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Abstract—The welded joints of a nitinol (Ti–55.42% Ni) wire 2 mm in diameter are fabricated using a manual
tungsten inert gas welding technology (TIG). The macro- and microstructure of the welded joints are inves-
tigated, bending tests are carried out, and the shape memory effect is evaluated.
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Fig. 1. The layout of the wire on the substrate during welding.
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INTRODUCTION
Due to the needs of various industries, the process

of new materials developing, which are focused on
specific tasks, is constantly ongoing. Ti–Ni (nitinol)
belongs to the class of materials with the shape mem-
ory effect. This class of materials tends to return their
original geometry from a deformed state when
exposed to heat or mechanical stress. This phenome-
non of returning to its original form is called the shape
memory effect [1].

Nitinol is used in various industries, such as auto-
motive, aviation, biomedical, and the joining of this
material is a challenging problem. Today, laser welding
[2–5], friction stir welding [6, 7], resistance welding
[8], and tungsten inert gas welding [9–11] are widely
used to produce nitinol joints. This paper presents the
study on the welding of wires, which are used as the
basic component in the manufacturing of actuators
and prostheses and can also be used for additive man-
ufacturing.

The aim of this work is to study the welded joints of
wires produced by TIG welding. The problems were to
estimate the microstructure of the fusion zone, to per-
form bending tests, and to evaluate shape memory
effect of the welded wires.

EXPERIMENTAL
The welding power source for manual tungsten

inert gas welding Jasic TIG 315 P AC/DC was used to
produce the welded joints. 15 welded joints were pro-
duced using the wire of a Ti–Ni alloy (Ti–55.42% Ni)
with a diameter of 2 mm. The welding parameters
(ID) are given in Table 1.

The fixture consisting of two overlapping copper
plates was used for welding. One part of the wire was
15
fixed with a clamp to the lower plate in the corner
formed between the butt surface of the upper plate and
the upper surface of the lower plate, while the second
piece of the wire was fed manually. A schematic repre-
sentation of the fixture is shown in Fig. 1. The fixture
was designed to provide heat dissipation and co-direc-
tionality of the wires.

The fixture surfaces were preliminarily mechani-
cally cleaned and degreased. The ends of the wires to
be welded were cleaned on a grinder to remove the car-
bon coating and to produce smooth surfaces on the
butt of the wires, after that they were degreased. Pure
argon was used as a shielding gas.

The direct current electrode negative (DCEN)
polarity arc mode was used. During experiments, a
gradual change in current was performed. An arc was
ignited on a copper substrate, after which the arc was
gradually transferred to the butt joint.

Two joint samples of each welding parameters were
selected from 15 welded joints, from which the cross
70
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Fig. 2. Photograph of the welded joint formed at a current value of 20A: (a) longitudinal section, (b) cross section, and (c) sec-
tional diagram. Zone of the base metal (I), weld (II), and presumably HAZ (III).
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Table 1. Welding parameters

ID 1 ID 2 ID 3

Current, A 20 30 40
sections of welded joints were made in the longitudinal
and transverse directions (Figs. 2–6). Cross sections
were polished using suspensions with a fraction in the
following order: 6, 3, 1, 0.3 and 0.6 μm; the final stage
was manual polishing using a mixture of a suspension
of 0.4 μm and 3% hydrogen peroxide in a ratio of 4 : 1,
respectively. The sections were etched in a mixture of
nitric and hydrofluoric acid with water, HF + HNO3 +
H2O, taken in a ratio of 1 : 4 : 5. The etching time was
15 s for the cross section and 30 s for the longitudinal
section of each sample.

MICROSTRUCTURE

The microstructures of the longitudinal and trans-
verse cross sections of the welded joint produced at a
current of 20 A are shown on Figs. 2a, 2b, respectively.
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
Macrostructural analysis of the longitudinal sec-
tion allowed us to recognize the base metal, the fusion
boundary, and the weld. Grains with a clearly visible
crystallization direction are observed in the welded
joint. The heat-affected zone (HAZ) is supposed to be
too small to be detected in macrographs; this may be
due to the butt joint compression force of two parts of
the wire during welding; this effect is observed for all
three different IDs (Table 1).

Figure 2b shows the transverse cross-section of the
welded joint with ID 1 parameters. This cross-section
 13
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Fig. 3. Longitudinal section of the welded joint formed at a current of 30 A.

Fig. 4. Cross section of the welded joint formed at a current of 30 A.
is made close to the fusion boundary at an angle of 20°
(the cross-section scheme is shown in Fig. 2c) in order
to capture the base metal, the HAZ, and the welded
joint in one macrograph. Three zones can be visually
recognized: the base metal zone (see Fig. 2, I), the
weld metal zone (see Fig. 2, II), and heat affected zone
(see Fig. 2, III). The base metal and weld metal zones
are crystallized in the grain form morphology.

Figure 3 shows the longitudinal cross section of a
welded joint obtained at the welding current of 30 A.
In the weld zone, the metal crystallized in the form of
dendrites, the growth of which is oriented from the
RUS

Fig. 5. Longitudinal section of the we
weld pool boundaries to the center due to the tempera-
ture gradient. The base metal zone has identical
microstructure in comparison to the longitudinal sec-
tion that was previously described for a current of 20 A.
Apparently, the light spots in Fig. 3 are the etching
defects. The HAZ was not visually detected, and the
welded zone can be recognized.

The weld metal has a dendritic microstructure (see
transverse cross-section in Fig. 4).

The metal produced with a welding current of 40 A
(ID 3) can be described similarly to the previous one
(30 A), see macrograph in Fig. 5. Transverse cross-
SIAN METALLURGY (METALLY)  Vol. 2020  No. 13

lded joint formed at a current of 40 A.
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Table 2. Results of plasticity tests

Current, A 20 30 40

Experiment 1 90° 80° 40°

Experiment 2 90° 60° 30°

Experiment 3 90° 90° 35°

Fig. 6. Cross section of the welded joint formed at a current
of 40 A: 1 and 2, contact zones between the wire and the
copper substrate.

1

2
Fig. 7. Setup of the wire bending assessment system.
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section is shown in Fig. 6. The weld metal has a den-
dritic structure. The zone of contact between the wire
and the copper substrate can be recognized due to the
difference in the crystallite lengths (see regions 1, 2 in
Fig. 6).

It can be concluded that the shape of crystallites in
the welded metal depends on the welding current (heat
input). In this case, the current above 20 A leads to for-
mation of dendrites in the weld metal.

PLASTICITY
Bending tests of the welded wires were carried out.

The experiment was constructed as follows: a wire was
pressed against a 6-mm steel bar with a vice so that a
weld was located at a distance of 1–2 mm from the
point of wire–bar contact. The wire was then bent by
hand until fracture or an angle of 90° to the vertical.
The bending angle was measured with a protractor
accurate to 0.5°. The setup is shown in Fig. 7.

The test results for each ID samples are presented
in Table 2. The results give the maximum possible
bend angles to failure. The best result was obtained for
the ID 1 welding parameters, in which the metal was
crystallized in the grain morphology.

SHAPE MEMORY EFFECT 
AFTER MANUAL ARGON ARC WELDING
After bending tests, one sample of the welded joint

was selected from all three welding parameters; these
samples were then bent to the following bending
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
angles, in accordance with the minimum values from
Table 2: 90°, 60° and 30° for 20, 30, and 40 A, respec-
tively. Then the samples were heat treated at 150°C for
50 min. Figure 8 shows the wires welded joints photo-
graph before bending (see Fig. 8a), after bending (see
Fig. 8b), and after heat treatment (see Fig. 8c). A
visual assessment of the wires shape after heat treat-
ment indicates the presence of a shape memory effect
due to the following fact: the tested zone around the
weld was deformed and completely rebuilt. This result
was observed for all samples from the experiment.

Thus, regardless of the welding parameters, the
shape memory effect is retained if the maximum wire
bend angle is limited.

CONCLUSIONS

(1) Welding conditions for achieving high plasticity
of welded joints while maintaining the shape memory
effect were developed (current of 20 A, high-purity
argon protection, DCEN).

(2) The evaluation of the microstructure of welded
joints obtained with various welding parameters indi-
cates a direct relationship between the shape of crys-
tallites and the welding current (heat input). For
example, a decrease in the heat input promotes grain
morphology in the metal microstructure, and an
increase in the heat input promotes the formation of a
dendritic (unfavorable) structure. These results are in
accordance to the results of plasticity tests.
 13
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Fig. 8. Evaluation of the shape memory effect: (a) before bending, (b) after bending, and (c) after heat treatment.

(a) (b) (c)
(3) The evaluation of the shape memory effect
indicates preservation of this property in the welded
wires regardless of the welding conditions.
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