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A B S T R A C T   

The use of filler materials during fusion-based welding processes is widely used to regulate and modify the 
composition of the welded joints aiming at producing a desired microstructure and/or achieving an improvement 
in its mechanical performance. Welding of high entropy alloys is still a new topic and the impact of different filler 
materials on the microstructure and mechanical properties is yet unknown. In this work, gas metal arc welding of 
the CoCrFeMnNi high entropy alloy using 410 stainless steel as a filler wire was performed. The microstructural 
evolution of the welded joints was evaluated by optical microscopy, scanning electron microscopy aided by 
electron backscattered diffraction, high energy synchrotron X-ray diffraction and thermodynamic calculations. 
Meanwhile, the mechanical behavior of the welded joint, as well as the local mechanical response were inves
tigated with microhardness mapping measurements and with non-contact digital image correlation during tensile 
loading to failure. The weld thermal cycle promoted solid state reactions in the heat affected zone (recovery, 
recrystallization and grain growth), which impacted the microhardness across the joint. The role of the 410 
stainless steel filler material in the solidification path experienced by the fusion zone was evaluated using Scheil- 
Gulliver calculations, and a good agreement with the experimentally observed phases was observed. Despite the 
addition of the 410 stainless steel filler was not conducive to an increase in the fusion zone hardness, the 
associated bead reinforcement promoted an improvement in both the yield and tensile strengths of the joint 
compared to a similar weld obtained without filler material (355 vs 284 MPa and 641 vs 519 MPa, respectively). 
This allows to infer that the addition of filler materials for welding high entropy alloys is a viable method for the 
widespread use of these novel materials. In this work, by coupling microstructure and mechanical property 
characterization, a correlation between the processing conditions, microstructure and mechanical properties was 
obtained providing a wider basis for promoting the application of gas metal arc welding of high entropy alloys 
for industrial applications.   

1. Introduction 

The concept of high entropy alloys was first introduced in 2004 [1,2] 
and these materials were initially defined as alloys composed by at least 
five elements, each with a composition ranging from 5 to 35 at. %. 
Another widely used term that encompasses these materials is multi
principal element alloys. High entropy alloys break the traditional 

concept of single principal component design of alloys, and this new 
design strategy can produce four core effects, namely high entropy ef
fect, slow diffusion effect, severe lattice distortion effect and cocktail 
effect [2,3]. All of these are known to make these novel materials exhibit 
potential advantages over conventional metallic materials in terms of 
strength [4], hardness [5], fracture toughness [6], and corrosion resis
tance [7]. Among the wide number of compositions available, the most 
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studied alloy is the equiatomic CoCrFeMnNi which possesses a single 
phase FCC structure and remarkable mechanical properties [8]. Such 
properties make these materials as promising candidates to be used as 
structural components in various engineering applications. 

Welding, as a key manufacturing technology, is widely used in the 
energy, aerospace, and shipbuilding industries. Owing to the potential 
interest on the use of high entropy alloys as structural materials in these 
industries, it is fundamental to conduct weldability studies to ensure the 
potential applicability of these emerging materials [9]. 

Currently, weldability studies focused on CoCrFeMnNi high entropy 
alloys is expanding, mainly focusing on gas tungsten arc welding [10], 
laser beam welding [11–13], electron beam welding [10,14] and friction 
stir welding [15–17]. Recently, Lin et al. [18] joined the CoCrFeMnNi 
high entropy alloy by ultrasonic welding, obtaining a sound joint with 
no defects or detrimental phases. Overall, the CoCrFeMnNi alloy ex
hibits good weldability under different welding methods when similar 
joining is attempted. To expand the range of industrial applications for 
CoCrFeMnNi high entropy alloys, meeting the needs for dissimilar 
welded structures, such as in those found in nuclear reactors and in high 
temperature components, researchers started to turn their attention to 
the dissimilar welding (when two different base materials or the addi
tion of filler wire is attempted) involving the CoCrFeMnNi alloy 
[19–27]. The main challenge during dissimilar welding is the need to 
control and/or adjust the chemical composition of the fusion zone so 
that its microstructure and mechanical properties are suitable for the 
targeted applications. However, the mixing of two materials with 
different compositions, combined with the weld thermal cycle, can 
promote the formation of undesirable phases and/or intermetallic 
compounds. Therefore, it is critical to have a systematic understanding 
of the evolution of the microstructure and mechanical properties of 
dissimilar joints involving high entropy alloys. 

Regarding this topic, the existing literature details works on dis
similar welding of the CoCrFeMnNi high entropy alloy to both 316 
stainless steel [28,29] and duplex stainless steel [30] using fusion-based 
methods, while dissimilar joining of CoCrFeMnNi to 304 stainless steel 
by friction stir welding was also accomplished [31]. Recently, Nam et al. 
[24] used 308L stainless steel and CoCrFeMnNi high entropy alloy as 
filler materials to weld an as-cast CoCrFeMnNi alloy, and the mechanical 
properties (yield strength, maximum tensile strength and elongation) 
obtained were slight superior to those of the original base material. 
Afterwards, they used the same filler wire to weld as-rolled CoCrFeMnNi 
high entropy alloys [26], but now a decrease in the tensile properties 
was observed. The same group then welded 304 stainless steel using 
CoCrFeMnNi high entropy alloy as a filler material [22]. Moreover, a 
CuCrFeMnNi filler wire was used to join a rolled CoCrFeMnNi [32], 
while a Cu-coated CoCrFeMnNi filler wire was seen to increase the 
mechanical performance of the joint [32]. The above studies all have 
reported obtaining sound dissimilar welded joints, however, research 
around this theme is still scarce, especially given the large number of 
filler materials that exist. 

In the present work, ER410-NiMo stainless steel was selected as a 
filler wire for joining a CoCrFeMnNi high entropy alloy by gas metal arc 
welding. The microstructural evolution of the welded joints was evalu
ated by optical microscopy, scanning electron microscopy aided by 
electron backscattered diffraction, high energy synchrotron X-ray 
diffraction and thermodynamic calculations. Mechanical property 
analysis was performed via microhardness mapping, as well as tensile 
testing aided by digital image correlation. A correlation between the 
weld thermal cycle, microstructure evolution and resulting mechanical 
properties is established towards the implementation of these materials 
and welding process in structural applications. 

2. Experimental procedure 

2.1. Materials 

In this work, an equiatomic CoCrFeMnNi high entropy alloy with a 
thickness of 3 mm was prepared by vacuum induced melting as 
described in [28]. Following cold rolling at room temperature, a thick
ness of 1.5 mm was obtained. Before welding, the as-rolled material was 
cut into 60 × 60 mm squares for butt joining. The faying edges were 
polished and cleaned with acetone and alcohol to remove any contam
inants that could be harmful to the welded joint. 

2.2. Gas metal arc welding procedure 

Previous work on autogenous welding of this CoCrFeMnNi material 
revealed good material weldability [33]. To evaluate if the addition of a 
filler material has a positive effect on the mechanical response of the 
CoCrFeMnNi alloy joints, gas metal arc welding using a 410 martensitic 
stainless steel filler was used. The process is schematically detailed in 
Fig. 1. For reference, the compositions of the two materials used, base 
and filler material, are detailed in Table 1. 

To prevent oxidation of the fusion and heat affected zones during 
welding, Ar was used on the top and bottom surfaces of the specimens as 
shielding gas. The selected welding parameters are detailed in Table 2. 
These parameters ensured full penetration welds with no evident 
defects. 

After welding, electrical discharge machining (EDM) was used to 
obtain samples for microstructure and mechanical characterization. The 
dimensions of the samples used for mechanical characterization are 
detailed in Fig. 2. 

2.3. Microstructure characterization 

The welded specimens were first placed in epoxy resin, then ground 
with 400, 600, 1200, 2500 and 4000-grit SiC papers, and finally with a 
3.0 μm diamond polishing paste until a mirror-like surface was obtained. 
To reveal the joint microstructure, the polished specimens were 
immersed in a solution of aqua regia (5 ml HNO3 and 15 ml HCl) at room 
temperature. Due to the different corrosion behavior of the welded joint, 
the etching time was found to be around 90–110 s for the base material 
(BM) and heat affected zone (HAZ), and approximately 190–220 s for 
the fusion zone (FZ). To observe the microstructure of the welded joints, 
light optical microscopy and scanning electron microscopy (SEM) 
coupled with both energy dispersive spectroscopy (EDS) and electron 
backscatter diffraction (EBSD) were used. For light optical microscopy, a 
Leica DMI 5000 M inverted optical microscope was used, while for SEM/ 
EDS/EBSD, a JSM-7100F and a Helios Hikari UMSII were used. The TSL 
OIM Analysis 7.0 software was used to process the raw EBSD data. 

To further investigate the role of the weld thermal cycle and addition 
of the ER410-NiMo filler on the welded joints, synchrotron X-ray 
diffraction was used. The synchrotron radiation experiments were done 
at the P07 High Energy Materials Science beamline at Petra III/DESY. A 
high photon energy of 87.1 KeV, corresponding to a wavelength of 
0.14235 Å, was used. This photon energy allowed to perform diffraction 
experiments in transmission mode, enabling the determination of bulk 
microstructure information [34]. A beam with a size of 200 × 200 μm 2 

starts to scan the welded joint in the base material, passes through the 
heat affected zone and fusion zone and finally finishes on the opposite 
side of the base material. A PerkinElmer 2D detector was used to capture 
the diffraction data. Standard LaB6 powder was used for the calibration 
of the instrumental parameters using Fit2D software [35]. The 
sample-to-detector distance was determined to be 1335 mm. In addition, 
the synchrotron X-ray data were post-processed with a combination of 
GSASII [36] and MAUD [37], for single-peak fitting and Rietveld 
refinement, respectively. The experimental setup for the synchrotron 
X-ray diffraction measurements is schematically detailed in Fig. 3. 
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2.4. Thermodynamic calculations 

The Scheil-Guliver model, available in ThermoCalc, was used as a 
thermodynamic calculation tool to predict the non-equilibrium solidi
fication path and phase structure evolution in the FZ of the welded 
joints. Here, it should be mentioned that the effect of the filler wire on 
the potential compositional heterogeneity of fusion-based welded joints 
(i.e., mixing ratio of base material and filler wire) is considered by 

performing the Scheil-Gulliver calculations with 10% dilution steps. 
During non-equilibrium thermodynamic calculations using the Scheil- 
Guliver model, certain elements can be set as fast diffusers, as these 
can greatly influence the solidification path experienced by the material. 
For steels and related alloys, carbon is usually set as fast diffuser [38]. 
Here, calculations were made with and without carbon selected as a fast 
diffuser. Although the CoCrFeMnNi alloy does not possess any carbon, 
upon melting of the 410 stainless steel filler material, there will be 
carbon incorporation by the fusion zone, which can then influence the 
microstructure evolution. The TCHEA5.1 database of ThermoCalc was 
used for these calculations. 

2.5. Microhardness mapping and mechanical testing 

Microhardness measurements and uniaxial tensile testing were used 
to study the mechanical properties of the joints. Vickers microhardness 
mapping was performed along the cross section of the welded joint on a 
Mitutoyo HM-112 hardness testing machine. A load of 0.5 kg was used 
with an indentation time of 10 s. The space between successive in
dentations in both transverse and longitudinal directions was 200 μm. 
Uniaxial tensile testing was performed on a Shimadzu tensile machine 
equipped with a 50 kN load cell. Tensile tests were conducted at room 
temperature at a tensile rate of 1 × 10− 3 s. The loading direction was 
perpendicular to the welding direction. Three specimens were tested to 
determine the variability in mechanical properties of the joints. More
over, digital image correlation (DIC) was applied to investigate the local 

Fig. 1. Schematic of the gas metal arc welding set-up used in this work.  

Table 1 
Chemical composition of the base material and ER410-NiMo wire electrode (at. %/wt. %).   

Co Cr Mn Ni C Si Mo Fe 

Base material 20/21 20/18.53 20/19.6 20/21.01 − /− − /− − /− 20.0/19.9 
Filler material − /− 14.3/13.5 0.6/0.6 4.2/4.5 0.2/0.05 1.2/0.6 0.29/0.5 Balance  

Table 2 
Gas metal arc welding parameters used in this work.  

Voltage Torch travel speed Wire feed speed Shielding gas Gas flow rate 

V mm/min mm/min  L/min 

15.4 230 2000 Ar 16  

Fig. 2. Geometry and dimensions of specimens used for uniaxial tensile testing.  

Fig. 3. Synchrotron X-ray diffraction set-up (not to scale).  
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deformation response of different regions in the welded joint (namely 
BM, HAZ and FZ). Here, it is worth mention that the welded specimens 
were not ground to remove the excess material on the fusion zone face 
and root upon the addition of the filler material. Moreover, prior to 
tensile testing the cutting surfaces were polished to remove the surface 
affected by the EDM process. After tensile testing, a Hitachi SU3800 SEM 
was used to observe the joint fracture surfaces. 

3. Results and discussion 

3.1. Microstructure evolution 

Fig. 4 a) details a macroscopic overview of the cross-section of the 
gas metal arc welded joint. No welding defects are observed. Fig. 4 b), c) 
and d) detail the light optical microscopy images of the BM, HAZ and FZ, 
respectively. The fusion boundaries, marked with white dashed lines in 
Fig. 4, delimitate the FZ. As typically for welded joints obtained with 
filler material, there is the formation of a reinforcement on the face and 
root of the weld, as marked in Fig. 4 a), owing to the extra material 
coming from the filler wire. The face reinforcement is formed upon the 
addition of the molten filler wire and protrudes slightly as the wire 
moves forward during welding. The root reinforcement on the bottom 
surface of the joint is more obvious due to the surface tension of the 
melted wire during solidification [39]. From Fig. 4 b), c) and d), it can be 
broadly seen the evolution of the grain size and microstructure across 

the welded joint. The BM region (Fig. 4 b)) has the smallest grain size 
due to the cold rolling imposed prior to welding. The grain size increases 
when entering in the HAZ (Fig. 4 c)). Before reaching the FZ boundary, 
within the partially melted zone, there is evidence of partial liquation of 
the existing grains (refer to Fig. 4 d)). At the HAZ/FZ interface, a typical 
solidification structure composed by dendrites is observed. Within the 
center of the FZ (Fig. 4 e)), coarse columnar grains grew owing to the 
highly directional solidification conditions experienced. 

To further evaluate the microstructure evolution, EBSD was used. 
The EBSD map of the welded joint is depicted in Fig. 5. Due to the large 
size of the as-welded sample, the as-rolled CoCrFeMnNi BM is not 
included in the EBSD map shown in Fig. 5. At this instance, focus is 
mainly given to the HAZ and FZ regions, since the as-rolled BM was 
already significantly studied in the literature [29,33]. In Fig. 5, the white 
dashed lines represent the HAZ/FZ interface. 

Combined with the macroscopic overview of the welded joint pre
viously shown in Fig. 4, it can be clearly seen that there are no macro
scopic defects such as porosity or cracks, indicating that a reliable 
metallurgical mixing between the CoCrFeMnNi alloy and the ERNiMo- 
410 stainless steel occurred. This also confirms that the selected weld
ing parameters enabled to obtain a full penetration and defect-free joint. 

The grain size evolution across the joint reproduces the impact of the 
weld thermal cycle on the recrystallization and growth behaviors, as it 
will be shown when a more detailed analysis of each region of the joint is 
presented. For now, and only considering the EBSD map of Fig. 5, it can 

Fig. 4. Light optical microscopy of the gas metal arc welded CoCrFeMnNi joint obtained with ERNiMo-410 filler wire: a) overview of the cross-section of the welded 
joint; b) BM; c) HAZ and HAZ/FZ boundary; d) magnified HAZ and HAZ/FZ interface; e) FZ. 
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be observed that the grain size increases towards the HAZ/FZ interface, 
which is due to the increased local peak temperature and permanence 
time at high temperatures. The higher the temperature and/or the 
permanence time at critical temperatures, the easier is the growth of the 
previously recrystallized grains. 

At the edge of the fusion zone, the grain structure is significantly 
refined due to the presence of the cold heat affected zone. However, 
moving away from the HAZ/FZ boundary towards the weld centerline, 
there is a reduction of the thermal gradient while the temperature 
experienced by the material is higher which enabled to the development 
of large columnar grains. It should also be mentioned that the evolution 
and growth of these grains is also dependent on competitive growth 
mechanisms experienced by the material, where grains more favorably 
oriented will have their growth facilitated. These microstructure ob
servations of the HAZ and FZ regions are in good agreement with the 
light optical micrographs previously shown in Fig. 4 c). 

For further visualization and analysis of the microstructural features 
in different regions of the welded joint, attention is now given to 
representative EBSD maps obtained in four distinct regions: BM, HAZ 
near the BM, HAZ near the FZ and HAZ/FZ interface. 

Fig. 6 a) and b) details the Inverse Pole Figure (IPF) and the Kernel 
Average Misorientation (KAM) maps for the as-rolled CoCrFeMnNi BM. 
As observed in Fig. 6 a), the grains are elongated along the rolling di
rection (RD), forming a refined, pancake-like grain structure with a 
width of about 2 μm. This grain morphology is common in rolled 
CoCrFeMnNi high entropy alloys [33]. In addition, considering the IPF 
map of Fig. 6, it is evident that the rolled base material is primarily 
oriented along the (1 1 1) direction. This is due to the fact that the (1 1 1) 
plane is the main slip plane for FCC materials. When the material is 
plastically deformed, dislocations tend to pile up along the primary slip 
system, forming slip bands parallel to the (1 1 1) close-packed plane [40, 
41]. 

KAM maps detail the local misorientation of grains within the sur
rounding microstructure with point-to-point measurements. This can be 
used to evaluate the relationship between plastic deformation and 
microstructural misorientation. High KAM values usually correlate with 
high a dislocation density and/or with a region with high local strain. It 
can be seen from Fig. 6 b) that the KAM values preferentially lie between 
4 and 5◦ (red color) in most areas of the base material (61.4%), implying 
a high dislocation density, which is associated to the large plastic 
deformation imposed during cold rolling of the CoCrFeMnNi high en
tropy alloy. 

When entering in the HAZ, microstructural changes induced by the 
weld thermal cycle start to be clearly noticed. Fig. 7 a) details the IPF 
EBSD map obtained in the HAZ near the BM region, which corresponds 
to the low temperature HAZ region, i.e., further away from the weld 
centerline. The pancaked-shaped and highly deformed grains that pre
viously existed are replaced by equiaxed ones, which is typical of 

recrystallized microstructures. The BM in the rolled condition possesses 
a large amount of stored strain energy due to the previously imposed 
plastic deformation. Owing to the relatively low temperature experi
enced by the HAZ near the BM region during welding, grains will 
experience recovery, recrystallization and (eventually) minor grain 
growth. As a result, aside from evolving into an equiaxed morphology, 
there was also a minor increase of the grain size in this region, growing 
from ≈2.0 μm (in the BM) to ≈ 8.5 μm. It should be mentioned here that 
the main driving forces for recrystallization and grain growth are related 
to the process heat input, but also with the stored strain energy in the 
material. Comparing the distribution of the KAM values in the BM and 
HAZ near the BM regions, corresponding to Fig. 6 b) and Fig. 7 b), 
respectively, it can be found that the strain energy stored in the grains 
within the HAZ near the BM is significantly reduced compared to the 
BM. This can be attributed to the low temperature annealing-like 
treatment produced in this region during welding. This relatively low 
temperature cycle is usually associated with stress relaxation and can 
lead to grain growth, if higher temperatures and/or permanence times 
are imposed on the material [42]. In other words, the release of the 
previously stored strain energy contributes to the development of solid 
state transformations triggered by the weld thermal cycle. These solid 
state transformations include recovery, recrystallization and minor 
grain growth, which then translates into reduced dislocation density. 

Fig. 7 c) details the EBSD phase map in the HAZ near the BM region. 
This region consists primarily of FCC phase and a small amount (≈2.7%) 
of BCC phase. As it will be shown after, when combining both EDS and 
synchrotron X-ray diffraction data (Figs. 11 and 12, respectively), this 
BCC phase can be assigned to the presence of Cr–Mn-based oxides. 

The presence of a large number of annealing twins was detected in 
the HAZ near the BM region, with multiple 

∑
3 twin boundaries being 

observed, as identified by the red solid lines of Fig. 7 d). The driving 

Fig. 5. EBSD map of the gas metal arc welded CoCrFeMnNi high entropy alloy 
with ERNiMo-410 filler wire. 

Fig. 6. EBSD maps of the as-rolled CoCrFeMnNi BM: a) IPF map; b) KAM map.  
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force for the formation of these 
∑

3 twins is the high strain energy 
(dislocation density) stored in the material and sufficiently high tem
perature. Generally, annealing twins are produced in recrystallized 
grains, and their density is proportional to the twin boundary fraction. 
From the 

∑
3 twin boundary map shown in Fig. 7 d), the fraction of 

∑
3 

twins is approximately ≈40.5%, uncovering that the weld thermal cycle, 

with a low peak welding temperature in the HAZ near the BM region, 
can induce the formation these 

∑
3 twins in the previously cold worked 

material. 
Attention is now given to the HAZ near the FZ region. Fig. 8 details 

the EBSD maps at this location, which correspond to the high temper
ature HAZ region. Here, the grains become significantly coarser 

Fig. 7. EBSD maps of the HAZ near the BM region: a) IPF map; b) KAM map; c) Phase diagram; d)
∑

3 twin boundaries map.  

Fig. 8. EBSD maps of the HAZ near the FZ region: a) IPF map; b) KAM map; c) phase diagram map; d)
∑

3 twin boundaries map.  
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increasing from ≈8.5 μm, in the low temperature HAZ, to ≈32.5 μm 
(refer to Fig. 7 a) and Fig. 8 a), respectively). This significant increase 
indicates a dominance of a grain growth mechanism over recrystalli
zation. Solid state phenomena such as those observed in this work, i.e., 
recovery, recrystallization and grain growth, are intimately related to 
the starting material condition and distance to the welding heat source. 
Specifically, regarding the HAZ near the BM and the HAZ near the FZ 
regions, the former experienced a lower peak temperature than the 
latter, which would be similar to a short low-temperature annealing, in 
which recrystallization and minor grain growth occurred. However, for 
the HAZ near the FZ region, there is evidence of significant grain growth, 
since higher peak temperatures are experienced at this location. This 
would resemble the effect of a short and high temperature heat treat
ment where grain growth is favored. 

The essence of grain growth is the migration of grain boundaries in 
the material, which promotes mutual engulfment and subsequent 
growth of preexisting grains. The main driving forces for this process 
originate from the difference in the energy stored in adjacent grains or in 
the decrease of the grain interfacial energy, i. e., as the grain growth 
behavior occurs, its stored energy per unit volume of grain boundary 
area decreases. Comparing the KAM maps of the low and high temper
ature HAZ regions, refer to Fig. 7 b) and Fig. 8 b), respectively, reveals a 
significant increase in the fraction of KAM values between 0 and 0.4 ⁰ for 
the high temperature HAZ (74.6–82.7%), with a decrease in the 0.4 to 
0.8⁰ range (22.3–16.4%). This change evidence the effect of high tem
perature in the promotion of a reduced dislocation density of the pre
viously highly deformed BM. Moreover, owing to the dependence of the 
consumption of stored energy with temperature, it is also clear that high 
temperatures and/or permanence times are conducive to a more sig
nificant reduction in the material stored energy. 

Despite the higher temperature experienced by the HAZ near the FZ 
region, there was not change in the phase content, with the micro
structure being dominated by the FCC phase (≈97.5%) with trace 
amounts of BCC Cr–Mn-based oxides (≈2.5%), as shown in Fig. 8 c). 

The fraction of 
∑

3 twin boundaries decreased to ≈29.8% in the HAZ 
near the FZ region (refer to Fig. 7 d) and Fig. 8 d)). This is again 
attributed to the high temperature experienced by this region of the 
welded joint. In fact, the reduction in the fraction of 

∑
3 boundaries is 

related to the grain growth process, where grains collide with each 
other, causing a reduction in the mobility of the grain boundaries. Be
sides, the rapid movement of adjacent grain boundaries or twins can 
easily consume preexisting twin boundaries during grain growth, 
resulting in the partial or full annihilation of the previously existing 
annealing twin boundaries, which ultimately leads to a reduction in the 
number of annealing twins as grain growth proceeds. Finally, when the 
grain growth process is finished, large grains will exist, while stable 
twins can be kept in the material microstructure. This assessment has 
been previously confirmed in [43,44], where it was shown that 
annealing twins can gradually disappear through migration of grain 
boundaries or twin boundaries during grain growth. It should be noted 
that, in this work, annealing twins were only observed in the HAZ of the 
welded joint. 

Fig. 9 details the EBSD data obtained at the HAZ/FZ interface which 
can be used to elucidate on the epitaxial growth phenomenon experi
enced in the FZ. When entering the FZ, small equiaxed and columnar 
grains nucleate from the cold substrate. Here, the temperature gradient 
is maximum, which enables to obtain a refined grain structure compared 
to the bulk of the FZ. Moreover, at the fusion zone boundary, there is no 
evidence of preferred orientation (refer to Fig. 9 a). While progressing 
away from the HAZ/FZ interface toward the weld centerline, there is a 
decrease on both the temperature gradient and cooling rate, and the 
tendency for a refined grain structure to be formed significantly de
creases. In fact, columnar-like grains start to be predominant roughly 30 
μm away from the FZ boundary. These coarse columnar grains will grow 
in the opposite direction to the heat flow extraction and nearly 
perpendicular to the FZ boundary. Grains that have their preferential 
growth direction aligned with the heat flow extraction will have their 
growth facilitated. 

Quantification of the average KAM values shown in Fig. 9 b) revealed 
that the peak of residual strain occurs on the boundary line of HAZ/FZ 
interface within the refined grain structure that exists at this location. 
This can be attributed to thermally induced strains derived from the 
large heat input of arc-based processes. In the presence of the cold 
substrate, the cooling rate is significantly more abrupt preventing the 
material to freely accommodate these thermal strains upon cooling and 
subsequent solidification. Towards the bulk of the FZ, the thermal 

Fig. 9. EBSD analysis of the HAZ/FZ interface: a) IPF map; b) KAM map; c) phase diagram map; d)
∑

3 twin boundaries map.  
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conditions are not as severe, since the thermal gradient is reduced, 
which allows the material to more easily accommodate the thermal 
strains. Nonetheless, it should be mentioned that the KAM values ob
tained at this location are, in magnitude, lower than those in the BM, 
implying that despite the occurrence of thermal strains due to the weld 
thermal cycle, these are not as severe as those imposed by the cold 
rolling of the BM. 

The EBSD phase map shown in Fig. 9 c) details that the phase con
stituents near the HAZ/FZ interface are again the FCC phase (97.5%) 
and the BCC phase (2.5%). Thus, even though the peak temperatures are 
maximum at this location, while staying below the CoCrFeMnNi BM 
melting point, there was no significant influence on the existing phases 
and their volumetric fraction. 

Interestingly, the 
∑

3 annealing twins observed in the HAZ region 
(refer to Fig. 7 d) and Fig. 8 d)) disappear when crossing the HAZ/FZ 
interface towards the FZ (refer to Fig. 9 d)). This is related to the fact that 
upon melting any previous thermomechanical processing is lost. Thus, 
the effect of rolling followed by permanence times at relatively high 
temperatures is not preserved, with the resulting material microstruc
ture resembling that of the material in the as-cast state. 

Within the center of the FZ, the previously fine equiaxed and 
columnar grains transform into coarse columnar grains that preferen
tially grew perpendicular to the fusion boundary (refer to Fig. 5). Most 
grains at the edge of the FZ are oriented along the <0 0 1> and <1 0 1>
preferred growth orientations, suggesting that grain growth in the <1 1 
1> orientation is inhibited, this being attributed to the competitive grain 
growth mechanism occurring during solidification [45]. The evolution 
of the microstructure within the FZ is in line with the solidification 
theory of fusion welding [46], i.e., the larger cooling rate at the 
boundary of HAZ and FZ, which is determined by the thermal gradient 
and growth rate product, promoted the formation of a small grain 
structure, which eventually turned into coarse columnar grains when 
the temperature gradient was reduced towards the weld centerline. 

Although the FZ is again predominantly composed of FCC phase 
(≈96.0%), a small amount of the previously reported BCC phase was 
also detected, as detailed in Fig. 9 c). Although not detected by EBSD 
owing to the small volume fraction, it should be mentioned that σ phase 
was detected upon the use of synchrotron X-ray diffraction. The for
mation of σ phase within the FZ will be described together with the 
synchrotron X-ray diffraction data detailed in Fig. 12 d). 

No evidence of twins was observed in the bulk of the FZ (as depicted 
in Figs. 5 and 9 d)), due to the remelting and fast solidification experi
enced by the material, which would promote the development of a 
microstructure similar to that of casting processes [47]. Besides, it is 
worth mentioning that in the FZ, there is no driving force for annealing 

twins to be formed, since the thermal stresses resulting from the welding 
procedure are not conducive to the formation of these features. 

Fig. 10 a) to e) detail a large-scale EDS map performed across the FZ 
of the joint for the main elements (Co, Cr, Fe, Mn and Ni) that compose 
it. Fig. 10 f) details the analyzed area, while the white dashed lines 
delimitate the HAZ/FZ interface, and the black dashed line corresponds 
to the local of the EDS line scan detailed in Fig. 10 g). During fusion- 
based welding, elemental redistribution is a typical feature within the 
FZ. The molten pool behavior is dominated by complex patterns that 
derive from the Marangoni currents which depend, among other things, 
on the local temperature, composition and density. Moreover, the poor 
mixing between the base and filler materials can also lead to the for
mation of complex patterns across the FZ. 

Overall, the EDS mapping results show a good mixture of different 
elements that compose both the CoCrFeMnNi BM and the ER-410 filler 
material, with a relatively uniform distribution of elements and no ev
idence of macrosegregation. The EDS line scan detailed in Fig. 10 g), 
shows a significant Fe enrichment within the FZ compared to the BM. 
This was already expected owing to the fact that the ER-410 filler ma
terial is Fe-rich. The amount of Cr within the FZ is kept approximately 
the same compared to the BM, while the remaining elements evidence a 
decrease upon the dissolution of the filler material within the melt pool. 
The high temperatures experienced by the melt pool during welding can 
also aid in the preferential loss of certain elements. In particular, Mn loss 
can be favored due to its low melting and boiling points, as well as 
higher vapor pressure. 

As detailed when presenting the EBSD data, across the joint it was 
identified the presence of a secondary phase. To promote its identifi
cation EDS analysis was also performed. The morphology and compo
sition maps obtained in representative regions of the BM, HAZ and FZ 
are detailed in Fig. 11 a), b) and c), respectively. This data confirms the 
presence of Cr–Mn-rich oxides. In fact, the detection of such Cr–Mn-rich 
oxide particles in the CoCrFeMnNi high entropy alloy is common [30, 
48], which is mainly attributed to the potential contamination of the raw 
material, as well as oxidation occurring during the casting procedure. 
Although both the top and bottom surfaces of the welded specimens 
were protected during the welding process using argon, this still did not 
avoid the formation of this phase in the FZ zone. This is common in 
arc-based processes, and is related to the high heat source dimensions 
and potential turbulent flow of the gas during the process. Previously, 
Kim et al. [49] investigated the high temperature oxidation behavior 
(between 900 and 1100 

◦

C) of the CoCrFeMnNi high entropy alloy, and 
found that at high temperatures, Cr–Mn-based oxides are easily formed 
owing to the high affinity of these two elements with oxygen at those 
temperatures. The presence of such oxide particles detected in the FZ 

Fig. 10. a) – e) EDS mapping of the welded joint; g) EDS line scanning across the weld along the black line of f).  
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prove that at high temperatures, and even with the use of inert shielding 
gas, it is difficult to avoid the formation of such oxides in this high en
tropy alloy system. It should be mentioned that the presence of these 
oxide particles are not always detrimental to the mechanical properties 
of the material, as their volume fraction will play a role on the resulting 
mechanical performance [50]. 

3.2. High energy synchrotron X-ray diffraction 

Fig. 12 a) depicts the superimposition of the X-ray diffraction pat
terns obtained at room temperature across the welded joint. To better 
understand the microstructural changes between the different regions, 

typical representative diffraction patterns for each region (BM, HAZ and 
FZ) are detailed in Fig. 12 b) – d). The phase volume fractions, as ob
tained by Rietveld refinement, are depicted in Table 3. The effects of the 
weld thermal cycle on the existing phases and their volume fraction over 
the welded joint are explored next in combination with the previous 
electron microscopy characterization data. 

Overall, Fig. 12 a) reveals minor microstructure variation among the 
BM and the HAZ regions, with evident changes occurring in the FZ. 
Considering the representative individual diffraction patterns depicted 
in Fig. 12 b) - d) it is possible to observe the presence of Cr–Mn oxides in 
all three regions. Although the phase volume fraction of these Cr–Mn 
oxide particles increases slightly when determined using the diffraction 

Fig. 11. SEM images and corresponding EDS mapping of Cr–Mn-based oxides: a) BM; b) HAZ; c) FZ.  
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data (1.3, 1.8 and 2.5% in the BM, HAZ and FZ, respectively), it is ex
pected that these volume fractions do not have a detrimental effect on 
the mechanical performance of the welded joint [50]. Besides, the 
slightly higher volume fraction of these oxides in the FZ can be related to 
(minor) oxygen pick up during welding. 

Besides the Cr–Mn oxide particles, only a disordered FCC phase was 
identified in the BM and HAZ regions, which is the typical microstruc
ture of this material when it undergoes rolling or short to medium time 
heat treatments [51]. Interestingly, more phases formed in the FZ upon 
the addition and mixing of the ERNiMo-410 filler wire. In addition to the 
FCC matrix phase (≈96.3%) and the Cr–Mn oxides, it was identified the 
presence of another BCC phase (≈2.3%), as well as of σ phase (≈0.7%). 
The appearance of these two phases (BCC and σ) is the result of 

compositional differences caused by the dilution of the ER410-NiMo 
stainless steel filler wire with the BM, which translates into a different 
solidification behavior. Previous work by Qin et al. [52] have studied 
the effect of the addition of Mo on the microstructure evolution of 
CoCrFeMnNi high entropy alloys, and showed that the addition of this 
element can facilitate the formation of Mo-rich σ phase. However, the 
current work did not observe any evidence of Mo-rich precipitates. This 
absence of Mo-rich precipitates is likely due to the small fraction of Mo 
that exists in the filler material, which is then further diluted into the 
melt pool during welding, thus not being conducive to the formation this 
Mo-rich phase. Moreover, the addition of Cr, which exists in FZ coming 
from both the BM and filler wire, can aid in the formation of σ phase. 
Previous work by Zaddach et al. [53,54], have shown that when the Cr 
to Ni ratio increases, as it occurs in the bulk of the FZ zone, the formation 
of σ phase is enabled by the reduction of the material stacking fault 
energy. It is worth mentioning that the σ phase is not detected by EBSD 
due to its small volume fraction (≈0.7%), showcasing the potential for 
high energy synchrotron X-ray diffraction to fine probe complex mi
crostructures even for phases with residual volume fractions. More de
tails on the composition of the existing σ phase will be presented 
alongside with the thermodynamic calculations. Moreover, the effect of 
the dilution rate of the ER410-NiMo martensitic stainless steel filler wire 
on the microstructure of the FZ will be discussed in the next sections. 

Fig. 12. 3D plot and phase identification of existing phases within the welded joint using high energy synchrotron X-ray diffraction: a) superimposition of diffraction 
patterns across the welded joint; b), c) and d) are representative diffraction patterns from the BM, HAZ and FZ, respectively. The blue boxes highlight the inserts of a), 
b) and c) diffraction patterns. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Volume fraction evolution of the FCC, Cr–Mn oxide, BCC and σ phases across the 
welded joint as obtained by Rietveld refinement.  

Phase volume fraction [%]  

Disordered FCC Cr–Mn oxide Disordered BCC σ 

Region BM ~98.7% ~1.3% – – 
HAZ ~98.2% ~1.8% – – 
FZ ~94.5% ~2.5% ~2.3% ~0.7%  
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Since the full width at half height (FWHM) of X-ray diffraction peaks 
is typically sensitive to both microstrain and grain size effects, the 
analysis of the FWHM of selected diffraction peaks along the welded 
joint can help to trace the effects of the weld thermal cycle on micro
structural evolution [55]. Here, focus is given to the (2 2 0) and (3 1 1) 
diffraction peaks. The former was selected due to its relatively high in
tensity and lack of neighboring peaks that could interfere with the single 
peak fitting routine, while the latter was selected due to its insensitivity 
to intergranular stresses [56]. Moreover, taking advantage of the 2D 
diffraction images obtained during the synchrotron radiation diffraction 
measurements, it is possible to analyze the orientation dependence of 
certain microstructure features within the laboratorial reference frame. 
Thus, the raw data was integrated along the 0 and 90 ⁰ azimuthal angles, 
which correspond to the parallel and perpendicular directions of the 
welded joint, respectively, as previously indicated in Fig. 3. 

Fig. 13 details the variation of the FWHM along both directions and it 
can be observed that both have the same pattern, although the magni
tude of the observed changes is distinct. The largest FWHM values are 
observed in the BM region, which confirms that the BM possesses high 

plastic strain arising from the rolling process. Moreover, it can be 
inferred that this region of the base material has a high dislocation 
density, since heavily deformed regions tend to show a relatively 
broader diffraction profiles [57]. When entering in the HAZ, a signifi
cant reduction in FWHM is observed. Here, it is important to mention 
that the main factors contributing to a reduction of FWHM are coarse 
grain sizes, as well as decreased microstrain and dislocation density. 
Evidently, in the HAZ, recovery, recrystallization and grain growth 
reduce the dislocation density and release the strain energy stored in the 
BM, which is predicted to induce a softening behavior at this location, 
except if strengthening phases are formed due to the weld thermal cycle. 
Interestingly, in the FZ, no diffraction peaks are observed in some re
gions, which is related to the large and highly oriented columnar grains 
which do not diffract for certain azimuthal orientations. This is referred 
to as a textural effect, which is a typical feature of the non-equilibrium 
solidification conditions experienced by FZ [33]. 

As it will be discussed later, the evolutionary trend of the FWHM and 
the hardness distribution (presented in Figs. 13 and 17) have almost the 
same profile. However, closer inspection reveals that the HAZ extension, 

Fig. 13. Evolution of the FWHM for the CoCrFeMnNi gas metal arc welded joints considering the (2 0 0) and (3 1 1) diffraction peaks integrated along the 0 and 90◦

azimuthal angles. 
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as captured through the FWHM analysis, is slightly larger than that 
captured using microhardness mapping. This is related to the effect of 
the weld thermal cycle, which, in the low temperature HAZ, promotes 
the occurrence of recovery thus translating into less structural defects in 
the material, although without any appreciable change in the material 
microhardness [33]. Based on this, and combining the distribution of 
hardness (Fig. 17) and the evolution of the FWHM (Fig. 12), the width of 
the heat affected zone is of ≈ 6 mm (half on each side of the joint). 
Within the heat affected zone, the regions where recovery, recrystalli
zation and significant grain growth occur have an extension of ≈1, ≈3.5 
and ≈ 1.5 mm, respectively. 

3.3. Thermodynamic calculations 

To predict the effect of different dilution ratios (mixing ratio between 
the BM and filler material) on the solidification path experienced by the 
fusion zone, thermodynamic calculations were performed based on the 
Scheil-Gulliver model considering 10% dilution steps. Here, 0% dilution 
represents the FZ containing only ER410-NiMo stainless steel filler wire, 
while 100% dilution corresponds to the FZ consisting only of the 
CoCrFeMnNi high entropy alloy. As detailed in the experimental pro
cedure, the role of C as a fast diffuser was also evaluated. 

The potential solidification paths considering C as a fast diffuser are 
detailed in Fig. 14 and it is clear that the solidification path is closely 
related to the dilution ratio of the ER410-NiMo filler wire. Nonetheless, 
regardless of the dilution considered, the FCC phase is always present. 
When the dilution ranges between 0 and 40%, i.e., when the ER410- 
NiMo stainless steel filler wire is predominant in the FZ, the phase 
structure formed by rapid solidification will include a BCC phase. When 
the dilution ratio varies between 40 and 60%, σ phase formation is 
favored. Above these ratios, σ phase formation is inhibited. 

Fig. 15 was obtained to evaluate and compare the accuracy of the 
Scheil-Gulliver calculations when C was not selected as a fast diffuser. 
The same dilution steps (10%) and chemical composition were used, 
with the only difference being that no element was selected as a fast 
diffuser. 

As can be seen from Fig. 15, the solidification path still varies with 
the variation of the dilution ratio. However, comparing with Fig. 14, it 
can be noticed that the phases formed with and without C being selected 
as fast diffuser are different under the same dilution ratio. For example, 
for a 10% dilution ratio, when C is selected as fast diffuser, the solidi
fication path is Liquid → Liquid + BCC → Liquid + BCC + FCC (refer to 

Fig. 14), but when C is not considered as a fast diffuser, the solidification 
path obtained is Liquid → Liquid + BCC → Liquid + BCC + FCC → 
Liquid + FCC + M7C3. 

Evidently, the dilution ratio of ERNiMo-410 filler wire and the 
diffusion rate of C are both influential factors for the phase formation in 
the FZ. Nevertheless, when both conditions varied, the first phase to 
form (and that is kept during solidification) is the FCC. The BCC phase 
only appears for a dilution range between 0 and 40%, suggesting that the 
BCC phase was also independent of the C diffusion rate (refer to Figs. 14 
and 15). Removing C as a fast diffuser, only enables the formation of the 
σ phase for 40–50% dilution ratios, while only a single FCC phase is 
formed when the dilution ratio is above 50%, which is slightly different 
from the results predicted when C was set as fast diffuser. The most 
significant difference is the predicted formation of M7C3 carbides for a 
wide dilution ratio range (0–50%) when C was not selected a fast 
diffuser. When this element was imposed a fast diffuser no carbides 
where thermodynamically predicted. It is worth mention here that 
thermodynamic calculations predict that the σ phase that is formed in 
the FZ will be Fe–Cr- or Cr–Mn-rich. EDS mapping near one particle of 
this phase, detailed in Fig. 16, shows an enrichment in both Cr and Mn, 
which further validates these thermodynamic calculations. 

Importantly, coupling of the synchrotron X-ray diffraction data 
(shown in Fig. 12 d)) enables to confirm that the most likely solidifi
cation path is that obtained when considering C as a fast diffuser. In fact, 
no evidence of M7C3 across the FZ was observed. Thus, the predicted 
phases using the Scheil-Gulliver model with C set as a fast diffuser are in 
good agreement with the high resolution diffraction data obtained. 

3.4. Mechanical behavior 

Microhardness mapping was performed on the welded joints to 
further investigate the relationship between the microstructure and 
local strength across the welded material. Fig. 17 a) details the 2D 
microhardness map of the whole welded joint, identifying the three 
regions of the joint (BM, HAZ and FZ). The results show that the hard
ness values of the BM, HAZ and the FZ differ significantly, with a U- 
shaped distribution trend. 

The BM has the highest hardness of about ≈400 HV0.5, which is due 
to the strain hardening imposed by cold rolling. Here, it is worth 
mentioning that the hardness of the base material used in this work is 
slightly higher than that reported in [29], which is related to the loca
tion from where the base material sheets were removed after rolling 

Fig. 14. Scheil-Gulliver calculations for the CoCrFeMnNi high entropy alloy 
with ER410-NiMo filler wire welded joint considering different dilution con
ditions using C as a fast diffuser. 0% dilution rate corresponds to the ER410- 
NiMo martensitic stainless steel, while 100% dilution corresponds to the 
CoCrFeMnNi high entropy alloy. 

Fig. 15. Scheil-Gulliver calculations for the CoCrFeMnNi high entropy alloy 
with ERNiMo-410 filler wire welded joint considering different dilution con
ditions without C as a fast diffuser. 0% dilution rate corresponds to the 
ERNiMo-410 martensitic stainless steel, while 100% dilution corresponds to the 
CoCrFeMnNi high entropy alloy. The grey box details a close-up view of the 
solidification paths for mole fraction values above 0.98. 
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[58]. When entering the HAZ, the material starts to exhibit a softening 
behavior, and the hardness decays from ≈400 to ≈150 HV0.5. This 
reduction in hardness is attributed to the thermal cycle experienced by 
the HAZ, which promotes an annealing-like heat treatment promoting 
both grain recrystallization and growth. However, the extent of these 
two solid state transformations differs depending on distance to the heat 
source. Thus, closer to the BM, the prevalence of recrystallization with 
associated minor grain growth leads to a reduced decrease in the ma
terial hardness, within the 250 to 350 HV0.5 range, whereas closer to 
the FZ grain growth overturns recrystallization as the main solid state 
transformation leading to an abrupt decrease in hardness down to 150 
HV0.5. However, unexpectedly, the lowest hardness across the joint 
(≈125 HV0.5) occurs in the FZ. The average hardness across the FZ is 

similar to that of as-cast CoCrFeMnNi high entropy alloys [59]. This 
suggests that the different composition induced by the mixing of the 
filler material within the FZ is not conducive to an evident solid 
strengthening. It should be stated that the large grain size of the fusion 
zone also aids in the development of low hardness at this location, as 
known from the Hall-Petch effect. In addition, small fluctuations in 
microhardness were observed in the FZ, which may be related to com
plex composition changes induced by the chaotic fluid flow typical of 
fusion-based welding processes. Based on the above analysis, it can be 
concluded that the variation in the hardness distribution in the welded 
joints is closely related to the homogeneity of the microstructure, degree 
of recrystallization and grain size evolution, as well as dislocation 
density. 

Fig. 16. SEM images and corresponding EDS mapping near one particle of σ phase.  

Fig. 17. a) Microhardness map across the welded joint; b) microhardness profiles obtained at the middle of the joint (black dashed line across the hardness map 
of a)). 
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To evaluate the effect of the addition of the ER410-NiMo filler wire 
on the joint mechanical properties, the stress-strain curves of the gas 
metal arc welded joints obtained with the ER410-NiMo filler wire were 
benchmarked against gas tungsten arc welded joints obtained without 
addition of filler wire (with the latter welds being done by the present 
research team as detailed in [33]), as depicted in Fig. 18. The solid and 
dashed lines represent the engineering and true strain-stress curves, 
respectively. A summary of the mechanical properties (yield strength, 
ultimate tensile strength and ductility) is shown in Table 4. Comparing 
the tensile mechanical behavior of the two welded joints, it can be seen 
that the welded joint with the addition of filler wire is clearly superior to 
the gas tungsten arc welded joint in terms of both yield strength (355 vs 
284 MPa) and ultimate tensile strength (641 vs 519 MPa). This is mainly 
attributed to the excess weld metal introduced by the added filler wire 
(refer to Fig. 4) [60], which increases the cross-sectional area of the FZ, 
resulting in a location where the stress per unit area under the same 
tensile external load is significantly lower than that imparted in the BM 
and HAZ. Thus, the presence of weld face/root reinforcement promotes 
an overall increase in both the yield and tensile strength of the gas metal 
arc welded welded joint compared to the filler-free welded material. 
Although, the face and root reinforcements can aid in increasing the 
stress imparted by the material, it can also promote stress concentra
tions, especially at the weld toe. This can make crack initiation and 
propagation at those locations easier thus accelerating joint fracture. 
This can be the reason for the reduced ductility of the joint. Nonetheless, 
the gas metal arc welded joint still exhibits a ductile behavior with po
tential to be considered for structural applications. 

Fig. 19 a), b), c) and d) detail digital image correlation snapshots 
taken at different stages of deformation, namely during elastic defor
mation, macroscopic yielding, uniform plastic deformation and right 
before fracture, respectively, showing the strain distribution along the 
joint. During the elastic deformation stage (refer to Fig. 19 a)), the 
deformation is uniform over the welded joint and the maximum local 
strain is small. When macroscopic material yielding occurs (refer to 
Fig. 19 b)), there is a significant increase in the maximum strain, (ε ≈
1.1%), but the differentiation between the BM, HAZ and FZ is not 
obvious. When entering the uniform plastic deformation regime (refer to 
Fig. 19 c)), significant stress concentration at the HAZ/FZ interface is 
observed, where a maximum local strain of 5% is reached. Prior to 
fracture of the material (refer to Fig. 19 d)), the BM, HAZ and FZ regions 
of the welded joint can be clearly distinguished, as the strain concen
tration at the HAZ/FZ interface is now significant. By combining this 

mechanical response information with the previous microstructure 
characterization, it can be inferred that the stress concentration 
observed in the strain map prior to failure is due to the joint reinforce
ment (refer to Fig. 4 a)). Failure initiated at the weld toe propagating 
along the HAZ/FZ interface. The main reason for fracture occurring at 
this location is related to a stress concentration effect caused by the 
excess of material in the FZ. Although not discussed due to lack of 
available material, it is possible to further tune the welding process 
parameters to obtain smoother reinforcement profiles, which can then 
help to alleviate the stress concentration issues and aid in obtaining 
improved mechanical properties of the joint, especially in what concerns 
its ductility. 

To gain a more detailed understanding of the mechanical behavior of 
the different regions over the welded joint during tensile testing, the raw 
digital image correlation data was further processed to determine the 
stress-strain curves of the BM, HAZ, weld toe (fracture initiation loca
tion) and FZ. These results are shown in Fig. 20, where the black, pink, 
red and blue lines represent the local tensile stress-strain curves for each 
of these four regions. 

Each region shows different mechanical behavior, which is mainly 
caused by two factors. The first is due to changes in microstructure 
caused by the weld thermal cycle. The second is attributed to shape- 
related defects due to the face/root reinforcement in the FZ which fa
vors the occurrence of preferential stress concentrations. 

Based on the mechanical response of each region during macroscopic 
elastic deformation, the Young’s modulus was determined to follow EFZ 
< EHAZ < EBM. The variation of the Young’s modulus is in good agree
ment with the microstructure and hardness characterizations previously 
performed: the highly deformed BM has the highest modulus and 
hardness, while the opposite occurs for the FZ. The HAZ mechanical 
properties lie between these two regions. 

Considering the total deformation imparted by each region, it is 
observed that the BM only deformed by ≈ 1.8% before joint failure 
occurred. This is related to the strain hardening experienced by the 
material prior to welding. Hence, the onset for plastic deformation to 
occur is delayed compared to the remaining softer regions of the joint. 
This means that there is a load partitioning effect, where the low 
hardness regions will be preferentially deformed during loading of the 
welded joint. Interestingly, despite being the softer region, the strain in 
the FZ is only around 4.8%. This significantly contrasts with the strains 
measured in the HAZ region (up to 16.8%) and near the weld toe 
(32.0%) where failure occurred. This is an apparent contradiction when 
considering the local hardness and the likely stress distribution during 
mechanical loading. In fact, this is related to the addition of the ER410- 
NiMo filler metal which increases the effective cross-sectional area in 
the FZ (refer to Fig. 4 a)) by comparison with welding processes without 
addition of filler material. Looking at the cross-sectional area of the FZ, it 
is observed that this region is almost three times larger than in the 
remaining joint, leading to a smaller force per unit area imparted by the 
FZ under the same external tensile loading. Consequently, the plastic 
deformation over the whole FZ region will be reduced, causing the 

Fig. 18. Representative engineering stress-strain curves of a gas tungsten arc 
welded CoCrFeMnNi (obtained from [33]) and gas metal arc welded CoCr
FeMnNi with ER410-NiMo filler material. 

Table 4 
Summary of tensile properties of BM, gas tungsten arc welded CoCrFeMnNi 
(obtained from [33]) and gas metal arc welded CoCrFeMnNi with ER410-NiMo 
filler material.  

Sample Yield 
strength 
[MPa] 

Ultimate tensile 
strength [MPa] 

Ductility 
[%] 

Base material (from [33]) 587 ± 7 943 ± 6 9.5 ± 0.2 
Gas tungsten arc welded joint 

with no filler wire (from 
[33]) 

284 ± 4 519 ± 3 8.4 ± 0.4 

Gas metal arc welded joint 
with ER410-NiMo filler 
wire 

355 ± 10 641 ± 7 7.3 + 0.2  
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amount of deformation in the softer FZ region to be lower than that in 
the HAZ region and near the weld toe site. However, the amount of 
deformation in the FZ region is still slightly higher than that of the BM 
(4.7 vs 1.8%), which suggests that the significantly higher hardness in 
the BM (400 vs 125 HV0.5) prevails in resisting to plastic deformation. 

Conversely, the amount of deformation at the weld toe site reaches its 
maximum at fracture, approximately 32.0%, as a result of the stress 
concentration acting on the smaller cross section area and relatively 
softer region (compared to the BM). 

Based on the stress-strain curves of the different regions of the joint 
shown in Fig. 20, the load transfer behavior can also be predicted. 
Specifically, at the onset of deformation, the FZ is the softest region and 
takes on more load. When it starts to yield, the FZ and the weld toe site 
also consecutively yield, while the BM region is still only being elasti
cally deformed due to the previous strain hardening. Theoretically, with 
further deformation, the load should be transferred to the BM, owing to 
the strain hardening occurring at the remaining regions. However, due 
to the presence of face and root reinforcement in the welded joint, stress 
concentration points are easily enabled thus promoting the preferential 
local deformation at the weld toe as shown in Fig. 19. Therefore, after 
the FZ, HAZ and weld toe have yielded, there is not a significant load 
transfer to the BM region. 

Fig. 21 details a SEM image of the fracture surface of the welded 
joint. It is well know that dimples are the primary feature associated to 
ductile fracture in polycrystalline metals [61]. Here, a large number of 
dimples with various diameters were observed, which agrees well with 
the good plasticity of the welded joint, as detailed by the tensile and 
digital image correlation data. Minor particles are observed sparsely 
distributed. These particles correspond to the previously identified 
Cr–Mn-based oxides [24]. 

4. Conclusions 

In this work, gas metal arc welding of CoCrFeMnNi high entropy 
alloy using ER410-NiMo stainless steel filler wire was performed. By 
combining advanced material characterization, thermodynamic 

Fig. 19. Digital image correlation snapshots obtained at different loading steps during: a) macroscopic elastic deformation; b) macroscopic yielding; c) uniform 
plastic deformation; and d) before joint fracture. 

Fig. 20. Tensile curves obtained from the digital image correlation measure
ments for different regions across the joint: BM (black line), HAZ (pink line), 
weld toe (red line) and FZ (blue line). The light blue region is zoomed in the 
insert. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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calculations, X-ray synchrotron diffraction and mechanical testing, a 
connection between the microstructure and mechanical properties of the 
welded joints is established. The following main conclusions were 
drawn:  

1) A gas metal arc welded joint of CoCrFeMnNi high entropy alloy using 
ER410-NiMo stainless steel filler wire was successfully obtained 
without welding defects.  

2) The thermal cycle influenced the recrystallization and grain growth 
phenomena experienced in the HAZ, promoting different softening 
effects (in terms of magnitude). In particular, in the low temperature 
HAZ there was only a moderate decrease in hardness, whereas in the 
high temperature HAZ an abrupt decay was observed. The compo
sition change of the FZ was not conducive to a solid solution 
strengthening effect.  

3) High energy synchrotron X-ray diffraction was used to determine the 
phase constituents within the FZ, while thermodynamic simulations 
were employed to predict the effect of different dilution ratios. A 
good agreement was obtained when considering C as a fast diffuser in 
the Scheil-Gulliver calculations.  

4) Analysis of the FWHM evolution analysis along the joints revealed 
that the actual extension of the HAZ is slightly larger than that ob
tained considering both electron microscopy and microhardness 
measurements. This is due to recovery of the heavily cold rolled BM 
which occurs in the low temperature HAZ.  

5) The gas metal arc welded CoCrFeMnNi joints with ER410-NiMo filler 
wire exhibited an increase in tensile strength (641 vs 519 MPa) but a 
slight decrease in elongation (7.3 vs 9.5%) compared to gas tungsten 
arc welded CoCrFeMnNi joints without the addition of filler wire. 
The good strength and ductility of these joints open the door for the 
potential application of gas metal arc welding of CoCrFeMnNi high 
entropy alloys for industrial-oriented applications.  

6) Non-contact digital image correlation was used to obtain local stress- 
strain curves for different regions of the joint, confirming the exis
tence of preferential strain concentrations at the weld toe interface 
site where fracture initiates. The local mechanical response is in good 
agreement with microstructure features observed across the welded 
joint. 

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study. 
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