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The objective of the present work was to evaluate welding of thin sheets (thickness < 1 mm) of 
similar and dissimilar NiTi alloys with AISI 304 stainless steel using the Gas Tungsten Arc Welding 
(GTAW) process and to study the mechanical and metallurgical properties of the joints with and without 
post-welding heat treatment (PWHT). The GTAW process was chosen because it is more economical 
than the usual welding processes for NiTi alloys, such as the Laser Beam Welding (LBW). The welded 
joints were characterized by the techniques of SEM, OM, electrical resistance in temperature (ERT), 
tensile test and Vickers microhardness. It was observed that the dissimilar joints presented a brittle 
behavior due to the formation of brittle elements along the weld metal by the excessive increase 
of the hardness in this region with peaks of hardness higher than 900HV. Similar joints presented 
superior mechanical behavior, with extensive plastic deformation before rupture and fracture surface 
with ductile appearance. The PWHT in the similar joints promoted a decrease in the rigidity of the 
material by minimizing the thermal stresses from the welding process, the PWHT did not influence 
the dissimilar joints mechanical behavior.
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1. Introduction

Shape Memory Alloys (SMA) are metal alloys for which 
reversible phase transformations induced by appropriate 
temperature and/or stress changes are observed. A phase 
transformation of an SMA is unique, accompanied by high 
data recovery capacity and stress as a function of temperature 
changes. Due to its ability to recover its initial strain with a 
temperature variation, the SMA is intrinsically considered 
an intelligent material as thermo-mechanical actuators 
applications 1,2.

Among the most used materials in this intelligent materials 
field, the nickel-titanium (NiTi) SMA are well known for its 
superelasticity properties, shape memory effect, biocompatibility 
and corrosion resistance when the atomic compositions of 
nickel and titanium are similar, i.e. close to equiatomic 1,3. 
Joining the NiTi SMA is a technological challenge due to 
the formation of fragile intermetallic compounds, which 
leads to a marked loss of tenacity from the welded joints, 
as during solidification cracks associated to the dendritic 
microstructure of the weld metal are formed. Also, there is 
still precipitation of deleterious phases in the heat affected 
zone (HAZ) and the weld metal (WM), resulting in severe 

reduction of mechanical resistance 4. These phenomena are 
responsible for limiting the applicability of the NiTi SMA 
in multiple areas of interest.

With the possibility of expanding the field of the NiTi SMA 
applications, literature reports the joining by welding of this 
material with other metal alloys to explore the properties of 
both alloys; a common pair is to weld NiTi with stainless steel 
5,6. Stainless steel has excellent biocompatibility properties, 
corrosion resistance and are easily welded, specially the 
austenitic classes, such as the AISI 304. However the 
dissimilar welding of the NiTi-AISI304 pair results in a brittle 
structure with undesirable mechanical properties due to the 
formation of intermetallic elements along the weld metal 5,7,8. 
An alternative way to minimize the negative effects of this 
welding is the use of filler metals 9-11. Other ways such as 
promotion of post welding heat treatment (PWHT) can be 
further explored.

The main joining process used in welding of NiTi SMA is 
the Laser Beam Welding (LBW), due to its excellent precision 
and focusing of welding heat, resulting in a shorter HAZ 4,5. 
Despite its benefits, the LBW process requires high initial 
investment to install the necessary infrastructure, which 
limits its application.

Electric arc welding processes, such as the arc welding 
process with non-consumable tungsten electrode and 
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gas shielding (GTAW), are commonly used in industrial 
applications and are known to provide high quality welded 
joints and mechanical strength for most steels, aluminum, 
copper and their alloys. It would be possible to expect the 
same behavior for the NiTi alloys. However, according to 
authors 12,13 the GTAW welding process negatively affects 
the mechanical properties of welded NiTi joints due to a 
large extent HAZ. The presence of contaminants also limited 
the functional properties of the welded joints. Few papers 
assessing the mechanical properties of joints welded by the 
GTAW process have been published 14.

It is very important to note that most studies on similar 
and dissimilar welding involving NiTi SMA were performed 
with wires 7-12,15-17 and using the LBW process. There are 
only a few studies on thin sheets 18-20 and even fewer using 
simpler and less expensive processes, such as the gas tungsten 
arc welding (GTAW).

Thus, this work aims to report the possibility of welding 
similar (NiTi-NiTi) and dissimilar (NiTi-AISI304) joints by the 
Gas Tungsten Arc Welding (GTAW) process and to evaluate 
the influence of the realization of post-weld heat treatments 
in the microstructure and in the mechanical properties, such 
as hardness, tensile strength and strain variation; and further 
analyze the fracture surfaces of the joints after welding to 
understand the main failure mechanism.

2. Materials and Methods

For the development of this work, NiTi equiatomic and AISI 
304 austenitic stainless steel thin plates (thickness < 1mm) were 
used. The welding was carried out manually, with no purge 
gas used to protect the root. It was used the Digiplus A7 from 
IMC - SOLDAGEM, which is an electronic multiprocess 
welding power source. The welding parameters were fixed, 
after previous study, as indicated in Table 1. The welding 
speed used was V = 1.2 mm/s (approximate time = 15 seconds 
for an 18 mm bead), diameter of the gas nozzle = 4 mm, 
electrode diameter = 1/16 inch.

For all welding conditions the filler rod used was the 
NiTi alloy itself which was taken directly from the thin 
plates (Figure 1). The post-weld heat treatment (PWHT) 
on both similar welding (NiTi-NiTi) and dissimilar welding 
(NiTi-AISI304) consisted of heating the joints at 500ºC 
for 120 minutes than furnace cooling, with no controlled 
atmosphere. This heat treatment was suggested by the 
NiTi sheet supplier in order to release the thermoelastic 

martensitic transformation. Joints were evaluated by electrical 
resistance in temperature (ERT), Vickers microhardness test, 
optical microscopy (OM), tensile test and scanning electron 
microscopy (SEM).

In order to determine the phase transformation temperatures 
the evaluation of the electrical resistance variation temperature 
(ERT) an average rate of 4°C/min, for a temperature range 
from -60°C to 100°C was used. The test consists of heating 
the joints to the reference austenitic state (at 100°C), cooling 
it to -60°C and then heating it to the reference state again 21, 
illustrated at Figure 2. The electrical resistance variation 
measurements were performed according to the scheme 
of Figure 3. This technique was chosen in detriment of the 
Differential Scanning Calorimetry (DSC) as it is a non-
destructive technique for the determination of the phase 
transformation temperatures which were calculated from 
the tangent method 22. The intersection of the tangent lines 

Table 1. Welding conditions

Joint Current 
nature

Welding 
current (A)

Ar flux  
(l/min) PWHT

Similar S11 DCEN ~25 12 No

Similar S12 DCEN ~25 12 Yes

Dissimilar D11 DCEN ~25 12 No

Dissimilar D12 DCEN ~25 12 Yes

Figure 1. Schematic representation of joints welding.

Figure 2. Thermal cooling and heating cycle in the ERT test.

Figure 3. Schematic diagram of the voltage measurement for the 
welding region electrical resistance determination.
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denotes the temperature at which the phase transformation 
occurs 2,23.

Joints microstructure was analyzed using metallurgical 
microscope Olympus, BX-51 model. A hydrochloric acid, 
nitric acid and hydrofluoric acid mixture was prepared for 
microstructure revelation. In the Vickers microhardness 
(HV) tests the welded joints were tested by applying a load 
of 50 grams-force (gf) for 15 seconds for the similar joints 
and a load of 300 grams-force (gf) for 15 seconds for the 
dissimilar joints, due to the greater hardness presented for 
these. The equipment used for the test was a Future Tech 
microindentator, model FM-700. The spacing between the 
impressions was roughly 0.2mm, passing through the weld 
entire length starting from one side of the base metal until 
it crosses the weld metal and reaches the other base metal 
side. For the tensile test, the standard ASTM F2516-14 was 
used (Figure 4). The fracture surface was analyzed using a 
scanning electron microscope (SEM) of the TESCAN brand, 
model VEGA 3 SBH.

3. Results and Discussion

In Figure 5-a is presented the percentage variation 
curves of the electrical resistance in temperature (ERT) for 
the NiTi base metal, as received (AR), prior to the PWHT 

and after PWHT. In Figure 5-b is presented the NiTi similar 
joints, S11 and S12, taking the temperature of 100°C as the 
reference state for the calculation of electrical resistance 
variation. The start and end temperatures of transformation 
were determined from the intersection of the tangent lines.

It can be inferred that there is the direct martensitic 
transformation during the cooling phase, whereas the reverse 
martensitic transformation is observable in the heating phase. 
The ERT curves especially that of the base metal (NiTi 
sheet without weld), are typical of the two-stage martensitic 
transformation of NiTi SMA, austenite, cubic structure, to 
the rhombohedral R phase with great distortion at α angle, 
and finally to the monoclinic martensite, forming a peak in 
the cooling phase that begins at Rs temperature 2,24. The S11 
joint was submitted to a welding thermal cycle and this acted 
as a PWHT. The S12 joint was also submitted to a welding 
thermal cycle although in addition it was further heat treated 
by the real PWHT. These heating cycles promoted the aging 
of the microstructure and causing a second type of martensite 
to precipitate in the material which is characterized by the 
largest peak decrease in Figure 5-b.

According to Table 2 it is still possible to observe a slight 
increase in the martensitic transformation start temperature 
(Rs) when welding these alloys by the GTAW process. Joint 
S12 presented an increase of about 4°C relative to joint S11 
and increase of 8°C relative to the base metal (reference). 
These increases probably occur due to the impoverishment 
of nickel in the NiTi matrix one since Ni4Ti3 precipitation 
can occur, causing an increase in the phase transformation 
temperatures 12.

Vickers microhardness profile of the evaluated joints 
is shown in Figure 6. The 0 mm mark was considered the 
center of the weld metal. The weld metal had dimensions 
of approximately 4mm. The positive values of distance are 
directed to the base metal AISI 304 (for the dissimilar joints), 

Figure 4. Schematic representation of (a) tensile test and microhardness 
test samples (b) tensile test sample dimensions, in mm.

Figure 5. ERT curve of (a) NiTi base metal and (b) similar welded joints.
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whereas the negatives to the base metal NiTi. It was noticed 
that it was not possible to determine the extent of the heat 
affected zone (HAZ).

This microhardness profile observed in Figure 6 for NiTi 
similar joints (S11 and S12) exhibited a more homogeneous 
microhardness profile, presenting small increase of hardness 
in the possible HAZ and towards the weld metal, mainly 
when contrasted to the behavior observed in the dissimilar 
joints (D11 and D12).

The S12 (430 ± 68 HV) welding condition presented 
higher hardness than the S11 (353 ± 45 HV) welding condition 
because it was subjected to PWHT, the hardness increases 
observed after the PWHT is linked to phase precipitation such 
as Ni3Ti4

25. It can be stated that the qualitative microhardness 
profile is identical to those reported by 12,26-28. There was no 
partially diluted zone in the similar joints, so there was no 
such great increase in microhardness at the weld interface, 
as can be observed in Figure 7 for the S12 joint. Also, it is 
possible to observe the competitive grain growth resulting 
in a coarse microstructure of columnar grains. Columnar 
grain size is a function of the original base metal grain size, 
welding energy and joint geometry, thus impacting on the 
joint mechanical behavior 29. Furthermore, it can be stated 
that the PWHT do not result directly on weld metal grain 
refine, with the possibility to degrade this properties due to 
phase formations.

For the dissimilar joints it was possible to note a 
considerably hardness increase in the weld metal (WM) 
region, decreasing towards both base metals, to the two 

sides of the joints, reaching expected values of HV hardness 
for both base metals, i.e. around 220 HV for NiTi and 170 
HV for AISI 304.

Also, the existence of high hardness peaks, 800-1100 HV, 
for joints D11 and D12 were mainly concentrated towards 
the weld metal region. These are related to the intermetallic 
formation during welding, due to the large number of different 
alloying elements present in the steel matrix (Cr and Ni) in 
addition to Fe and C, and also nickel and titanium for the 
NiTi SMA 9,19. The heat treatment used was not effective 
in the minimization and appearance of these peaks. Those 
elements lead to the presence of a partially diluted zone 
(PDZ), as can be seen on Figure 8.

The qualitative behavior of the hardness profiles 
observed in Figure 6 was also reported in the literature 8, 17. 
The authors reported that high hardness peaks (800-1400 
HV) were observed in the melt zone extension of the NiTi-
AISI304 dissimilar joint, associated with the precipitation 
of intermetallic as TiFe2, FeTi, TiCr2, TiC, TiNi3.

EDS analyzes in the PDZ region (D11 joint) is presented 
in Figure 9. The spectrum 1 is located at the AISI304 base 
metal side, the spectrum 2 is located at the PDZ and the 
spectrum 3 is located at the edge of the partial diluted zone, 
in the WM (Figure 9). Chemical composition reported by 
spectrum 1 indicated that only Mn (1.63 %wt), Ni (7.89 %wt), 
Cr (19.64 %wt) and Fe (70.84 %wt) are presented, mainly 
AISI 304 chemical composition. The spectrum 2 indicated that 
in the partial diluted zone nickel (16.13 %wt) and titanium 
(26.45 %wt) are also presented. Iron and chromium are 
presented in 44.11 %wt and 12.51%wt. Finally, the spectrum 
3 indicated that in the weld metal, Ni (49.30 %wt) and Ti 
(37.28 %wt) are the majority, Fe (11.51 %wt) and Cr (1.92 
%wt), the minority. This chemical composition variation is 
the mainly variable responsible for the PDZ formation and 
the microhardness behavior previously discussed.

What is observed in Figure 10 is that the dissimilar joints 
ruptured prematurely when reaching UTS of 100 MPa, with 
final deformation inferior than 0.5%. NiTi-AISI304 joints’ 
UTS values are close to those found in studies in the literature, 

Table 2. R phase starting temperature

Condition
Rs

µ (°C) σ (°C)

Base Metal - AR -13,7 0,22

Base Metal - 
PWHT 18,12 0,12

S11 22,10 0,31

S12 26,61 0,26

Figure 6. Microhardness profile of the welded joints, the AISI 
304 base metal is located at the right side for the dissimilar joints.

Figure 7. S12 joint microstructure observed through OM, interface 
between BM and WM.
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mechanical properties for the dissimilar NiTi-stainless steel 
joints 9-11. The use of intermetallic layers is a viable approach 
for obtaining NiTi-stainless steel joints welded by the laser 
beam welding (LBW) process due to its precise control. 
Other approaches, such as performing a post-weld heat 
treatment, may be further explored.

Distinct behavior is presented by the similar joints that 
presented an extensive area of plastic deformation before 
failing, reaching UTS of ~650MPa and elongation of 16% 
to the condition without heat treatment and ~550MPa and 
elongation of 23% to the thermally treated joint, mechanical 
behavior comparable to the NiTi base metal used (UTS 
of 750MPa and elongation of 21%). It is also possible to 
observe that the heat treatment of the S12 joint promoted 
a decrease in the rigidity of the material by minimizing 
the thermal stresses from the welding process. This also 
promoted a final deformation increase. Therefore the PWHT 
could be a viable tool to manage the NiTi-NiTi rigidity and 
enhance its ductility.

 This mechanical behavior result for similar NiTi joints 
can be compared with those reported in the literature: Melo 
et al. 22 using factorial experiment were able to achieve 
NiTi-NiTi welded joints by laser with UTS of 682 MPa 

Figure 8. Partial diluted zones (a) D11 (b) D12.

Figure 9. EDS analysis of the D11 dissimilar joint.

as (UTS = 134MPa) 11 and (UTS ~200MPa) 8 for welding 
using the LBW process. This behavior is directly related 
to the observation of regions of high hardness in the weld 
metal. During the plastic deformation the dislocations are 
accumulated in the regions of high tension and have their 
restricted mobility which culminates with the premature 
fracture. One reported approach for minimizing the negative 
effects of such difficulties in welding is the use of metallic 
interlayers between dissimilar metals. The use of these 
layers aims to mitigate these effects and to promote desirable 

Figure 10. Stress vs. Strain behavior of the welded joints.
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Figure 11. SEM images of the fracture surfaces (a,b) D11; (c,d) D12; e – S11 and f – S12.
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and elongation of 12.7%, Wang et al. 30 welding NiTi thin 
sheets obtained UTS of 450 MPa and elongation of 5.1% 
using the LBW process, Mirshekari et al. 8 achieved UTS 
of 835 MPa using the LBW and NiTi wires and Gugel et 
al 17 achieved a NiTi welded joint UTS of about 70% of its 
corresponding base metal. Thus, it is also possible to reach 
satisfactory mechanical behavior of NiTi-NiTi joints using 
the GTAW process.

Most recently, Oliveira et al. 14 presented a comparison of 
the different joining techniques for the NiTi shape memory 
alloys. For the NiTi similar welding mostly problems are 
related to formation of brittle intermetallics, compositional 
variations and precipitation. LBW is the most studied process 
for the NiTi welding due to minimal thermal effect on the 
joint. For the NiTi dissimilar welding the authors state that 
there is still limited research on this topic.

Figure 11 (a-f) present the SEM images of the fracture 
regions for the dissimilar joints D11 (a-b) and D12 (c-d), and 
similar joints (e-f). Joints D11 and D12 have failed at the 
interface between the weld metal and the base metal. This 
characteristic is common for welded joints that fail due to 
brittle fracture, usually due to the presence of welding defects 
and/or the formation of intermetallic compounds precipitated 
in this region, as evidenced by the observed microhardness 
profile. It is possible to notice that the main mechanism of 
fracture was ductile, with the presence of dimples in the 
similar joints, S11 and S12. In addition, the presence of 
parabolic dimples (Figure 11-f) was observed when submitted 
to PWHT, whereas in the non-PWHT condition, dimples of 
smaller size were observed (Figure 11-e).

In the dissimilar joints, the micro aspect of these surfaces 
indicates that the mechanism of fracture was predominantly 
by cleavage. It is possible to observe planes of different 
heights along the fracture surfaces, characterizing the 
type of fragile fracture 8. This fracture is fragile and of 
transgranular origin, since fracture cracks pass through the 
grains, presenting a faceted texture, as a result of changes in 
orientation of the cleavage planes from one grain to another. 
Most intermetallics lead to brittle fracture, with little crack 
tolerance. The complex structures of these compounds have 
large Burgers vectors, thus requiring less energy for fracture 
than for displacement during deformation.

4. Conclusion

In this work a comparative study was performed on the 
mechanical behavior of similar and dissimilar nickel-titanium 
joints welded by the micro GTAW process and evaluating the 
influence of post-weld heat treatment on these properties. It 
was possible to achieve good appearance weld beads with 
no oxidation or porosity. The Vickers microhardness test 
allowed the identification of high hardness peaks of the order 
of 1000HV in the weld metal for the dissimilar joints due to 

the formation of fragile intermetallic in this region. A slightly 
hardness increase was observed in the HAZ and WM of the 
similar joints. It was possible to notice that the dissimilar 
welded joints failed under UTS of 100 MPa exhibiting 
brittle fracture profile, by cleavage. Similar welded joints 
exhibited distinct mechanical behavior with extensive plastic 
deformation prior to failure. The post-weld heat treatment 
in the similar joints promoted a decrease in the rigidity of 
the material by promoting the relief of thermal stresses from 
the welding process. It was possible to achieve satisfactory 
mechanical behavior with similar NiTi welded joints using 
the GTAW process.
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