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In this study, the effects of Nd:YAG laser welding on the fracture behavior of Ni-rich nickel-titanium sheets
are analyzed by experimental investigations. The welding was carried out in open air conditions by using a
special shielding/clamping system to avoid the chemical contamination of the molten zone and the
formation of hot cracks. Mechanical tests of standard dog bone-shaped and single edge crack specimens
were carried out to measure the stress-strain response and the fracture resistance of both the base and the
welded materials. Furthermore, scanning electron microscopy observations of the fracture surfaces were
carried out in order to better understand the failure mechanisms. Finally, systematic comparative studies
between base and laser-welded materials were carried out.

Keywords Fracture mechanics, Mechanical Testing, Shape
Memory Alloys (SMAs), Welding

1. Introduction

Nickel-Titanium-based (NiTi) Shape Memory Alloys
(SMAs) have seen growing applications in recent years in
many branches of engineering, due to their special functional
properties; namely Shape Memory Effect (SME) and Super-
elastic Effect (SE) (Ref 1). These properties are due to a solid-
state phase transformation between martensite and austenite,
the so-called Thermoelastic Martensitic Transformation (TMT),
which can be activated by thermal or mechanical loads.
Furthermore, the demand for NiTi alloys is expected to rise
considerably in the near future due to the reductions in
manufacturing costs and improvements in product quality.
However, due to the low formability of these alloys, suitable
joining and cutting techniques must be used to obtain devices
and components with complex geometries. In fact, the func-
tional properties of NiTi alloys are strongly affected by the
modifications induced by the working processes, in terms of
thermo-mechanical effects and chemical contaminations
(Ref 1), and a deeper understanding of these modifications
could be useful for developing new industrial applications. In
this field, obtaining welded joints with similar mechanical and
functional properties of the base material, could create new
possibilities for the realization of complex-shaped components.

Laser welding is one of the most important joining techniques
for this class of materials, and in particular the Nd:YAG source
is suitable for welding low-thickness components due to an
accurate control of the welding power, resulting in a reduced
heat-affected zone (HAZ) (Ref 2-4). However, two major
drawbacks arise during welding of NiTi alloys: (i) the chemical
contamination of the joint, mainly due to the high oxidation rate
of titanium, and (ii) the formation of hot cracks in the molten
zone, due to the thermal shrinkage of the material during the
cooling stage after welding. Therefore, an efficient protection of
the molten zone, by inert gas, and an accurate positioning of the
components to be welded, are of major concern in order to
obtain welded joints with satisfactory mechanical and func-
tional properties. For these reasons, some research activities
have been carried out in the last few years to evaluate the
effects of laser welding on the mechanical and functional
properties of NiTi alloys (Ref 2-7).

Unfortunately, few experimental research programs have
been devoted to the fracture mechanics of NiTi alloys
(Ref 8-11), i.e., to study the mechanical behavior of cracked
components. This topic is particularly interesting because the
stress singularity around the crack tip activates the Stress-
Induced Martensitic (SIM) transformation (Ref 8-13), which
significantly changes the stress distribution in the crack tip
region with respect to common engineering metals and,
consequently, plays a critical role in the fracture toughness of
the material. Furthermore, no research, to the knowledge of the
authors, has been carried out to study the fracture mechanics of
NiTi welded joints.

In this article, the effects of Nd:YAG laser welding on the
fracture behavior of Ni-49.2 at.% Ti sheets were analyzed by
experimental investigations. The welding was carried out in
open air conditions, i.e., without using closed shielding
chambers, by special dynamic shielding equipment and a
positioning/clamping system to overcome the aforementioned
drawbacks.

The stress-strain responses of both the welded and the base
(reference) materials, were measured by using dog bone-shaped
specimens, while the fracture resistance was analyzed by Single
Edge Crack (SEC) specimens. The test specimens were cut
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from reference and previously welded sheets, using a water jet
technique, and the pre-cracks in the SEC specimens were made
by electro-discharge machining (EDM). Furthermore, Scanning
Electron Microscopy (SEM) observations of the fracture
surface were carried out in order to better understand the
failure mechanisms of both the reference and the welded
specimens. Finally, systematic comparisons of the results
between the base and the laser-welded materials were car-
ried out.

2. Materials and Experiments

Ni-49.2 at.% Ti sheets with oxide-free surfaces and a
thickness of 0.75 mm (Type S, Memory Metalle, Germany)
were used in this investigation. The material has a nominal
austenite finish temperature Af = �7 �C, and therefore, it
exhibits a full austenitic structure at room temperature.

2.1 Laser-Welding Process

The welding process was carried out by a Nd:YAG laser
source (Trumpf HL2006D) with a maximum power of 2 kW.
Special systems for open-air laser welding, illustrated in Fig. 1,
were used in order to overcome the main drawbacks which
arise during welding NiTi alloys, such as the chemical
contamination of the joint and the formation of hot cracks. In

particular, a dynamic shielding system allows an efficient
protection of the top side of the molten zone by an inert buffer
state, which is generated by blowing argon gas through a
perforated plate during welding. Furthermore, a special system
was used, which allows an accurate positioning of the
components to be welded and applies a compressive force to
the joint in order to avoid the formation of hot cracks; in
addition, an inert gas delivery system protects the back side of
the molten zone from the oxidation.

The welding was executed in continuous mode and a set of
preliminary tests were carried out in order to identify the
optimal values of the process parameters, as illustrated in the
following sections.

2.2 Specimen Preparation and Mechanical Testing

Two types of specimens were used for mechanical tests, a
dog bone-shaped for stress-strain measurements (see Fig. 2a)
and a SEC for fracture tests (see Fig. 2b).

Due to the poor workability of NiTi alloys with conven-
tional cutting techniques, the specimens for mechanical tests
were made by a water jet cutting technique, which provides a
high accuracy with no HAZ.

In Fig. 3, the two types of test specimens are shown,
together with a comparison between reference and laser-welded
ones. The welded specimens were cut from previously butt-
welded sheets, with the weld bead perpendicular to the loading
direction and in the middle section of both types of specimens.
In particular, Fig. 3(a) illustrates the dog bone-shaped speci-
mens, while Fig. 3(b) illustrates the SEC ones with an highlight
of the pre-crack; this latter was made by EDM by using a
copper wire with diameter / = 150 lm, which produces a
notch radius of about 80 lm. As clearly illustrated in Fig. 3(b),
the pre-cracks were made in the middle of the molten zone of
the welded specimens.

The mechanical tests were carried out by using a universal
testing machine (Instron 8500), equipped with a furnace (MTS
653) and a resistance extensometer with a gauge length of
10 mm. Both specimens were tested in isothermal conditions,
by applying a displacement-controlled monotonic load, at a
cross head rate of 0.2 mm/min. Furthermore, a special loading/
clamping system was used to avoid spurious loading conditions
and premature failure of the specimen in the pin-hole regions.

3. Results

3.1 Microscopic Observations and Vickers Hardness

A set of preliminary tests were carried out in order to
identify the optimal values of the process parameters, such as

Fig. 1 Open-air laser welding equipments: (a) dynamic top shield-
ing system; (b) positioning/clamping system

Fig. 2 Specimens for mechanical tests: (a) dog bone-shaped specimen for stress-strain tests; (b) single edge crack specimen for fracture tests
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average power and welding rate. To this aim, microscopic
observations and hardness tests were executed to evaluate the
extension of the HAZ and molten zone (MZ), obtained by
several values of the aforementioned welding parameters.
Finally, the following values were chosen: average power of
850 W and welding rate of 2400 mm/min.

Figure 4 illustrates a light micrograph of the cross section of
the weld bead together with micrographic observations of the
MZ, HAZ, and base material (BM), carried out at higher
magnifications. The figure shows a V-shaped MZ with root
width of about 0.8 mm and maximum width of about 1.5 mm,
and a HAZ of about 0.4 mm.

Figure 5 illustrates the results of the hardness tests, carried
out on a cross section of the weld bead by using a Vickers
indenter and a weight of 0.5 kg (HV0.5), which show an overall
reduction of hardness in the molten zone with respect to the
base material from about 280 to 190 HV0.5.

3.2 Stress-Strain Measurements

Figure 6 illustrates a comparison between the stress-strain
curves of the reference and laser welded specimens, obtained
from isothermal uniaxial loading tests of dog bone shaped
specimens, carried out at room temperature. Three different
specimens for each type were analyzed and a high repeatability
of the results was found as illustrated in Table 1; this latter
reports the average values of the maximum stresses as well as
the transformation stresses and strains, together with the
standard deviations. Figure 6 and Table 1 clearly illustrate a
strong reduction of the maximum stress in the welded specimen
with respect to the reference, from about 1250 to 780 MPa,
mainly due the modifications induced by the welding. Not-
withstanding the reduction in the mechanical strength, the
stress-strain transformation behavior of the material seems to be
mainly unaffected by the welding, as a similar stress plateau is
observed in both materials, i.e., similar values of the transfor-
mation stress and strain were measured. In fact, student-t test, at
a 99% confidence level, indicates no significant differences

Fig. 3 Reference and welded specimens for mechanical tests: (a) dog bone-shaped specimen; (b) single edge crack with an highlight of the pre-
crack

Fig. 4 Light micrographs of the cross section of the weld bead

Fig. 5 Hardness profile of a cross section of the weld bead
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between transformation stress and strain in welded and
reference specimens. However, it is worth noting that the
curves in Fig. 6 illustrate the effective behavior of the joint over
a gauge length of 10 mm, while the stress-strain response of the
material in the MZ and in the HAZ is expected to be different
from the measured one. This observation seems to be confirmed
by more detailed comparisons between the stress-strain curves
of the reference and laser-welded specimens, which show the
following differences: (i) laser welded specimens exhibit a
change of the slope in the austenitic region at a stress level
lower than the nominal transformation stress and (ii) stress
variations are observed in the stress-strain transformation
curves of the welded specimens. Notwithstanding that full-
field displacement measurements should be carried out in order
to better understand the functional behavior of the material in
the welded region, the observed differences should be attributed
to a different transformation behavior of the material in the MZ
and HAZ. In particular, the change of the slope in the early
stage of loading and the stress variations in the transformation
plateau should be attributed to non-homogeneous transforma-
tions, i.e., the stress-induced martensitic transformation in the
welded region occurs in a different stress range with respect to
the reference material.

3.3 Fracture Tests

Figure 7 illustrates a comparison between the load versus
crack mouth opening displacement curves of the reference and
laser-welded materials, obtained from isothermal tests of SEC
specimens, carried out at room temperature. Three different
specimens for each type were tested, and the results are
illustrated in Table 2 in terms of maximum load and notch
strength. The latter data were computed as the maximum

nominal stress at failure according to the standard ASTM E338-
91 (Ref 14). The table clearly illustrates that the welded
specimens exhibit a reduction in the notch strength of
about 15% with respect to the reference specimens. Further-
more, student-t test, at a 99% confidence level, indicates a
significantly different strength between welded and reference
specimens.

The fracture path is almost straight along the symmetry
plane of both specimens and it is always located in the HAZ of
the welded specimens, although the non-symmetric shape of
the weld bead causes non-pure mode I loading conditions.

Furthermore, the notch strength is calculated for a compar-
ative analysis between the fracture resistance of the reference
and the laser-welded materials, and no further considerations
are made about the fracture resistance; in fact, the well-known
equations to calculate the stress intensity factor cannot be
applied to such class of materials, due to the stress-induced
martensitic transformation occurring in the crack tip region, as
a consequence of the high values of local stresses, which
generate a more complex stress distribution with respect to
common engineering metals.

3.4 SEM Observations

In order to better understand the fracture mechanisms of
both reference and laser welded materials, the fracture surfaces
of the SEC specimens were analyzed by SEM investigations.
Figure 8 illustrates the fracture surface of the reference
(Fig. 8a, c) and welded specimens (Fig. 8b, d). Figure 8(a)
and (b) show the fracture surfaces, together with the pre-cracks
(left side) which were made by EDM; the figure indicates a
mostly ductile fracture surface in the reference material, while a
more brittle fracture mechanism is observed in the welded
specimen. This observation is qualitatively confirmed by SEM
observation at higher magnification, as illustrated in the

Fig. 6 Comparison between the stress-strain curves of the reference
and welded specimens

Fig. 7 Comparison between the load versus crack mouth opening
displacement curves of the reference and welded specimens

Table 1 Main mechanical and functional parameters of
the reference and welded specimens

Transformation
stress, MPa

Transformation
strain, %

Maximum
stress, MPa

Reference 345± 3 4.6± 0.1 1248± 7
Welded 355± 5 4.6± 0.3 776± 35

Table 2 Mechanical strength of the SEC specimens

Maximum load, kN Notch strength, MPa

Reference 2.65± 0.03 284± 3
Welded 2.26± 0.05 243± 5
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Fig. 8(c) and (d), which show dimple size of about 10-30 lm in
the reference specimens and about 5 lm in laser-welded ones.
Notwithstanding that the dimple sizes could be also affected by
different grain size in the welded material, these results indicate
a greater plasticization capability in the reference specimens
than in the welded ones.

4. Conclusions

Ni-rich nickel-titanium sheets were welded in open-air
conditions by a Nd:YAG laser source, and special shielding/
positioning systems were used to avoid the chemical contam-
ination of the joints and the formation of hot cracks. The effects
of laser welding on the fracture behavior were analyzed by
mechanical tests and systematic comparative studies between
the base and the welded materials.

The mechanical tests of dog bone-shaped specimens indi-
cate a reduction in the mechanical strength, while the overall
functional behavior of the specimens seems to be mainly
unaffected by the welding, as a similar stress-strain transfor-
mation plateau is observed in both materials.

The tests of single edge crack specimens show a reduction
of about 15% in the notch strength of the welded specimens
with respect to the reference ones. The fracture path is almost
straight along the symmetry plane of both specimens, as a

consequence of a pure mode I loading condition, and it is
always located in the HAZ of the welded specimens. Further-
more, SEM observations show mostly ductile fracture surfaces
in the base material, while a more brittle behavior is observed in
the welded one.

Future studies should be carried out in order to better
understand the functional behavior of the material in the welded
region, by using full-field displacement measurements. Fur-
thermore, for a complete fracture characterization of the
material, the stress-induced martensitic transformation which
occurs in the crack tip region should be better investigated, by
numerical simulations and experimental measurements.
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