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ABSTRACT
Fe–Mn–Si–Cr–Ni shape memory alloys (SMAs) are unique low-cost materials 
with shape memory properties that grant them the ability to be used in both 
functional and structural applications. Such SMAs are especially sought in the 
construction sector for the creation of new components and/or the reinforcement 
of damaged ones. In this study, a Fe–17Mn–5Si–10Cr–4Ni–1(V, C) wt% SMA was 
gas tungsten arc welded, with the objective to investigate the microstructure 
and mechanical performance changes occurring after welding. A comprehen-
sive assessment of processing, microstructure and properties relationships was 
established combining microscopy (optical and electron), synchrotron X-ray dif-
fraction, microhardness mapping and tensile testing including cycling assess-
ment of the joint’s functional performance. It is shown that the present SMA has 
good weldability, with the joints reaching nearly 883 MPa at fracture strain of 
23.6 ± 2.1%. Alongside this, several microstructure differences were encountered 
between the as-received and as-welded condition, including the formation of fer-
rite and  Fe5Ni3Si2  P213 cubic precipitates amidst the fusion zone in the latter region.
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back into γ-FCC prevalent microstructure, thus caus-
ing the material to return to its original shape [9, 10].

Given their outstanding potential, the study on their 
processability is fundamental to expand the potential 
scope of applications associated with these materials. 
This allows for the optimization of manufacturing 
costs and quality control factors, granted that their 
microstructure and mechanical performance is con-
sidered during the component design phase. In the 
realm of the welding process, gas tungsten arc weld-
ing (GTAW) is based on the premise of using a non-
consumable tungsten electrode, shielded by an inert 
gas, to permanently join two (or more) components. 
The main advantages of GTAW include its low cost 
and good precision, being applicable to most joint 
configurations, effectively making it a widely used 
technique in a vast array of industries [9, 11]. How-
ever, due to the high temperatures generated in the 
process there is local material melting, where upon its 
solidification a microstructural discontinuity is gener-
ated. Such factor can be aggravated by the nucleation 
of intermetallic compounds within the joint, as well as 
cracks and residual stresses in the solidified material 
[9, 12–14].

Regarding the study on the welding of Fe–Mn–Si-
based SMAs, Druker et al. [5] investigated the forma-
bility and weldability of Fe–15Mn–5Si–9Cr–5Ni sheets 
using GTAW to observe how this welding process 

Introduction

Fe–Mn–Si-based shape memory alloys (SMAs) are 
promising advanced materials with a strong potential 
for structural engineering purposes. While these alloys 
can be manufactured by similar methods as those of 
conventional steels, their unique ability for exhibiting 
the shape memory effect, makes them particularly 
interesting for engineering applications within the 
construction sector. These range from fabrication of 
pre-stressed reinforcements [1–4], tube couplings [5], 
actuators [6, 7], and the strengthening of damaged 
structures [8, 9].

Belonging to the SMA class of metals, the shape 
memory effect, which is intrinsic to these materials, 
grants them the ability to recover to their original 
condition after prior deformation, followed by an 
imposed thermal stimulus. Such effect is attained due 
to a reversible phase transformation process. In other 
terms, the shape memory effect for these materials can 
be explained as follows: First, by exposing the alloy to 
external stresses, the transformation of an austenitic 
phase (γ-FCC), which is stable at high temperatures, 
to a martensitic phase (ε-HCP), which is stable at low 
temperatures, is triggered. However, upon tempera-
ture increase up to the austenitic domain, the reverse 
transformation occurs, where the SMA, now com-
posed by mixture of γ-FCC and ε-HCP, will transform 
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affected the mechanical and shape memory proper-
ties. Their results indicated that the GTAW influences 
both the mechanical and shape memory properties 
of the alloy, negatively impacting them. Further-
more, direct observations under synchrotron X-ray 
light were performed by Nagira et al. [15] during 
single spot GTAW, on both Fe–15Mn–10Cr–8Ni–4Si 
and Fe–15Mn–11Cr–7.5Ni–4Si alloys. Their efforts 
allowed them to observe how the solidification mode 
influenced the solidification cracking susceptibility of 
the molten pool. Beyond these other studies detailed 
that an effort is being made to study the weldability of 
these alloys, especially when using laser-based tech-
nologies [16, 17].

This work aims to delve deeper into the micro-
structure and mechanical property assessment of a 
gas tungsten arc welded Fe–17Mn–5Si–10Cr–4Ni–1(V, 
C) wt% SMA, using both conventional and advanced 
characterization techniques. Firstly, microstructural 
assessment is performed by optical, scanning and 
transmission electron microscopy techniques, fol-
lowed by synchrotron X-ray diffraction analysis 
across the welded joint. Secondly, the mechanical 
performance of the weld is studied via microhardness 
mapping, tensile testing, coupled with digital image-
correlation. Additional cyclic load/unloading tests are 
performed, detailing the correlation between process-
ing conditions, microstructure features and property 
variation.

Materials and methods

In this study, a Fe–17Mn–5Si–10Cr–4Ni–1(V, C) wt% 
shape memory alloy was used as base material (BM), 
where VC precipitation has been recognized as a pro-
moter of the superelastic effect [9, 18]. Before GTAW, 
the base material underwent hot-rolling (at 1000 °C) 
until reaching a thickness of 3 mm, followed by sub-
sequent cold-rolling to achieve a final thickness of 
1.5 mm. Rectangular-shaped coupons, with dimen-
sions of 30 × 60 mm, were then cut from the 1.5 mm 
plates, and cleaned with alcohol and acetone prior to 
welding.

The coupons were butt welded using an in-house 
developed CNC 3-axis machine to control the speed 
and torch position. The torch was connected to an 
OERLIKON CITOTIG 2200 FORCE source. GTAW was 
conducted using direct current with an intensity of 110 
A and a welding speed of 60 mm/min, to guarantee 

full penetration. Argon shielding gas was utilized 
to protect the molten pool and surrounding heat 
affected zone, at a flow rate of 8 L/min coming from 
the torch and 5 L/min coming from the fixture. The tip 
of the tungsten electrode was kept at a fixed distance 
of 1.5 mm from the plate. This choice of parameters 
implied a heat input of 1.6 kJ/mm to be applied dur-
ing welding.

Standard metallographic preparation was then 
applied to subsequently evaluate the microstructure 
across the joint. Here, the joint cross section was cold 
mounted and mechanically polished with progres-
sively finer silicon carbide sandpapers. Final polish-
ing was conducted using 3 µm diamond paste until a 
surface-mirror like aspect was obtained. Etching was 
then performed using a mixture of ethanol, hydrochlo-
ric acid and nitric acid in a 17:2:1 in volume. To inspect 
the microstructure, optical microscopy was performed 
on a Leica DMI5000 M inverted optical microscope. 
Furthermore, scanning electron microscopy (SEM) was 
also conducted using a Hitachi SU3800. EBSD (elec-
tron backscattered diffraction) analysis was conducted 
on a Zeiss SUPRA55 SEM and subsequent processing 
of the raw data was performed using in-house devel-
oped MATLAB routines. Nanoscale characterization 
was conducted via in Talos L120C and Talos 200X ana-
lytical transmission electron microscope (TEM) and 
scanning electron microscope (STEM) equipped with 
energy dispersive X-ray spectroscopy (EDS) opera-
tion at 120 keV and 200 keV, scanning transmission 
electron microscopy (TEM) and scanning TEM (STEM) 
operating at 200 kV respectively. The specific-sites of 
TEM lamellas from base material (BM) and fusion 
zone (FZ) areas were prepared by the plan-view lift 
out method in a Helios 5 plasma focused ion beam 
(PFIB).

High energy synchrotron X-ray diffraction was 
performed on the P07 beamline in PETRAIII/DESY, 
Germany. There, the material was exposed to an X-ray 
beam with a wavelength of 0.14235 Å, corresponding 
to an energy of 87.1 keV, to obtain crystallographic-
dependent microstructure information throughout 
the joint. The beam size was set at 200 × 200 µm2, 
and the joint was probed from one side of the BM to 
the opposite side with steps of 200 µm. The distance 
from the detector to the material was 1364 mm. A 
2D Perkin Elmer XRD 1622 fast detector was used to 
capture the Debye–Scherrer rings. The raw data was 
then integrated using DIOPTAS software, allowing to 
identify the existing phases across the welded joint. 
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Additionally, single peak fitting was performed to 
obtain information on microstrain and peak intensity 
evolution throughout the welded joint. Such analysis 
was complemented using GSAS II software [19].

Electrochemical characterization was performed in 
a conventional three-electrode setup using a poten-
tiostat/galvanostat Interface 1010 from Gamry Instru-
ments. For this, samples were taken from the BM and 
the FZ, which served as the working electrode, while 
a platinum wire acted as the counter electrode. A Ag/
AgCl reference electrode was utilized as the reference 
electrode. The samples were immersed in a 3.5 wt.% 
NaCl electrolyte solution for 2 h to establish a steady 
state of the open circuit potential (OCP). Potentiody-
namic polarization measurements were immediately 
conducted at a scan rate of 1 mV/s in the voltage 
range from − 1.5 to 1.5 V. Electrochemical impedance 
spectroscopy (EIS) measurements were subsequently 
performed on these samples across a frequency range 
from 1 Hz to 100 kHz.

To further understand the mechanical properties 
after welding and to correlate them with the observed 
microstructure and processing conditions, microhard-
ness mapping using a Mitutoyo HM-112 hardness 
tester was conducted on the full extent of the cross-
section. Each indentation was imposed with a load of 
500 g applied for 10 s, and was spaced 150 µm apart 
from the surrounding indentations. Furthermore, 
tensile tests were carried out at room temperature 
until fracture, using an Autograph Shimadzu AG-
50kNG machine, with a displacement rate of 1 mm/
min. During tensile testing, tests were recorded and 
subsequently analyzed using digital image correlation 
(DIC). The fractured surfaces were observed via SEM. 
Finally, cycling load/unload tests, limited to a maxi-
mum imposed strain of 6% followed by unloading to 
a stress-free condition, were performed to a total of 
100 cycles.

Results and discussion

Microstructure analysis of the welded joint

To fully assess the effect of GTAW on the 
Fe–Mn–Si–Cr–Ni SMA, it is important to character-
ize the resulting welded joint considering both micro-
structural and mechanical aspects. This paves the way 
to establish connections between each other, and con-
sequently generating a more precise understanding on 

the processing-microstructure-properties relationships 
for this material/welding process pair combination. In 
this section standard and advanced characterization 
techniques are employed to investigate the micro-
structure encountered on the cross-section of the weld 
with the purpose of correlating it with the mechanical 
behavior exhibited by the welded joint.

Optical and scanning electron microscopy

Commencing by the microstructure assessment, 
Fig. 1a displays a representative cross-section of 
the welded sample. Here, clear microstructural dif-
ferences between the BM and the fusion zone (FZ) 
are evidenced. That is, while the BM is composed 

Figure  1  Microstructural analysis of the welded joint: a Over-
view of the joint as obtained by optical microcopy; b Scanning 
electron microscopy of the transition from the BM to the FZ 
highlighting the several regions generated during welding; c 
Close-up view of the transition from the BM to the FZ by optical 
microscopy; d Close-up view of the FZ by SEM.
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mainly of small equiaxed grains, with a grain size of 
11.4 ± 3.0 µm, the FZ presents itself as a plethora of 
grain morphologies that formed upon the non-equi-
librium cooling conditions experienced by the molten 
pool. Nevertheless, before a detailed analysis of FZ is 
provided, understanding the microstructural changes 
that occurred throughout all the regions that comprise 
the weld must be done.

For this we refer to Fig. 1b, where a SEM image 
taken using a backscattered electrons (BSE) detector 
reveals the microstructural variations that occurred 
near the fusion boundary (FB). The FB encompasses 
both the heat affected zone (HAZ), where the mate-
rial did not experience full melting, and the FZ, where 
complete melting occurred. The HAZ is characterized 
by the potential occurrence of solid-state transforma-
tions that alter the original BM microstructure. Here, 
recovery, recrystallization and grain growth can occur, 
although the extent of these transformations will be 
dependent on both the distance to the heat source, 
which impacts the local thermal cycle, and the previ-
ous thermomechanical processing of the BM, which 
will influence the magnitude of the eventual solid 
state transformations that can occur. Evidence of 
grain growth in the HAZ is clearly observed in Fig. 1b, 
where the average grain size is 42.2 ± 8.7 µm, while in 
the BM this value was solely of 11.4 ± 3.0 µm.

When crossing the FB, the FZ is reached, a variety 
of grain structures of different sizes and morpholo-
gies are observed. Here, the optical micrographs of 
Fig. 1c and d clearly display regions that are com-
monly identified from solidification theory: the chill, 
columnar and equiaxed zones. In welding-related lit-
erature, however, evidence of small equiaxed grains at 
the FZ boundary is often referred to as fine equiaxed 
zone (FQZ), being commonly found in Al alloys, for 
example, and can be a weak point in the joint [20, 21]. 
Nevertheless, in this study we refer to it as the chill 
zone to maintain the consistency with the classical 
metallurgical theory of solidifying ingots, allowing us 
to make the parallel between the fundamental knowl-
edge of solidification and the microstructures possible 
to obtain during GTAW. Thus, the chill zone presents 
itself as a region comprising small and tightly packed 
equiaxed grains with an average size of 9.9 ± 2.1 µm. 
Further into the FZ, the columnar zone is formed, and 
this region is composed of highly directional columnar 
dendrites that grow epitaxially from the grains formed 
in the chill zone. Measured along their growth direc-
tion these grains reach 107.9 ± 20.0 µm. Their high 

directionality is due to the competitive growth that 
occurs, as grains tend to follow the path for maxi-
mum heat extraction, growing as the cooling rate 
decreases due to their proximity to the center of the 
FZ, where the process peak temperature is attained. 
Lastly, in the core of the FZ, an equiaxed zone can be 
observed with an averaged grain size of 27 ± 6.8 µm. 
This region is comprised by relatively larger equiaxed 
dendritic grains that form during dendritic growth, 
where under the appropriate conditions the dendritic 
arms can break providing, in the process, new nuclea-
tion sites for new and equiaxed dendrites to form, as 
depicted in Fig. 1d.

Amidst the grain boundaries of the solidified den-
drites, which is especially evident in Fig. 1d, the pres-
ence of vermicular ferrite (δ-BCC) is also shown. Over 
the past years, the formation of δ-BCC has been related 
to the relationship between the  Creq/Nieq, material 
solidification modes [22, 23] and cooling rate [24, 25]. 
Given this, Peng et al. [23], developed Eq. 1 to help 
predict the solidification modes of cast Fe–Mn-Si-Cr-
Ni SMAs, as follows:

Using the nominal composition of the SMA, the 
 Creq/Nieq ratio was calculated to be 0.98, which is 
below the 1.35 threshold, indicating that the solidifi-
cation mode of the alloy should follow the sequence: 
L (Liquid) →L + γ-FCC → γ-FCC. Thus, in the final 
stages of solidification the material should be fully 
austenitic. Such is indeed the case of the BM and the 
HAZ, which did not undertake fully remelting dur-
ing welding. Nevertheless, the displayed results indi-
cate that the microstructure is not only composed of 
γ-FCC. To understand how other phases appear on 
the microstructure, the constitutional supercooling 
theory allows us to interpret the continuous composi-
tional change that the molten pool undergoes. As the 
molten metal starts to solidify, small dendritic arms 
start growing from the already present solid material, 
which acts as primary solidification sites. With the 
decrease in temperature, while some atoms arrange 
themselves in the matrix γ-FCC phase crystal struc-
ture, the dendritic boundaries become richer with the 
remaining elements present in the molten pool, with 
the continuous decrease in temperature and the conse-
quent solute-rich interdendritic fluid [12]. The remain-
ing atoms will solidify in the crystal structure that has 

(1)
Cr

eq

Ni
eq

=
Cr + 1.5 Si

Ni + 0.164Mn+ 22C
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the lowest Gibbs free energy for such interdendritic 
fluid composition. In the present case the formation 
of δ-BCC can be explained by the enrichment of Cr 
and/or Si via segregation into the molten pool, as these 
present themselves as factors that can dictate the  Creq 
value used to determine the solidification mode of the 
alloy [23]. Other phases are nonetheless possible to 
appear in the microstructure, depending on the overall 
Gibbs free energy of the system at specific sites with 
determined compositions, as well as cooling and mix-
ing conditions experienced by the material, which are 
known to vary within the welded joint. Nevertheless, 
predicting the solidification path that the molten mate-
rial undergoes during welding is not trivial, as sev-
eral other factors come into play during the process. 
Beyond the composition and phase structures envel-
oped in the microstructure, grain morphology and ori-
entation are also a product of material solidification.

Figure 2 displays the inverse pole figure (IPF) orien-
tation map of the welded joint. Here, the same micro-
structural features observed via optical microscopy 
along the weld are also put in evidence alongside a 
clearer perspective on the grain orientations. Consid-
ering Fig. 2b, it is observed that the BM is randomly 
oriented, then in the HAZ there is evidence of massive 
grain growth. Crossing the FB, entails the FZ regions 
which is composed by: (i) the chill zone, containing 
the small sized grains; (ii) the columnar region, where 

grain growth is preferential along the easy growth 
direction for cubic alloys, i.e., the <100> direction; and 
(iii) the equiaxed grain regions, where the formed 
grains are randomly oriented.

Returning to the topic of grain morphologies, which 
has already been mentioned briefly, Fig. 2a shows a 
clearer distribution of the grain structures located 
throughout the several regions of the molten pool. 
The presence of this microstructural variation in the 
molten pool, as shown in Fig. 2, arises from the pro-
cess thermal cycle experienced by the material, which 
is essentially controlled by the process heat input and 
material thermophysical properties. The heat input 
ultimately impacts the overall shape of the weld and, 
more importantly, has a major impact on the micro-
structural features of the weld by dictating how the 
temperature gradient (G) and the growth rate (R) vary 
along the solidifying molten metal. In this study, the 
presence of these different grain shapes highlights the 
varying conditions that reign over the thermal gra-
dient and growth rate that eventually results on the 
formation of the several regions present in the FZ [12].

The small equiaxed grains that composed the chill 
zone occur as the combination of an elevated growth 
rate and a low thermal gradient, compounded by the 
high cooling rates enabled by the cold BM that then 
transforms to HAZ due to heat dissipation from the 
FZ. This will be the first region to solidify, and grains 

Figure 2  Electron Backscat-
ter Diffraction Inverse Pole 
Figure map parallel to the Z 
axis: a cross section of the 
welded joint; b Detailed view 
of the fusion boundary.
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formed here will act as substrates for columnar grains 
to start growing towards the center of the FZ. The 
small dimension exhibited by this region, when com-
pared to the remaining regions of the FZ, indicates 
that the influence of the BM in the temperature distri-
bution is the key factor that reins over the solidifica-
tion microstructure of the molten pool developed here.

Next, there exists the columnar zone, where den-
dritic structures grow collectively aligned with the 
maximum thermal gradient. In this region, the thermal 
gradient factor increases over the growth rate, thus 
allowing for the competitive growth showcased by the 
large dendrites exhibited in this region. Finally, at the 
center of the FZ, where the equiaxed zone developed, 
the temperature reaches its maximum values during 
welding, while the cooling effect induced by the cold 
BM is reduced due to it being further away, therefore 
also decreasing the effect of G. In this region other fac-
tors such as the fragmentation of dendritic arms, due 
to their rapid and directional growth combined with 
the molten pool turbulence, can ease the formation of 
new dendrites providing new nucleation sites for the 

liquid to solidify from, increasing R in the process. 
Additionally, being so near to the torch, the cooling 
rate is also slower in this region, thus larger equiaxed 
grains structures can be observed, when compared to 
those formed in the chill zone.

Transmission electron microscopy

Beyond the optical and SEM observations made until 
now, a deeper analysis of the microstructure of the BM 
and the FZ at the nanoscale was performed using S/
TEM. Nanoscale characterization of the BM using TEM 
is detailed in Fig. 3, where the features present at the 
sub-grain level are exhibited.

In Fig. 3a it is possible to observe the multiple 
sets of stacking faults (SFs) within all the grain 
structures, for example, as marked by the yellow 
dashed lines. These are characteristics of the previ-
ous thermomechanical processing endured by the 
BM during its manufacturing processing, acting as 
a method to release energy alongside the possible 

Figure 3  a representative 
bright field TEM image of 
the BM; b SAED pattern 
highlighting the γ-FCC 
matrix; c SAED pattern 
indicating the presence of 
an annealing twin alongside 
the γ-FCC matrix; d TEM 
image detailing the presence 
of stacking faults within the 
annealing twin, and e SAED 
pattern of the annealing twin 
showcasing streaking due 
to the presence of stacking 
faults.
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formation of deformation twins. Additionally, a rep-
resentative selected area electron diffraction (SAED) 
pattern is depicted in Fig. 3b, showcasing the γ-FCC 
matrix phase as the only identifiable phase in the 
microstructure, as no other obvious diffraction spots 
were noticeable within the analyzed region of the 
BM.

Emphasis is now given to an annealing twin with 
a thickness of ≈ 250 nm shown in Fig. 3d. This fea-
ture is associated with the thermal influence asso-
ciated with the hot-rolling endured by the BM, 
resulting from the recrystallization mechanisms 
undertaken during the process. The corresponding 
SAED pattern is displayed in Fig. 3c, where two sets 
of diffraction pattern spots are evidenced, indicat-
ing the misorientation between the annealing twin 
and the matrix. Interestingly within these twins, the 
presence of fine SFs can be observed, which are com-
pliant with the extensive streaking along the <111> γ 
direction, which extends through the γ-FCC matrix 
reflections and is associated with fine SFs.

Figure 4 depicts a TEM image obtained from the 
FZ region. Here, larger γ-FCC matrix grains are 
composed of smaller polygonal sub-grain struc-
tures exhibiting a lower density of defects within 
the γ-FCC matrix, when compared to the BM (see 
Fig. 3). Additionally, two different types of pre-
cipitates are also visible. Firstly, as noticeable 
in Fig. 4b and c, small particles corresponding to 
vanadium carbides were distributed near the sub 
grain boundaries. This was expected to occur in the 
microstructure given the nominal composition of 
the alloy. On a second instance it was also possi-
ble to identify Fe-rich nanoparticles (refer to Fig. 4d 
and e) scattered within the grains. An EDS line scan 
was acquired to further highlight their presence, as 
shown in Fig. 4f). Phase identification using SAED 
was not possible to conduct in these particles, given 
their small size and/or their random orientation on 
the γ-FCC matrix. The identification of these nano-
particles will be detailed when presenting the high 
energy synchrotron X-ray diffraction data.

SAED analysis was conducted in the transition 
between two different sub-grains and their bound-
ary, depicted in Fig. 4g, h and i, the diffraction 
patterns corresponded to that of the γ-FCC matrix 
phase. Interestingly, a small disorientation angle, 
indicating a low angle boundary between these 
structures.

High energy synchrotron X‑ray diffraction analysis

To further investigate the microstructure throughout 
the welded joint, high energy synchrotron X-ray dif-
fraction was performed. For this, a series of diffrac-
tion patterns were retrieved from a linear path that 
encompasses the full extension of the welded joint. 
The 3D superimposition of the obtained diffraction 
patterns is presented in Fig. 5a. Here, distinguishing 
these regions is easily achieved by observing the vari-
ation on diffracted intensity of the (111) peak of the 
γ-FCC phase, as marked.

Figure 5b-d exhibits site specific patterns of the BM, 
HAZ and FZ, respectively, using a logarithmic scale 
for intensity, which allows us to observe the low inten-
sity reflections. In all regions the γ-FCC matrix phase 
is dominant. The BM lattice parameters calculated 
by fitting each peak and using the intensities as aver-
aging weighting factors was aγ = 3.6012 Å (rounded 
to the fourth decimal). Such value is coherent with 
that obtained from Rietveld refinement in the same 
region (aγ = 3.6018 Å) and with the lattice parameters 
found in the literature for similar Fe-based SMA [24, 
26–30]. Additionally, Vanadium carbide (VC) peaks, 
aVC = 4.1599 Å, space group: Fm-3 m, are noticeable 
throughout the BM and HAZ, corresponding to a 
total phase volume fraction of 0.11%. This phase 
volume fraction reduces to 0.06% in the FZ, poten-
tially due to the non-equilibrium and faster cooling 
conditions experienced in this region of the joint. 
Interestingly, the BM and the HAZ have the same 
phase structures present within them. Conversely, 
throughout the FZ (either in the FQZ, columnar or 
the equiaxed region), the presence of a δ-BCC phase 
(aδ = 2.8580 Å, space group: Im-3 m) corresponding to 
ferrite is also evident, with a phase volume fraction 
of 1.04%, as well an intermetallic precipitate which 
occupies a volume fraction of 0.75% on the bulk of the 
FZ and corresponds to a  P213 cubic crystal structure 
(a∇ = 6.2130 Å). This allows us to identify the Fe-rich 
particle scattered within the sub-grains in the FZ TEM 
samples. As identified in [24], this precipitate is com-
mon to find in Fe–Mn–Si–Cr–Ni shape memory alloys, 
being a  Fe5Ni3Si2-type intermetallic isostructural to 
the π-phase in steels. Such precipitate has also been 
observed in similar alloys [24, 26, 28, 29, 31]. Neverthe-
less, the presence of these additional minor intensity 
phases is only noticeable within the FZ because of the 
complete localized melting of the material and subse-
quent non-equilibrium cooling conditions. Concerning 
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the lattice parameters calculated in this region, Riet-
veld refinement yields an aγ = 3.6012 Å, while the peak 
intensity averaged data results on an aγ = 3.6014 Å. 
Additionally, no indication of the reversible ε-HCP 
and non-reversible α’ phases was found on the joint, 
as often mentioned in the literature [9, 32–35].

Beyond phase identification and Rietveld refine-
ment for phase quantification, single peak fitting was 
conducted using an in-house developed python scripts 
to perform least-squares fitting with a Voight profile, 
on all the first-order reflections of the matrix γ-FCC 
phase. This procedure aims to gather data and reveal 

Figure 4  a representative bright field TEM image of the FZ; b 
detail of VC precipitates near the sub-grain boundaries, and c 
corresponding EDS map of Vanadium; d detail of Fe-rich pre-
cipitates scattered withing the sub-grains and corresponding EDS 

maps in e alongside the f EDS line results marked in d. The tran-
sition from one sub-grain to another was inspected using SAED 
as in g upper sub-grain; h boundary between sub-grains and i 
lower sub-grain.
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trends from the intrinsic microstructural phenomena 
contained within the weld. Here, a qualitative analysis 
of both the normalized full width at half maximum 
(FWHM) and intensity can be done conjointly, as dis-
played in Fig. 6a and b. These values were normalized 
with respect to the BM.

The FWHM is affected by the microstrain caused 
by defects within the lattice, and the size of intragran-
ular structures that can diffract light in a coherent 

manner, as well as by the beamline optics (although 
this component was removed using  LaB6 calibration 
powder). The intensity, however, is influenced by 
texture and volume fraction of each phase within the 
weld. Nevertheless, both parameters (microstrain 
and size of the intragranular structures) have a sig-
nificant impact on the overall shape of the peaks, 
the only difficulty associated with it being know-
ing how to interpret them. As such from these two 

Figure 5  Synchrotron X-ray diffraction patterns taken form a the 
full extension of the weld, highlighting the matrix γ-FCC phase; 
representative diffraction patterns of: b BM, c HAZ, d FZ, with 

corresponding phase identification. Low intensity 2nd harmonic 
diffraction peaks were left unidentified because they do not cor-
respond to any structure present on the alloy.
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parameters, one conclusion that can be taken right 
away is the fact that going towards the FZ, all peaks 
tend to decrease in FWHM, while increasing in inten-
sity, with exception to the (111) peak. In this case, 
while the FWHM decreases, the intensity decreases. 
As mentioned before, this is coherent with the fact 
the BM is in the as-rolled condition, given that this 
corresponds to the preferential orientation taken by 
the grains during deformation. As such, due to high 
temperatures that cause the material to melt, the tex-
ture obtained during the rolling process is annulled, 
resulting in an overall tendency for its intensity 

to decrease. Furthermore, the peak that shows the 
highest FWHM decrease is the (200) peak, whereas 
its intensity tends to fluctuate between approx. 0.85 
and 1.15 of the value exhibited by the BM, indicat-
ing that these diffraction reflections become sharper 
with proximity to the FZ, which is coherent with the 
easy growth direction of FCC alloys. Next, we have 
the (220) reflection, whose intensity increases more 
than 30% of its intensity on the BM. Such does not 
quantify the number of grains oriented along the 
(220) plane, when compared with the (200) oriented 
grains, but it allows to infer that sharper (220) peaks 
are present in the FZ, which is related to the crys-
tallographic plane associated with the easy growth 
direction of the FCC materials [36]. Additionally, of 
special note is the (311) peak, whose characteristic 
insensitivity to intergranular strains allows us to 
highlight the behavior of matrix γ-FCC phase along 
the welded joint [37]. This is especially, observable 
in Fig. 6a, where the intensity exhibits an increase 
near the fusion boundary, corresponding to the FQZ 
and columnar regions, and finally exhibiting a slight 
decrease indicating the boundaries of the epitaxial 
region present in the bulk of the FZ.

Furthermore, quantification of the lattice strain (ε) 
can be done using (Eq. 2) [38].

where a corresponds to the intensity weighted aver-
aged lattice parameter obtained from all the γ-FCC 
peaks available on the diffraction patterns. Due to 
the lack of knowledge of a0, which corresponds to the 
strain-free lattice parameter characteristic of this alloy, 
in this work we set a0 as the lattice parameter obtained 
at 0 MPa on the BM. This allows for a still meaningful 
qualitative assessment of the microstrain evolution, 
rather than a quantitative evaluation.

Given this, for an understanding of the strain field 
associated with each zone of interest with sufficient 
dimensions for a complete acquisition of data given 
the utilized beam spot size, measurements from the 
HAZ and columnar and equiaxed regions of the FZ 
are compared to those obtained from the BM in Fig. 7c, 
with relation to the azimuthal angle. For such, rep-
resentative diffraction patterns of each region were 
integrated into 1-degree segments, allowing to obtain 
the 2θ center parameter of each peak at any given azi-
muthal angle segment, where the intensity is sufficient 
to acquire reliable results.

(2)� =

a − a
0

a
0

Figure 6  Distribution of a peak intensity, and b FWHM per dif-
fraction peak along the welded joint.
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By comparison, all the analyzed regions evidence 
a similar distribution of microstrain, which is sym-
metrical on the horizontal and vertical axis. Here 
the higher macrostrain values are present in the 90° 
azimuthal angle and the lowest are oriented in the 
0° angle. This is coherent with the expected strain 
conditions considering the as-rolled condition of 
the BM, where the 90° angle corresponds to the roll-
ing direction and the 0° angle corresponds to the 
direction normal to it. Interestingly in all regions, 
including the FZ, where the material underwent total 
remelting, the microstrain distribution is also higher 
at the 90° angle when compared to the 0° direction. 
This allows us to conclude that upon solidification 
the newly formed grains tend to adjust to the already 
present microstructure due to epitaxial growth. 
Thus, causing the lattice parameter evolution to 
mimic that of the BM, thus granting an approxi-
mately isotropic microstrain response throughout 
the weld.

Additionally, it is also possible to conclude that 
with increasing distance from the FB the microstrain 
tends to decrease. Comparing the values obtained 
in the BM distribution with those expected from the 
calculated average lattice parameter, the microstrain 
increases approx. 2.48% in the rolling direction and 
decreases 0.02% in the 0° direction. On the other 
extreme, when considering the equiaxed region in 
the FZ, however, the microstrain is 2.35% higher in 
the 90° angle and 0.01% lower in the 0° direction.

Up to now a thorough microstructural analysis 
of the welded joint has been performed. To comple-
ment this characterization, an electrochemical com-
parison of the BM and FZ was performed and these 
results are presented in the next section. Such was 
conducted to investigate the corrosion properties of 
these two regions, allowing us to establish a start-
ing point, from a corrosion-focused electrochemical 

behavior standpoint, for the design of applications 
that may rely on welding of this Fe-based SMA.

Electrochemical characterization of the weld

Setting the BM as the benchmark, the corrosion 
behavior of the weld, namely the FZ (which is region 
mostly affected by GTAW), was analyzed to attain an 
understanding of what to expect when exposing such 
welded material to different environments. These two 
regions (BM and FZ) correspond to the two micro-
structural “extremes” on the joint. It is also relevant 
to mention that for this analysis the FZ was considered 
in bulk.

For this matter, Fig. 8 displays the anodic polariza-
tion curves alongside the corresponding open circuit 
potential data obtained from the BM and the FZ. Using 
the Tafel model [39, 40], the corrosion current,  Icorr, was 
estimated to be 0.96 mA for the BM and 0.97 mA for 
the FZ. Although, these values are quite close to each 
other it is possible to conclude that the corrosion rates 
of the BM and FZ under the testing conditions were 
similar, with the FZ exhibiting a slightly lower corro-
sion resistance that the BM. Nevertheless, interpreting 
electrochemical results solely based on one parameter 
may does not capture the entire complexity of the cor-
rosion process.

As such, the EIS measurements performed the BM 
and the FZ are presented in Fig. 8, in terms Bode and 
Nyquist diagrams. It can be noted that the imped-
ance modulus, |Z|, of the BM is greater than that 
of the FZ, corresponding to values up to ≈307 Ω and 
≈285 Ω, respectively, at the lowest values of frequency. 
Regarding the phase angle, for the BM the lower val-
ues corresponded to ≈-18.8° at a frequency of ≈20 Hz, 
while the FZ attained its minimum of ≈-19.7° at a fre-
quency of 12.4 HZ. On the other hand, the maximum 
phase angle for the BM was ≈ − 1.7° (at a frequency of 

Figure 7  Comparison 
between the microstrain of 
the BM and the: a HAZ, b 
columnar region of the FZ 
and c equiaxed region of the 
FZ.
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≈50.3 kHz), while for the FZ the maximum was ≈-1.4°, 
recorded at a frequency of ≈15.7 kHz.

While exhibiting a similar corrosion behavior, it can 
be noted that the BM has a higher corrosion resistance 
when compared to the FZ, such can be associated to 
the different microstructural condition of both regions, 
where the FZ is characterized by varying array of dif-
ferent microstructures.

With this matter established, next we analyze the 
mechanical properties, correlating them with pro-
cessing conditions and local microstructure features 
in order to establish a parallel between the mechani-
cal properties and the obtained microstructure. This 
highlights the fact that the microstructure not only 
affects the corrosion behavior of the joint, but also has 
an important role in its mechanical performance.

Mechanical behavior of the welded joint

Understanding the intricate relationship between 
microstructure and mechanical properties is para-
mount when selecting a material for a determined 
purpose, especially when there is a gradient of micro-
structures (and therefore of mechanical behavior) 
in thermomechanically processed material. Having 
discussed the microstructural aspects that developed 
within the welded joint, generated by the intense heat 
imposed during GTAW, in this section we explore the 
mechanical and functional properties of the joints. 
Firstly, we start by observing the anisotropic distribu-
tion of the microhardness on the weld, followed by the 
analysis of the tensile and cyclic properties exhibited 
by it.

Microhardness distribution along the joint

Microhardness maps performed on the full exten-
sion of the joint are displayed in Fig. 9. Here, a clear 
distinction of the regions previously identified in the 
microstructural section is possible. Interestingly the 
three regions that comprise the FZ microstructural 
gradient are again easily identifiable by observing the 

Figure  8  Electrochemical characterization of the welded joint 
in terms of: a polarization curves alongside with the b corre-
sponding open circuit potential; c Bode plot and corresponding d 
Nyquist plot, obtained on the BM; e Bode plot and corresponding 
f Nyquist plot, obtained in the FZ.

▸
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FZ microhardness variation. Furthermore, the micro-
hardness line data obtained at half height of the cross 
section of the weld are plotted in Fig. 9b). This also 
permits us to highlight the microhardness variation 
between the regions that comprise the welded joint 
and ease the interpretation of the microhardness map. 
Here the softening behavior of the chill zone is evident 
as it marks the region where the weld achieves its low-
est microhardness values.

Quantification of the results regarding the micro-
hardness distribution along the joint are displayed 
in Table 1, where the percentual variation of the 

results of the regions affected by the welding pro-
cess are compared to the measured BM values. 
While the BM achieved an averaged microhard-
ness corresponding to 316.7 ± 2.9  HV0.5, the lowest 
hardness on the weld was observed in the FQZ of 
the FZ, reaching 254.5 ± 6.0  HV0.5. Concerning the 
HAZ, the microhardness achieved an average of 
286.3 ± 3.8  HV0.5. Also, the columnar dendritic and 
the equiaxed region of the FZ attained the values of 
281.5 ± 3.6  HV0.5 and 299.0 ± 7.3  HV0.5, respectively. 
This microhardness gradient allows to put in evi-
dence the varying mechanical behavior that the dif-
ferent microstructures induced throughout the weld.

Figure 9  Microhardness distribution of the Fe-SMA welded joint: a colormap and b evolution at mid height of the weld (marked by the 
black arrow and dashed line).

Table 1  Quantification 
of the microhardness 
distribution throughout the 
welded joint microstructure

BM HAZ FZ (Chill zone) FZ (Columnar zone) FZ (Equiaxed zone)

Micro-
hardness 
 [HV0.5]

316.7 ± 2.9 286.3 ± 3.8 254.5 ± 6.0 281.5 ± 3.6 299.0 ± 7.3

Percentual 
deviation 
from the 
BM

–  − 9.6%  − 19.6%  − 11.1%  − 5.6%
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Tensile properties of the welds coupled with digital image 
correlation (DIC)

With the microhardness distribution determined, an 
obvious anisotropic distribution of the microstructure 
and its impact on the local mechanical response is 
clear. Given this, the next step is to analyze the tensile 
behavior of the welded joint, to highlight the mechani-
cal performance differences that arise from the micro-
structural changes developed in the HAZ and FZ. 

The representative stress–strain curves of the BM and 
welded joint are plotted in Fig. 10.

Overall, the obtained tensile test data indicates 
that regarding the ultimate tensile strength (UTS), 
the BM samples achieved 1032.9 ± 76.3 MPa, while the 
welds reached an averaged UTS of 883 ± 18.4 MPa, 
corresponding to fracture strains of 36.8 ± 1.5% and 
23.6 ± 2.1% (all engineering values), respectively. This 
indicates that the welds retained 85.5% of the UTS 
exhibited by the BM, reaching 64.1% of the strain-to-
fracture exhibited by it. The UTS values show a good 
agreement with those found in the literature [18, 
41–43], while the elongation to fracture tends to vary 
accordingly with the thermomechanical treatment 
they are subjected to.

It can be concluded that the tensile strength evi-
dences a small decrease when comparing the welds 
with the BM, while the ductility deteriorated more 
severely after the GTAW process. This, as seen through 
the microhardness measurements, can be related to 
the varying microstructural features arising from 
the solidification of the molten pool and consequent 
inhibition of the overall strength of the BM imposed 
by rolling process. Furthermore, the presence of δ-
BCC ferrite and the ∇-precipitate phases can also 
explain the different tensile behavior exhibited by the 
welded samples. Nonetheless, the overall macroscopic 
mechanical behavior of these Fe-based SMAs make 
them suitable candidates for structural engineering 
application scenarios.

Under the effect of a constant tensile force imposed 
on the joints, the data regarding the mechanical 

Figure  10  Representative stress–strain curves of the a base 
material and b welded joint, taken from the multiple tensile tests 
performed on the samples (three in each condition).

Figure 11  Depiction of the 
strain distribution during ten-
sile testing in the as-welded 
condition, using digital image 
correlation: a corresponds to 
the evolution until fracture, 
while in b the last stage 
before fracture is depicted on 
a different scale. The regions 
marked in b are utilized to 
plot the local tensile behavior 
in Fig. 12. 
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behavior of the welds corresponds to the combined 
behavior of all regions of the weld. For this reason, 
to further evaluate the microscopic tensile behav-
ior exhibited by each welded region, DIC data was 

recorded during tensile testing and specific locations 
were monitored to evaluate their site-specific behav-
ior. The strain distribution results during tensile test-
ing are displayed in Fig. 11. Here the evolution of the 
strain distribution along the welded joint is shown, 
clearly indicating that more deformation occurred in 
the GTAW affected area than in the BM itself.

As expected, from the start of the tensile test until 
sample fracture, an increase in strain is observed as 
can be seen through the color distribution at the dis-
played engineering strain values. By inspecting the 
last moments of the tensile test (see Fig. 11b), it is pos-
sible to observe that the variating microstructure pre-
sent within the samples indeed has an important effect 
on the overall strain that is accommodated by each 
region of the weld. By direct observation, it is possible 
to observe that while the BM was the region where 
less strain was accumulated, the columnar zone of 
the FZ presents itself with the most amount of strain. 
Interestingly the equiaxed zone located at the middle 
of the FZ (refer to Fig. 1) exhibits a higher resistance 
to the imposed stress. This was expected considering 
the refined morphology of the grains in this region 
and the associated higher microhardness. Thus, this 
equiaxed microstructure present in the equiaxed zone 
is preferred over the other microstructures existing in 
the FZ of the weld. For further analysis Fig. 12 displays 

Figure 12  DIC results for the BM, HAZ and two region (colum-
nar and equiaxed) zones of the FZ.

Figure 13  Representative 
fracture surface of the welded 
samples.
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the stress–strain curves calculated considering specific 
regions of the weld, as mentioned, and a clear distinc-
tion and quantification of the strain experienced by 
each region is presented.

Qualitatively, it can be observed that the BM and 
the equiaxed zone in FZ, exhibited a lower amount of 
deformation upon loading. While both are character-
ized by their small grain size and higher microhard-
ness which grants them strength, another factor influ-
encing their behavior is the deformed state of the BM 
(which hinder dislocation movement) and the occur-
rence of precipitates in the FZ.

These regions are followed by the HAZ which expe-
rienced grain growth during the welding process and 
is composed of large equiaxed grains. Finally, the 
region with the most amount of deformation experi-
enced is the columnar region of the FZ, which reaches 
similar microhardness values to the HAZ but has 
larger and highly oriented grains. Nevertheless, as 
necking started to occur on the sample it was clearly 
observed that the samples fractured on the interface 
between the FZ and the HAZ, presumably in the chill 
zone given its lower values of microhardness.

To better understand the fracture mechanisms that 
occurred during tensile testing, a SEM image of the 
post-fracture surface is exhibited in Fig. 13. There, it 
is possible to observe several dimples which are char-
acteristic of a ductile-like fracture upon tensile solici-
tation. That is, as the material is exposed to a plastic 
deformation, small voids and cavities tend to form 
inside the material. These eventually grow larger and 
coalesce into each other, forming fissures that propa-
gate perpendicularly to the stress direction, especially 
in the peripheral zone of the region that experiences 
necking.

Weld performance under cycling tests

To further understand the mechanical/functional 
response of this Fe–Mn–Si–Cr–Ni SMA in the as-
welded condition, samples were subjected to a rou-
tine of load/unload cycles to investigate parameters 
such as absorbed energy and accumulated irrecover-
able strain. Figure 14 presents the stress–strain curves 
corresponding to the 1st, 2nd, 10th, 25th, 50th, 75th 
and 100th loading cycles on both the welded and non-
welded (BM) conditions. By comparison, it is evident 
that in both cases the curves display a small pseu-
doplastic behavior, showcasing slightly lower stress 

and strain values on the as-welded condition. In both 
cases, the first cycle possesses a large hysteresis loop, 
however, as more cycles are completed, the presence 
of cycle hardening becomes evident due to the occur-
rence of plastic deformation that degrades the revers-
ibility of the phase transformation.

Figure 15 details the evolution of irrecoverable 
strain, maximum strain and absorbed energy during 
the 100 load/unload cyclic tests performed. By com-
parison, it can be observed that in the as-welded con-
dition the percentage of unrecoverable strain exhibits 
a slight increasing slope after the 20th cycle, while 

Figure 14  Load/unload cycling tests performed on: a BM and b 
welded samples.
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the BM samples appears to become constant, indi-
cating the start of a functional fatigue in the welded 
condition. This can be explained by the fact that by 
the end of each cycle, dislocations and defects start to 
accumulate throughout the various regions that com-
pose a weld. This behavior is further compounded 
by the non-uniform microstructure of the joint which 
renders a preferential plastic deformation to occur, 
rather than a homogenous distribution as it occurs in 
the BM. Furthermore, the behavior highlighted by the 
irrecoverable strain curves indicate the development 
of a ratcheting behavior, which is typical in stress-con-
trolled cycling and was also observed in [18, 44]. As 
explained by Koster et al. [18], the superelastic behav-
ior that this alloy exhibits, occurs due to the low stack-
ing fault energy of the Fe-based SMAs, which provides 
the means for Shockley partial dislocations to occur 
and shift easily throughout the austenitic microstruc-
ture upon loading. Such process generates stacking 
faults and induces the martensitic transformation on 
the alloy. In this particular composition, the VC pre-
cipitates alongside the grain boundaries act as barriers 
to the movement of dislocations, promoting localized 
stresses in the newly formed martensitic phase. Con-
versely, during the unloading cycles this accumulated 
stress is released, pushing the Shockley partial disloca-
tions in a reverse movement, resulting in the reverse 
transformation of the martensite back to austenite, and 
consequently causing the partial recovery of strain.

Figure 15b displays the maximum stress for an 
imposed strain of 6%, obtained from the BM and 
welded joints at each cycle. As it is possible to observe 
in both curves, there is a sharp decrease in slope up to 
the 20th cycle, after which the curves exhibit a stead-
ier decrease in value, with the BM case showcasing 
a minor tendency for further decrease, stabilizing at 
approximately 690 MPa. Considering the difference 
from the beginning of the cycling test to the 100th 
cycle, the BM exhibits a decrease of 69 MPa, while 
the weld exhibits a decrease of a total of 74 MPa. In 
comparison to the BM, this behavior indicates that in 
the as-welded case a slightly higher functional fatigue 
can be noted, possibly due to the varying microstruc-
tural features that were previously highlighted and 
are presented along the welded joint. This factor may 
ease the conditions for the continuous formation of 

Figure  15  Results from cycling tests: a Irrecoverable strain; b 
maximum stress at 6% strain and c absorbed energy.

▸
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microstructural defects, developed on the larger grains 
on the HAZ or on the varying dendritic structures in 
the FZ, easing stress accommodation at each load-
ing step. Similar conclusions on the maximum stress 
analysis were also reported in [18, 41], although using 
different testing parameters and with prior thermal 
activation of the SMA.

Furthermore, the amount of absorbed energy 
upon each cycle is also a relevant property for any 
engineering applications operating under dynamical 
loading. The results exhibited by the welded SMA 
and BM counterpart for this property are shown in 
Fig. 15c. As it is possible to observe, the first cycles are 
characterized by the stabilization of the superelastic 
hysteresis, where a sudden decline on the absorbed 
energy can be seen in the behavior of both samples. 
Here the difference between the first two cycles was 
approximately 6.12 MJ/m3 in the BM and 5.14 MJ/m3 
in the weld. Further on, with the increasing number 
of cycles, the behavior exhibited by both samples pre-
sents several similarities, with the welded joint absorb-
ing a slightly lower amount of energy throughout the 
tests. This can be attributed to the inhomogeneous 
microstructure of the welded joint. Nevertheless, a 
decrease of approximately 2.38 MJ/m3 and 2.06 MJ/
m3 from the 2nd cycle to the 100th can be observed in 
the BM and welded joints, respectively. This indicates 
a low functional fatigue in both cases, given the rela-
tively constant energy absorption after the 2nd cycle.

Conclusions

“In this study, the weldability of an Fe–Mn–Si–Cr–Ni 
SMA was assessed by means of conventional and 
advanced microstructural techniques coupled with 
mechanical characterization. Thorough analysis via 
optical and electron microscopy revealed the forma-
tion of an FQZ, a columnar and an equiaxial within the 
fusion zone of the joint. Beyond these, the formation 
of a HAZ was also evident, arising from the thermal 
impact induced by the high temperatures attained 
during welding.

Further advanced characterization using TEM and 
synchrotron X-ray diffraction evidence local, micro 
and nanoscale differences within the welded joint. 
Such allowed to identify not only a  Fe5Ni3Si2-type 
intermetallic with a  P213 cubic crystal structure, within 
the bulk of the FZ, but also the presence of vanadium 
carbides dispersed amidst the matrix austenitic phase. 

Arising from the effect of the high temperatures and 
solidification modes on the FZ, a ferritic phase was 
also noticed.

On a practical perspective, electrochemical charac-
terizations were performed revealing that the BM is 
less prone to corrosion than the FZ, which requires 
care upon the use of these joints in corrosive media. 
The obtained impedance modulus was ≈307 Ω for the 
BM and ≈285 Ω for the FZ. Furthermore, microhard-
ness mapping on the joint permitted to quantify the 
hardness at each weld region, where the maximum 
values were obtained in the BM, corresponding to 
316.7 ± 2.9  HV0.5. The lowest microhardness values, 
corresponding to 254 ± 6  HV0.5, were observed in the 
chill zone of the FZ.

Upon tensile testing, a maximum strength of 
883 ± 18.4 MPa was achieved on the welded joints, with 
a fracture strain of 23.6 ± 2.1%. Such values correspond 
to 85.5 and 64.1% of the tensile response of the BM, 
respectively. Coincidental with the tensile test data, 
DIC analysis revealed a different mechanical response 
between the difference regions of the joint, which was 
correlated with the associated microstructure features. 
Such was especially noticeable in the FZ, where the 
most ductile region was the columnar zone, while the 
equiaxed region exhibited a lower ductility. Upon 
fracture, post-mortem surface analysis indicated that 
ductile failure occurred. Finally, functional fatigue 
testing was conducted revealing, that cyclic degrada-
tion was slightly exacerbated in the welded joint due 
to the inhomogeneous microstructure that developed 
across the thermally affected regions.

Overall, defect-free welds were obtained on the 
studied Fe–Mn–Si–Cr–Ni SMA, indicating that it can 
be a viable solution for structural applications as good 
mechanical properties were achieved. Such showcases 
the potential use of GTAW on this advanced SMA in 
different industrial settings. Future works may envis-
age studying the dissimilar weldability of this SMA.
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