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A B S T R A C T

Dissimilar joining of advanced engineering alloys is fundamental for the development of new applications.
However, joining two distinct materials poses difficulties owing to the several metallurgical and thermo-physical
problems that can arise. This paper describes the work performed on dissimilar laser welding of NiTi and
CuAlMn shape memory alloys, superelastic at room temperature. Detailed microstructural characterization was
performed. The complex microstructure of the dissimilar joint is explained based on the characteristics of laser
welding, namely material and heat flow, high cooling rates and thermal gradients within the fusion zone.
Cycling tensile testing revealed that the joints preserved the superelastic behaviour despite the unfavourable
microstructure of the fusion zone which translates into an irrecoverable strain of 2% when cycled at 5% strain.
These results may open the possibilities for new applications based on this dissimilar combination which can
combine superelasticity and higher thermal and electrical conductivity (with the latter two characteristics
arising for the CuAlMn shape memory alloy).

G R A P H I C A L A B S T R A C T

1. Introduction

Shape memory alloys are a class of functional materials that exhibit
two very distinct properties: the shape memory effect and superelasticity.
These properties occur due to the reversible martensitic transformation
between a high temperature phase (austenite) and a low temperature one
(martensite). Owing to these characteristics, shape memory alloys have

found several relevant applications for several industries including
biomedical, aerospace and automotive [1–5].

Among the different classes of shape memory alloys, NiTi is the most
used one [6]. However, owing to the high production costs of NiTi, which
are due the raw materials used but also to the need for a very precise
composition and protective atmosphere during its manufacturing, other
alloys have emerged as possible substitutes. Cu-based shape memory
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alloys are significantly less expensive than NiTi and have higher electrical
and thermal conductivities, which make them prone to be used in
electrical actuated systems for example. Although there are various Cu-
based alloys (Cu-Al-Ni [7] or Cu-Al-Be [8]), Cu-Al-Mn shape memory
alloys have emerged as one of the most interesting ones due to the
possibility to significantly change their mechanical response by modify-
ing its grain size [9]. Both NiTi [10,11] and CuAlMn [12,13] shape
memory alloys found applications in the biomedical industry owing to
their biocompatibility properties.

In order to take advantage of the properties exhibited by two distinct
materials, joining methods are often used. Welding of shape memory
alloys is mostly devoted to NiTi in similar combinations [14–21],
although recent works have focused on the weldability of Cu-based shape
memory alloys [22–24]. Despite the wide range of welding techniques
used for shape memory alloys (resistance welding [25], gas tungsten arc
welding [26,27], brazing [28,29], explosion [30] and electron beam
welding [31] are some examples) laser welding is by far the most used
[32–38]. This is related to the characteristics of the technique which
allows for a very narrow thermally affected zones which can be
detrimental for the functional properties of these materials [39].

Dissimilar joining can pose significant problems due to different
thermo-physical properties of the base materials [40,41]. The weldability
of the dissimilar couple will be determined by their atomic diameter,
crystal structure and compositional solubility in both liquid and solid
state [42]. If the materials to be joined have significantly different
coefficients of thermal expansion the joint may fail during solidification
due to residual stresses. Such residual stresses can, for example,
dramatically change the fatigue life and dimensional stability of the
structure [43]. Although segregation often occurs in fusion-based pro-
cesses, the high cooling rates associated with laser welding, in the order
of 104–105 K/s [44], decrease this phenomenon. In opposition, the higher
thermal gradients experienced during welding may promote high resul-
tant stresses which can be detrimental to the joint performance.

Dissimilar joining involving NiTi was already reported successfully to
occur with several materials. Gugel et al. [45,46], reported joining of NiTi
to steel using a laser with steel. Of special relevance of these works is that
fact that the dissimilar joint presented superelastic behaviour when
cycled up to 2.5% strain. Laser welding was also used to join NiTi to
stainless steel [47–49]. In-situ mechanical analysis of the joint was
performed in [47] to observe the fracture behaviour during mechanical
solicitation of the joint. In a follow-up work [48], three dimensional
chemical analysis was performed to further understand the metallurgical
reactions that occurred in the fusion zone of the welded. Finally, Hahnlen
et al., [49] successfully joined NiTi and stainless tubes and were able to
decrease the extension of the heat affected zone on the NiTi side by
careful selection of the welding procedure.

Recently, NiTi and Ti6Al4V were also joined, despite the mechanical
properties of the joint were affected by the presence of brittle inter-
metallics [50]. The use of a Nb interlayer in between the two base
materials was able to suppress mixing of the two base material and
therefore avoided the formation of undesired intermetallic compounds
[51]. Joining of NiTi to aluminium was also achieved through ultrasonic
techniques [52,53] and hybrid friction stir welding [54]. To date there
are no reports on dissimilar joining attempts involving Cu-based shape
memory alloys.

In this work laser welding was used to join NiTi and CuAlMn shape
memory alloys. Defect-free joints were obtained and superelasticity was
preserved after welding.

2. Experimental procedure

2.1. Materials

In this work two different shape memory alloys were used:
Cu17Al11Mn (at.%) and 50.8NiTi (at.%). The CuAlMn alloy was pre-
pared by induction melting in Argon inert atmosphere. The as-casted
ingot was hot forged and subsequently cold drawn to obtain 0.5 mm in
diameter wires. The wires were then solution heat treated at 900 °C
followed by quenching in water. To stabilize the transformation tem-
peratures of the wires further aging at 200 °C was performed. The 0.5 mm
in diameter NiTi wires were supplied by McMaster-Carr. Both alloys used
in this work were austenitic at room temperature and therefore super-
elastic. The melting temperature, Tm, and thermal conductivity of the two
base materials are presented in Table 1.

Prior to welding, the surface oxide of the wires was carefully removed
using 1200 fine SiC paper, leading to a final wire diameter of
0.490 ± 0.005 mm. Then, the wires were cleaned using acetone and
ethanol to remove any possible impurities in their surface.

2.2. Laser welding

Laser welding was performed using a Miyachi Unitek LW50A pulsed
Nd:YAG laser system, which has a wavelength of 1.064 μm. A top-hat
spatial profile with a spot size of 600 μm was used. The pulse profile had
a duration of 6 ms, which included 1 ms up and downslope. Laser butt
welds of NiTi to CuAlMn were performed using a peak power of 1.2 kW
and the laser was positioned on the interface between the two base
materials. Ar was used as shielding gas with a flow rate of 0.57 m3/h and
it was opened 10 s prior to welding in order to create a protective
atmosphere to avoid oxidation of the fusion zone and its surroundings. In
order to optimize joint fit-up, the joining surfaces were put in intimate
contact through a contact force applied on the base materials. The
experimental set-up used is depicted in Fig. 1.

2.3. Microstructural characterization

Optical microscopy was performed in the cross section of the joint.
Macro and micrographs were taken after etching the cross section of the
joint using Kroll's etching reagent for 15 s. As a result of the chemical
heterogeneity throughout the welded region preferential etching of the
microstructure occurred. Nonetheless, it was still possible to observe the
microstructural details resulting from the welding procedure. Scanning
electron microscopy (SEM) was performed using a FEI/Philips Sirion
Field Emission SEM.

Transmission electron microscopy (TEM) was performed to analyse
the joint interfaces between the fusion zone and each one of the base
materials. Focused ion beam (FIB), using a Zeiss NVision 40, was used to
prepare 10 × 10 μm specimens through the lift-out technique [55]. TEM

Table 1
Melting temperature, Tm, and thermal conductivity of the two base materials used.

Material Tm [°C] Thermal conductivity [W/K·m]

NiTi 1315 18
CuAlMn 948 21

Fig. 1. Experimental set-up used for laser welding NiTi and CuAlMn shape memory alloys
(not to scale): a) side view; b) top view.
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experiments were performed using a JEOL 2010F TEM/STEM operated at
200 kV equipped with an Oxford Inca energy dispersive X-ray (EDS)
system. Scanning TEM (STEM) images were obtained using a 1 nm probe.

2.4. Mechanical testing

A microhardness map was performed on the cross section of the NiTi/
CuAlMn joint, using a Vickers hardness mapping device LECO LM100AT
with 50 g load and 50 μm step size. This map covered a region of
1550 × 350 μm from base material to base material, as schematically
depicted in Fig. 2.

Mechanical analysis of the base materials and welded joints consisted
on tensile tests to fracture and 10 load/unload cycles up to 5% strain to
analyse the superelastic behaviour. This characterization was performed
using an Instron model 5548 micro-tensile tester. The displacement rate
was set at 0.5 mm/min and a measurement accuracy was of± 0.5 μm.
Three samples for each condition (base materials and welded joints) were
tested. The gauge length of the specimens was of 20 mm. The fracture
surfaces were analysed by scanning electron microscopy using a Zeiss Leo
1550 Field Emission SEM equipped with an INCA energy 350 EDS
microanalysis system.

3. Results and discussion

3.1. Microstructural characterization

A defect-free joint, with no cracking or pores, was obtained. Fig. 3
depicts the macrograph of the cross section of the NiTi/CuAlMn joint. In
fusion welding of dissimilar materials the mass and heat transfer
processes have a significant impact in the fluid dynamics of the joint.
Heat and mass losses due to preferential vaporization of elements can
occur and change the dynamics within the weld pool. The most important
driving force for fluid flow during fusion welding is the Marangoni effect.
This effect occurs due to the different densities in the phases formed in
the weld pool, temperature gradient, as well as to the gradient of surface-
tension in the weld pool and dictates the fluid flow pattern obtained after

welding. As a result of this, a complex flow pattern observed in Fig. 3.
Since the gradient of surface-tension is temperature dependent, a large
difference in the fluid flow occurs throughout the fusion zone.

Owing to the complex microstructure observed throughout the fusion
zone of the dissimilar joint between NiTi and CuAlMn the microstructural
characterization of each zone is analysed separately. This characteriza-
tion was performed by optical, scanning and transmission electron
microscopies. Before analysing in detail the regions A to D of Fig. 3,
attention will be given to the macrosegregation phenomena observed in
regions marked with arrows in the macrograph (Fig. 3).

3.1.1. Macrosegregation in the fusion zone
As mentioned before, the arrows presented in Fig. 3 indicate regions

where macrosegregation in the weld metal is observed. The black arrow
points to a region which has a composition close to that of the NiTi base
material, while the blue arrows indicate the regions within the fusion
zone that have similar composition as the CuAlMn base material. These
compositional measurements were performed by SEM-EDS and are of
49.5 at.% Ni, 49.3 at.% Ti and 1.2 at.% Cu for the macrosegregation
region with NiTi-like composition and 71.2 at.% Cu, 14.9 at.% Al,
10.7 at.% Mn, 2.1 at.% Ni and 1.1 at.% Ti for the CuAlMn-like region.
The higher loss of aluminium compared to the original base material may
be related to the lower evaporation temperature of this element.

A thin foil for TEM analysis from the region corresponding to the
macrosegregation of NiTi (black arrow in Fig. 3) was prepared using
focused ion beam. Fig. 4 depicts a bright-field STEM image and
corresponding EDS map from the macrosegregation region previously
identified as having a NiTi-like base material composition. A fine grain
structure, with grain size ranging between 1 and 2 μm is observed. EDS
point analysis on this region confirmed the composition measured by
SEM-EDS analysis. In fact, the compositional sum of Cu, Al Mn is less than
4 at.%, with Cu having nearly 2 at.%. Moreover, from the EDS maps it is
clear that Cu was preferentially segregated towards the grain boundaries
of these regions. Mn also shows some evidence of preferential segregation
towards the grain boundaries, while Al is mainly observed inside the
grains. Since complete mixing did not occur in this particular region Cu,

Fig. 2. Schematic representation of the hardness measurements.

Fig. 3. Macrograph of the NiTi/CuAlMn dissimilar laser joint. Regions A to D are analysed separately. The black and blues arrows indicate regions where macrosegregation occurred:
black for NiTi and blue for CuAlMn. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Al and Mn have diffused into the unmixed zone with a composition
similar to that of the original NiTi base material.

Macrosegregation can occur due to the compositional difference
between the materials to be welded. Several authors have reported
macrosegregation features by referring to them as base-metal like
“beaches”, “peninsulas” or “islands”. In this work, these islands of
unmixed base material are seen to occur in both the NiTi side of the
fusion zone as well as in the CuAlMn side. Moreover, a region near the
NiTi base material which has the same composition of the CuAlMn alloy
is also observed (blue arrow on the left of Fig. 3). This particular region is
analysed in subsection “Region C – macrosegregation with dendrite
fragmentation”.

Soysal et al. [56] discussed the mechanisms for macrosegregation in a
dissimilar joint of Cu and steel considering the simple Cu-Fe phase
diagram. They illustrated how these regions can be formed in dissimilar
welding of Cu to Fe, basing their reasoning on the analysis of the Cu-Fe
phase diagram. The mechanisms responsible for such features are related
to the liquidus temperature of the base materials and of the weld metal.
When similar welding is performed, the liquidus temperature of the base
material, TLBM, is equal to that of the weld metal, TLWM. However, in
dissimilar welding the composition of the fusion zone is distinct from the
two base materials, thus its liquidus temperature (TLWM) will be higher or
lower than the one of base materials (TLBM1 and TLBM2).

The macrosegregation features will be affected by the relative
liquidus temperature of the weld metal and of the base materials. If the
liquidus temperature of the weld pool is lower than the liquidus
temperature of the base material a peninsula or island of base material
composition can form. On the other hand, if the liquidus temperature of
the weld metal is higher than that of the base material an irregular-
shaped beach with the composition of the base material can be formed.
Since the macrograph presented in Fig. 3 has only islands of both base
materials, one can infer that the liquidus temperature of the weld pool for
the NiTi-CuAlMn weld was lower than the liquidus temperature of both
base materials. This might have occurred due to the eutectic reactions in
the NiTi-Cu system.

The reason for the formation and movement of these islands of
unmixed base material can be explained as follows: due to the reduced
fluid flow in the proximity of the molten pool boundary a layer of
unmixed base material in the liquid state can form. This layer has the
same or very similar composition to that of the base material from which

it was originated. Since the bulk of the weld pool has a composition
different from both base materials, its liquidus temperature is different.
Then, due to convection, this unmixed layer can move towards the weld
pool. However, due to the decrease in the liquidus temperature in the
weld pool, the unmixed region will be a region where the temperature is
below its liquidus temperature. As a result, quick solidification of this
unmixed region occurs and without mixing with the surrounding liquid.

Additionally, Soysal et al. [56] used gas-tungsten arc welding as with
this technique the fluid flow in the fusion zone is easier to analyse, more
stable and better understood. In opposition, for laser welding there are
several factors that cause the fluid flow to be more complex. As a result of
this highly complex fluid flow typical of laser welding, the chemical
homogeneity of the weld metal may only occur locally. As such, the
formation of islands of base metal composition previously identified may
have occurred due to the decrease of the liquidus temperature of the weld
metal near both base materials, in relation with the eutectic reactions of
the NiTi-Cu system. This situation allowed for the unmixed layers of base

Fig. 4. Bright-field STEM image on the NiTi macrosegregation region and corresponding EDS maps.

Fig. 5. NiTi base material and fusion boundary interface. This figure corresponds to
region A of Fig. 3.
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material to move towards these low temperature regions and quickly
freeze.

3.1.2. Region A – NiTi base material/fusion zone interface
Fig. 5 depicts a micrograph of the fusion boundary on the NiTi side. In

welding, solidification of the weld pool is nucleated by the solid crystals
located at the solid-liquid interface. This form of crystal growth is known as
epitaxial growth. There are five distinct types of growth modes that can
occur (alone or in combination) in fusion welding: planar, cellular, cellular
dendritic, columnar dendritic and equiaxed dendritic. The temperature
gradient, G, solidification rate, R, and composition are found to greatly
influence the solidification modes observed in fusion welding. Usually, a
planar interface is not stable and easily breaks down into a cellular or
cellular dendritic growth front. Increasing the solidification rate causes the
solidification mode to change from cellular to cellular dendritic and then to
columnar dendritic. Owing to the large supercooling required, equiaxed
dendritic growth is not normally observed in fusion welding. All but
equiaxed dendritic growth structures were observed in the micrograph
presented in Fig. 5. However, further into the fusion zone, evidence of
equiaxed dendrites is observed in both optical and scanning electron
microscopy (Fig. 6). This equiaxed dendritic structure is discussed in the
following subsection.

Formation of columnar or equiaxed dendrites in the fusion zone can
be explained based on the thermal gradient and growth rate. In fusion
welding the degree of undercooling is known to be inversely proportional
to the ratio between thermal gradient and growth rate (G/R). Within the
weld pool, the thermal gradient is more severe near the fusion boundary,
that is, near the initial base material, than in the weld centreline. In the
presence of severe thermal gradients, as those usually found near the
fusion boundary, columnar dendritic growth is favoured and it occurs in
the opposite direction of the heat flow extraction; that is, these columnar
dendrites grow towards the weld centreline, but not necessarily perpen-
dicular to the fusion boundary, since this bends locally, depending on the
weld travel speed. From the fusion boundary towards the weld centreline
the thermal gradient decreases. Combining this decrease of the thermal
gradient and the fast cooling rate typical of laser welding [40], significant
undercooling occurs, favouring the formation of equiaxed dendrites.

3.1.3. Region B – columnar to equiaxed transition
Further into the fusion zone, it is clear a columnar to equiaxed

transition growth (Fig. 6). When these equiaxed dendrites start to
nucleate and develop, due to the high undercooling experienced, they
block off the columnar dendrites. Generally speaking, an equiaxed grain
structure tends to be more desirable than a columnar one [57]. This is
related to the fact that with an equiaxed structure there is less alloying

segregation which allows one to obtain a more isotropic microstructure,
with more homogenous composition.

3.1.4. Region C – macrosegregation with dendrite fragmentation
Although the columnar to equiaxed dendritic growth is observed in

the majority of the fusion zone there are regions where equiaxed
dendrites are found alone. Such dendrites are found, for example, in
region C of Fig. 3.

Fig. 7 depicts a SEM image of those equiaxed dendrites found in
region C. EDS measurements performed within the dendrite revealed that
these structures are mainly Cu-rich (≈46 at.%). Near the same amount of
both Ni and Ti (≈16 at.% each), and Al and Mn having approximately 16
and 6 at.%, respectively, were found. In the interdendritic space and
surrounding matrix, the composition is completely different, being
similar to the CuAlMn base material, with trace amounts of Ni and Ti
(less than 2 at.%).

Nucleation within the weld pool can occur through heterogeneous
nucleation (if there are particles in the weld pool that can act as
heterogeneous nuclei), grain detachment (if partially melted grains go
into the weld pool and act as nuclei) or dendrite fragmentation (if the
weld pool convection promotes fragmentation of the dendrite tips and
these act also as new nuclei). From these three hypotheses and analysing
the macrograph of the joint presented in Fig. 8, it is apparent that the
equiaxed dendrites where formed due to dendrite fragmentation.

Since intense convection is typical of laser welding [42], it is possible
that it caused dendrite fragmentation. By analysing the macrograph of
the joint, it can be inferred that these dendrites follow the fluid flow in
that region of the weld, which was created by convection but also by the

Fig. 6. Evidence of columnar to equiaxed dendrite growth in the fusion zone.
Fig. 7. SEM image of equiaxed dendrites.

Fig. 8. Close-up of the region where dendrite fragmentation into a CuAlMn base material-
like composition region occurred. The circle represents a region analysed in Fig. 7
showing the equiaxed dendrites.
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different local densities in the fusion zone. It should be noticed that the
equiaxed dendrites existing in this region are not homogenously dis-
tributed in the CuAlMn base material-like composition region. Such
feature should be related to the fact that this region experienced quick
freezing thus preventing dendrite tips to move further into the liquid and
growth.

This region, where dendrite fragmentation give rise to equiaxed
dendrites, is also of special interest. EDS analysis revealed a composition
similar to that of the original CuAlMn base material with Ni and Ti
contents being below 2 at.%. This macrosegregation feature, similar to
that described in the subsection “Macrosegregation in the fusion zone”
should only have occurred near the CuAlMn base material. However,
since the liquidus temperature of CuAlMn is significantly lower than that
of NiTi (948 °C vs 1315 °C, respectively) melting of CuAlMn occurs first
which allows for unmixed regions to travel into the bulk weld metal due
to convection. In this case the unmixed region travelled almost towards
the NiTi fusion boundary, but part of this unmixed liquid incorporated
dendrite tip which then has grown in a equiaxed-like morphology.

3.1.5. Region D – CuAlMn base material/fusion zone interface
The microstructure of region D, corresponding to the fusion boundary

of the CuAlMn side, is not easily observed by optical microscopy, hence
scanning electron microscopy was performed to analyse it. Fig. 9 depicts
a SEM image of the CuAlMn fusion boundary. Similarly, to what was
observed on the NiTi fusion boundary, planar, cellular and columnar
dendritic grain growth are observed. However, in the CuAlMn fusion
boundary these grain structures are significantly smaller than in the
opposite fusion boundary.

From Fig. 9 it can be also observed that the columnar growth is abruptly
stopped and no evident grain structure is noticed. EDS analysis of the region
in front of the columnar dendrites revealed that this region had and
equiatomic amount of Ni and Ti (≈48 at.%), with trace amounts of Cu
(≈4 at.%). This region has an extension of roughly 5 to 10 μm and there a
dendrite branch can be observed (top right side of Fig. 9).

Analysing the region just ahead of the dendrite observed in Fig. 9,
reveals more isolated dendrites branches (Fig. 10). Again, EDS analysis
reveals that the dendrites are mainly Cu-rich (≈59 at.%), with the same
similar amount of Ni and Ti (≈14 at.% each) and with trace amounts of
Mn and Al (8 and 5 at.%, respectively). The surrounding matrix has the
same composition determined in the region ahead of the columnar
dendrites at the CuAlMn fusion boundary, that is, Ni and Ti with nearly
48 at.% each, and trace amounts of Cu (≈2 at.%). From this it can be
concluded that island of NiTi-like compositions formed on the NiTi fusion
boundary were also able to travel towards the opposite fusion boundary.

However, their size is significantly smaller than the islands of CuAlMn-
like composition presented before.

Of special interest is also the morphology of the dendrites shown in
Fig. 10. Dendrite size is related to the cooling rate experienced during
solidification: higher cooling rates give origin to smaller dendrites.
Significant differences in size are observed in the dendrites shown in
Fig. 10, so they have experienced different cooling rates. It is possible that
the complex fluid flow pattern observed for this dissimilar combination
may have influenced such dendritic growth. Compared with the dendrites
observed on the NiTi side, it is observed that those formed in the CuAlMn
side have a smaller size. This is related with the cooling conditions
experienced during welding. Since, the thermal conductivity of CuAlMn
is higher than that of NiTi (21 vs 18 W/K·m, respectively), higher cooling
rates are experienced near the CuAlMn side. As a result, a very fine grain
structure, with dendrite arm spacing ranging between 0.45 and 0.85 μm,
was developed.

In between the arms of the dendritic structure just ahead of the
CuAlMn fusion boundary, evidence of secondary particles was noticed
although these were not clearly resolved using SEM. As such, a thin foil
containing this region was prepared using focused ion beam for TEM
analysis.

Fig. 11 depicts the TEM image of the second-phase particles encoun-
tered in the interdendritic space of the CuAlMn fusion boundary. EDS
analysis performed on this region of the TEM specimen revealed a

Fig. 9. Fusion boundary on the CuAlMn side.

Fig. 10. Isolated columnar dendrite branches near the CuAlMn interface.

Fig. 11. STEM image of second-phase particles in the interdendritic space of the CuAlMn
fusion boundary.
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composition of 41.6Cu-21.9Ti-20.2Al-13.7Ni-2.6Mn (at.%), that is, a
complex mixture of all the elements that compose the two base materials.
No reports of precipitates with similar compositions where found in the
literature, although Cu-Al-Ni-Ti-Mn shape memory alloys have been
investigated previously. For such alloy system Ti and Mn are present in
minor quantities to promote grain refinement (Ti) and to improve
ductility (Mn) [6].

3.2. Compositional changes along the fusion zone

SEM-EDS point analysis was performed approximately at mid-height
of the welded joint, starting in the NiTi base material, crossing the fusion
zone and finishing on the CuAlMn base material. Despite SEM-EDS is a
semi-quantitative technique, it is still possible to observe the trend along
the fusion zone, as presented in Fig. 12. It can be observed that the atomic
percentage of Ni and Ti are always similar through the fusion zone.
Additionally, two CuAlMn islands, as well as one NiTi island, are clearly
identified near the base materials, which is in good agreement with the
previous microstructural characterization. It is possible that preferential
evaporation of lighter elements, such as Al, has occurred during welding.
For example, in laser welded CuZnAl shape memory alloy, Zn loss has
been reported [24].

3.3. Microhardness mapping

Fig. 13 depicts the microhardness map of the dissimilar NiTi/CuAlMn
joint. A good agreement with the macrograph presented in Fig. 3 is
evident. In particular, region C which was identified as an unmixed beach
of CuAlMn-like composition presents a hardness close to the of the base
material from which it was originated. Within the fusion zone the
hardness is significantly higher than in the two base materials. This is
related to the high amounts of Ni, Ti and Cu in the thoroughly mixed
regions of the fusion zone. It is known that in TixNiyCuz (x, y, z in at.%)
compounds when z is higher than 10 at.% and x ≈ y then the structure
becomes harder and brittle [58].

3.4. Tensile behaviour

The stress-strain curves of both materials as well as of the dissimilar
laser welded joint are presented in Fig. 14. It can be observed that the
tensile strength and fracture of NiTi are significantly higher than the
CuAlMn base material (1270 MPa vs 395 MPa for the tensile strength and
20.2% vs 10.7% for the fracture strain). Additionally, the superelastic
plateau of NiTi starts at around 360 MPa while for the CuAlMn it required
stress for the stress-induced transformation is of 190 MPa. As for the
dissimilar laser weld of NiTi and CuAlMn it can be observed that the
tensile strength and fracture strain as lower than any of the base material,
with those values being of 350 MPa and 7.3%, respectively.

Fracture of the welded joints during tensile testing occurred in the
fusion zone near the CuAlMn base material. It is known that the CuAlMn
alloy used in this investigation does not present any heat affected zone
after welding due to the previous heat treatments performed to optimize
its superelastic properties [22]. Fracture surface of the CuAlMn side
revealed ductile-like features as observed by the presence of microvoids
(Fig. 15). Previously results on laser welding of CuAlMn revealed that
fracture of the joints occurs in a ductile manner evidenced by the
presence of microvoids [22].

The fracture surface on the NiTi side reveals three distinct regions
(from A to C in Fig. 16). Regions A, which corresponds to a CuAlMn-like
composition and reveals a ductile-like fracture surface, with a significant
amount of dimples. In region B and C, the fracture mode changes to
cleavage and quasi-cleavage, respectively.

The reason for having these three regions is related to the joint
macrostructure. In the joint it was observed the presence of beaches with
CuAlMn-like composition. It is known that for such compositions the
material will fracture in a ductile manner. However, a significant portion
of the fusion zone has higher hardness owing to the higher content of Ni,
Ti and Cu in the fusion zone. During tensile testing the stress will be first
accommodated by the soft material, which will be CuAlMn base material,
followed by load transfer to NiTi. Eventually, the stress will be transferred
to the fusion zone, where a harder and brittle structure is found. From
that point on, little or no plastic deformation can be accommodated by

Fig. 12. SEM-EDS point analysis performed in the welded joint. CuAlMn islands were
identified.

Fig. 13. Microhardness map of the NiTi/CuAlMn joint.

Fig. 14. Stress-strain curves of the NiTi and CuAlMn base material and of their dissimilar
joint. The insert depicts a more detailed view of the stress-strain curves of both the
CuAlMn base material and of the welded joint.
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the fusion zone and fracture occurs with the characteristics evidenced in
Figs. 15 and 16.

The superelastic behaviour of the dissimilar joint was analysed by
performing a total of 10 load/unload cycles to 5% strain. Fig. 17 depicts
the comparison between the NiTi/CuAlMn dissimilar joint and the two
base materials. The superelastic plateau of the welded joints is clearly
observed in the stress-strain curves depicted in Fig. 14 and it starts at
around 200 MPa. This value lies between the required stress for the
martensitic transformation of both base materials, and this was expected
as the welded joints may be considered as composite composed of two
shape memory alloys with distinct superelastic plateaus. Similar observa-

tions were observed when laser processing CuAlMn shape memory alloys,
giving rise to a composite-like structure based on the microstructural
modifications imposed [23].

The NiTi/CuAlMn joint presents a higher irrecoverable strain than
that exhibited by the two base materials. This is related to a decrease in
the superelastic properties of two base materials which compose the
welded joint but also due to the unfavourable microstructure in the fusion
zone.

It is known that during superelastic cycling of shape memory alloys
martensite stabilization occurs, thus preventing complete superelastic
recovery [59–61]. Such martensite stabilization may occur due to high

Fig. 15. Fracture surface of the CuAlMn side: a) overview; b) zoom of dashed square in a).

Fig. 16. Fracture surface on the NiTi side: a) overview; b) ductile-like fracture; c) cleavage fracture; d) quasi-cleavage fracture.
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localized stresses at the interface of the martensitic transformation,
promoting slip, even though the external applied stress is lower than
the stress required for slip [62]. The microstructure of the fusion zone
should be contributing to most of the irrecoverable strain presented by
the joint: due to mixture of the two base materials, which promoted a
compositional change relatively to the original compositions, it is not
guaranteed that the majority of fusion zone exhibits any superelastic
behaviour. As such, any deformation other than pure elastic will have an
irreversible character.

Despite the higher irrecoverable strain after the first load/unload
cycle (≈2%) compared to the base material, the superelasticity of the
joint is still evident and a stable behaviour is observed. It can also be

observed that with increasing number of load/unload cycles the external
stress required for the stress induced transformation decreases. This is
related to the increase in the internal stresses of the material, which
require a lower external stress for inducing the martensitic transforma-
tion.

NiTi/CuAlMn joints exhibiting superelasticity may enable new possi-
ble applications where this functional property can be coupled with the
high electrical conductivity of the CuAlMn base material.

4. Conclusions

Joining of NiTi to CuAlMn was performed by laser welding. This open
new possibilities in terms of functional applications based on such
dissimilar joints taking advantage of the functional properties of the
two base materials coupled with the high thermal and electrical
conductivity of CuAlMn. The major following conclusions can be drawn:

– Beaches of base material composition-like were formed in the fusion
zone of the joint. This is related to the complex chemical composition
of the fusion zone which had its liquidus temperature lower than
those of the base materials.

– A complex microstructure was observed in the fusion zone: while
columnar to equiaxed dendritic growth is observed in the majority of
the joint, there are regions showing isolated equiaxed dendrites. These
were formed by dendrite fragmentation and did not have time to grow
significantly owing to quick freezing of the regions which involved
them.

– The CuAlMn fusion boundary exhibits a finer grain structure than NiTi
owing to the higher thermal conductivity of the former base material.

– The superelastic properties of the joint were preserved although an
irrecoverable strain of 2% (for a maximum applied strain of 5%) was
observed. This is mainly related to the unfavourable microstructure of
the fusion zone.
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