ti-6Al-4V side due to the heavy plastic
deformation and high temperatures encountered in friction welding. Due to dynamic
recrystallization, nucleation and growth of the grains occurred; hence, a large amount of
fine equiaxed grains were observed adjacent to the Ti-6Al-4V interface. A darker region
(intermixed zone) was noticed between the Ti-6Al-4V/Nitinol joint interface. This may
be due to the formation of intermetallics at the interface. The grains along the Ti-6Al-4V
interface aligned in the rotating direction due to deformation of the material, as shown
in Figure 5 b. The dark spots observed on the welded samples were referred to as etch
pits, developed during etching of the sample. There was no significant change in grain
size adjacent to the Nitinol interface, and the microstructure consisted mainly of austenite
rather than martensite due to the heating of the material during welding.

Figure 5. (a) The optical microstructure of the Ti-6Al-4V/Nitinol joint interface. (b) The grains along
the titanium interface, aligned in the rotating direction.

Figure 6 shows a scanning electron microscopy (SEM) image of the Ti-6Al-4V/Nitinol
joint and the corresponding SEM EDS line scan, which shows the distribution of different
elements across the joint. The EDS line scan revealed an interface between the Ti-6Al-
4V/Nitinol joint, and here, a ~10 µm wide intermixed zone could be seen. The intermixed
zone was the result of the huge amount of plastic strains and high temperatures seen in
this region. It is also reasonable to expect that this intermixed zone would not be of the
same width and composition between the center and the periphery [30]. This is because
the intensity of rubbing differs in these zones. Ni has low solubility in Ti in its solid state
and forms the brittle intermetallic compound Ti2Ni. These hard intermetallic compounds
play a major role in the poor ductility of Ti-6Al-4V/Nitinol welds [9–12]. It is worth noting
that even though the initial diffusion rates depend upon the alloying elements present in
each of the base metals, the newly formed intermetallic phases would also start to influence
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the diffusion phenomenon very quickly [30]. There is also the possibility of formation of
Kirkendall voids when a particular element undergoes mass transport while it forms the
reaction products in dissimilar material joining [31].

Figure 6. SEM image of the Ti-6Al-4V/Nitinol joint and the corresponding SEM energy dispersive
spectroscopy (EDS) line scan.

The diffusion of Ni into Ti-6Al-4V was relatively higher. Figure 7 shows the X-ray
diffraction analysis of the Ti-6Al-4V base metal, Nitinol base metal and fracture surface of
the weld. The Nitinol base metal exhibited a B2 austenitic phase, and the Ti-6Al-4V base
metal exhibited a hexagonal α phase and a weak β phase. In contrast, the fracture surface
of the weld revealed a hexagonal α phase, β phase and the formation of a Ti2Ni brittle
intermetallic phase.

Figure 7. X-ray diffraction (XRD) profiles of the Ti-6Al-4V base metal, Nitinol base metal and fracture
surface of the Ti-6Al-4V/Nitinol friction welds.

3.3. Mechanical Properties
3.3.1. Hardness

Figure 8 shows the hardness distribution across the interfaces of dissimilar Ti-6Al-
4V/Nitinol welds. It is observed that there was an increase in hardness on the Ti-6Al-4V
side due to stain hardening that occurred during the friction welding process. However, no
significant increase in hardness is observed on the Nitinol side, which confirms the previous
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observation that no there was no significant deformation on the Nitinol side. Similar results
were observed in previous studies involving friction welding of commercially pure Ti to
304L stainless steel [28,32]. Dissimilar friction welds prepared from Ti to 304L stainless
steel have shown an increase in hardness on the Ti side due to the stain hardening effect
when compared with the stainless steel side. However, a decrease in hardness on the
stainless steel side was attributed to a limited amount of deformation or the lack of a strain
hardening effect [28]. The Ti-6Al-4V and Nitinol base materials had average hardnesses
of 367 ± 18 HV and 260 ± 16 HV, respectively. The highest hardness observed at the
Ti-6Al-4V/Nitinol interface may be attributed to the formation of intermetallics of Ti and
Ni, such as Ti2Ni, a result conformed by XRD analysis.

Figure 8. The hardness distribution across the interface of dissimilar Ti-6Al-4V/Nitinol welds.

3.3.2. Tensile Properties

The tensile properties of dissimilar Ti-6Al-4V/Nitinol friction welds are shown in
Figure 9. The important objective of the present investigation was to determine whether the
joint strength of a dissimilar weld shows any improvement in its weld zone tensile proper-
ties. The data of two base materials’ tensile properties have also been included in Figure 8
for comparison. It is revealed from Figure 9 that the dissimilar Ti-6Al-4V/Nitinol friction
weld exhibited a lower ultimate tensile strength (UTS) and ductility (UTS = 589 MPa, 3.9%
elongation) compared with the base metals (Ti-6Al-4V: UTS = 1073 MPa, 15% elongation;
Nitinol: UTS = 980 MPa, 16% elongation). This could be because of intermetallic formations
(Ti2Ni) at the interface which are brittle in nature. Similar results were observed in laser
welding of dissimilar Ti-6Al-4V to NiTi joints [10]. These dissimilar welds exhibited a UTS
value of 250 MPa and 3% elongation. The authors attributed the reason for the inferior
properties to the formation of a Ti2Ni phase and transverse cracks in the weld metal. Elec-
tron beam welding was better in that the UTS was 480 MPa with 2.3 % elongation [21].
Three tensile tests were conducted for each condition, and the average of these specimens
was taken. The dissimilar weld failed in the intermixed zone, except for the Ti-6Al-4V and
Nitinol base metals. Failure in the intermixed zone indicates that the weld region was
weaker than the base metals in the dissimilar welded joint. The tensile fracture surfaces
of the Ti-6Al-4V base metal, Nitinol base metal and dissimilar Ti-6Al-4V/Nitinol friction
welds are shown in Figure 10. Very fine and ductile fracture features were observed for the
Ti-6Al-4V and Nitinol base metals in Figure 10a,b respectively. It is well established that
the fine equiaxed dimples are observed in the base metal samples because of microvoid
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formation and joining. Figure 10c shows the cleavage fracture (brittle) features of dissimilar
Ti-6Al-4V/Nitinol friction welds.

Figure 9. The tensile properties of base metals and dissimilar Ti-6Al-4V/Nitinol friction welds.

Figure 10. Fracture surfaces of the base metals and dissimilar welded joint for (a) Ti-6Al-4V, (b) Nitinol
and (c) dissimilar Ti-6Al-4V/Nitinol friction welded joint.
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4. Conclusions

Dissimilar Ti-6Al-4V/Nitinol friction welds have been analyzed for weld macro and
microstructures, grain sizes, hardnesses and tensile properties. The following conclusions
can be drawn:

1. A defect-free dissimilar friction weld could be obtained by a continuous drive friction
welding machine;

2. The macrostructure of dissimilar Ti-6Al-4V/Nitinol friction welds revealed flash
formation only on the Ti-6Al-4V side due to the reduction in flow stress at high
temperatures experienced during friction welding;

3. XRD studies revealed the formation of an intermetallic compound (Ti2Ni) on the
fracture surface of dissimilar welds;

4. The dissimilar Ti-6Al-4V/Nitinol friction weld exhibited low strength and ductility
(UTS = 589 MPa, 3.9% elongation) compared with the base metals, and this may be
attributed to the formation of Ti2Ni intermetallics at the interface, which are brittle in
nature;

5. The tensile fracture surfaces observed in dissimilar Ti-6Al-4V/Nitinol friction welds
had cleavage (brittle) fracture features due to the formation of intermetallics at the
intermixed zone when compared with the fine dimples noticed in the base metal
samples.
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