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Weldability plays a crucial role in the journey of high entropy alloys towards their engineering applications. In
this study, gas metal arc welding was performed to join an as-rolled CoCrFeMnNi high entropy alloy using Monel
400 as the filler wire. The present research findings demonstrate a favorable metallurgical chemical reaction
between the Monel 400 filler and the CoCrFeMnNi high entropy alloy, resulting in compositional mixing within
the fusion zone that promotes a solid-solution strengthening effect, counteracting the typical low hardness
associated to the fusion zone of these alloys. The weld thermal cycle induced multiple microstructure changes
across the joint, including variations in the grain size, existing phases and local texture. The grain size was seen
to increase from the base material toward the fusion zone. An FCC matrix and finely sparse Cr-Mn-based oxides
existed in both base material and heat affected zone, while in the fusion zone new FCC phases and carbides were
formed upon the mixing of the Monel 400 filler. The role of the filler material on the fusion zone microstructure
evolution was rationalized using thermodynamic calculations. Texture shifted from a y-fiber (in the base ma-
terial) to a strong cubic texture in the fusion zone. Digital image correlation during tensile testing to fracture
coupled with microhardness mapping revealed that, stemming from the process-induced microstructure changes,
the micro and macromechanical response differed significantly from the original base material. This study
successfully established a correlation between the impact of the process on the developed microstructural fea-
tures and the resultant mechanical behavior, effectively assessing the processing-microstructure-properties re-
lationships towards an improved understanding of the physical metallurgy associated to these advanced
engineering alloys. In conclusion, this work provides an important theoretical framework and practical guidance
for optimizing the engineering applications of high entropy alloys.

1. Introduction

In recent years, the emergence of high entropy alloys (HEAs) has
captured significant attention within the field of metallic materials
[1,2]. Their distinct design concept imparts excellent corrosion and
wear resistance [3-7], as well as remarkable mechanical properties over
a wide temperature range [8,9], positioning them as materials with
substantial potential for critical applications in advanced industries. Of
these alloys, the equiatomic CoCrFeMnNi HEA has received the most
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extensive research, distinguished by its single FCC structure and
remarkable mechanical properties. [10]. Such inherent characteristics
position these materials as promising contenders for fulfilling structural
roles across diverse engineering applications.

To ensure the feasibility of utilizing these alloys in complex struc-
tural configurations, their weldability is a crucial issue that needs to be
addressed. It is known that any advanced engineering alloy requires
welding to enable complex structural shapes to exist. Therefore, evalu-
ating the weldability of these novel alloys is essential to further expand
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their potential application areas. Fusion welding processes, based on
rapid melting and solidification, are currently the most mature in in-
dustry. The welding process will impact both the microstructure
changes, as well as their extension. For example, laser welding is widely
used for advanced materials joining due to the reduced heat source di-
mensions, but the high initial capital investment required for this
technique may hinder its application in industry. In contrast, fusion-
based welding technologies based on the electrical arc are perceived
as a cost-effective alternative that can achieve sound joints with good
mechanical properties in various engineering alloys.

Fusion-based welded joints typically exhibit three distinct regions:
the base material (BM), which remains unchanged throughout the whole
welding process, and is used as benchmark to evaluate the impact of the
process thermal cycle across the joint; the heat affected zone (HAZ),
where the weld thermal cycle promotes a temperature increase, without
reaching full melting, allowing for solid-state transformations to occur;
and the fusion zone (FZ), where the material undergoes full melting and
subsequent rapid and non-equilibrium solidification. A notable issue in
fusion-based welded joints is the easy formation of coarse columnar
grains within the FZ [11]. According to the Hall-Petch equation [12] this
will lower the yield strength of the deposited material, consequently
diminishing its mechanical resistance. However, one potential solution
to address this challenge is the introduction of a filler wire into the FZ
during the welding process. This approach serves a dual purpose:
adjusting the chemical composition to regulate the microstructure fea-
tures, by potentially changing the solidification path and formed phases,
or to promote solid solution strengthening allowing for the use of the
joint in critical-related applications. However, the inappropriate addi-
tion of filler metal to the FZ can result in non-uniform chemical
composition within the weld metal. This can lead to the formation of
detrimental phases and promote crack propagation. Even so, dissimilar
joints remain a preferred choice as they offer design flexibility and
performance enhancements. Therefore, comprehensively understanding
the microstructural evolution and mechanical behavior of dissimilar
joints involving HEAs is of paramount importance.

From the available literature review [13-15], it is evident that
welding of HEAs has been gaining increasing attention, although it is
still at an early stage. When it comes to CoCrFeMnNi HEAs, a consid-
erable number of studies have confirmed their good weldability
[16-23], especially in similar combinations. Thereby, focus should now
be steered on exploring and developing specific filler materials to
regulate the performance of CoCrFeMnNi welded joints. Regarding this
topic, only three types of filler wires for welding CoCrFeMnNi HEAs
have been investigated to date, including 304 [24,25], 308 [26,27] and
410 stainless steels [28]. The aforementioned studies have all reported
achieving sound dissimilar welded joints. Nevertheless, research in this
area remains limited, especially considering the abundance of poten-
tially available filler materials, which are widely used for joining con-
ventional engineering alloys as steels or Ni-based alloys.

In this study, Monel 400 was selected as the filler wire considering
both performance and costs. Firstly, given the high cost of CoCrFeMnNi
HEA due to its unique properties, using Monel 400 as the filler wire can
reduce the usage of other expensive alloys to some extent, thereby
achieving cost control. Secondly, Monel 400 stands out for its excellent
corrosion resistance and high strength [29-31]. By optimizing welding
processes and parameters, it is expected that the advantages of Monel
400 filler wires can be utilised to improve the overall tensile strength,
yield strength and impact resistance of the joints. Therefore, the selec-
tion of Monel 400 as the filler wire is based on a combination of superior
performance and cost-effectiveness, aiming to achieve efficient and
reliable welding processes to meet the demanding requirements of en-
gineering applications.

In past studies, while filler wires such as 304, 308, and 410 stainless
steels have made some progress in welding CoCrFeMnNi HEA, there
have been limitations, particularly in terms of mechanical stability and
corrosion resistance in high temperature environments. The use of
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Monel 400, as a filler wire, presents a potential solution to these limi-
tations. Its outstanding high temperature stability and corrosion resis-
tance are expected to effectively overcome the previous limitations of
already used filler wires. This advancement is poised to facilitate the
widespread application of HEAs in extreme environments. Additionally,
it is worth noting that there are currently no literature reports on the use
of Ni-based welding wires for gas metal arc welding of CoCrFeMnNi
HEAs. This means that Monel 400, as a Ni-based high temperature alloy,
holds potential for innovation and application in this field. By adopting
Monel 400 as the filler wire, it is expected to fill this gap in the field and
provide new solutions for the welding of CoCrFeMnNi HEAs.

This study comprehensively examines the effects of gas metal arc
welding on a CoCrFeMnNi alloy, utilizing Monel 400 as the filler wire.
The approach integrates microstructural characterization techniques
with mechanical property assessment methods, aiming to establish
correlations among processing, microstructural features, and mechani-
cal properties. Further supported by thermodynamic calculations, e.g.
reproduction of non-equilibrium solidification paths in the weld pool,
simulating phase formation sequences and potential formation of
precipitated phases, as well as elemental redistribution and segregation
during solidification, thus bridging the gap in the existing body of
knowledge. Within this background, the study places particular
emphasis on comprehending the influence of the weld thermal cycle on
microstructure evolution, and the subsequent impact of these changes
on the resultant mechanical properties. To achieve this, optical and
electron microscopy, high energy synchrotron X-ray diffraction, and
thermodynamic simulations were used to evaluate the microstructure
evolution, while microhardness testing and uniaxial tensile tests coupled
with Digital Image Correlation (DIC) analysis are employed to quanti-
tatively evaluate the mechanical properties of the welded joints. The
core focus of the present study lies in two key aspects: firstly, to explore
the interaction between the grain refinement induced by previous cold
rolling of the BM and the subsequent thermal cycle during welding, and
how these impacts the material at the microstructural level, including
grain growth, recrystallization processes, solid-state phase trans-
formation mechanisms, and texture evolution in the HAZ and FZ. Sec-
ondly, the work aims to conduct a detailed analysis on how factors such
as grain size, existing phases and distributions, and texture evolution,
impact the distribution of material hardness, as well as the influence on
the local and macroscopic mechanical properties of the welded joint,
aiming to comprehensively elucidate the intrinsic connections and
mutual influence mechanisms between microstructural characteristics
and resultant mechanical properties. The ultimate goal is to provide
valuable insights for researchers in the materials engineering domain,
aiding in understanding the metallurgical reactions between CoCr-
FeMnNi and the selected Monel 400 filler wire.

2. Experimental procedures
2.1. Materials

In this study, vacuum-induced melting was employed to prepare an
as-cast equiatomic CoCrFeMnNi HEA with a thickness of 3 mm. The
detailed preparation methodology is given in reference [32]. Then, cold
rolling was used to reduce the material thickness to 1.5 mm for subse-
quent welding experiments, where 45 x 45 mm squares were used for
butt joining. It is worth noting that during the cold rolling process to
reduce the thickness from 3 mm to 1.5 mm, the CoCrFeMnNi HEA ex-
periences multiple rolling passes gradually thinning. Each pass applies
the same pressure along the same rolling direction, compressing and
elongating the material in the desired direction and ensuring uniform
deformation along the desired axis. Several potential factors to consider
in this process include material deformation and uniformity, rolling mill
pressure/direction and temperature control, surface quality and flat-
ness, as well as process control and equipment adjustments, all of which
are crucial for ensuring the overall uniformity of the material after
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rolling. The BM composition is detailed in Table 1. Prior to welding, the
edges of the joints were polished to ensure good contact. Acetone and
alcohol were utilized combined to polishing and cleaning to thoroughly
eliminate contaminants that might compromise the integrity of the
welded joints. These pre-welding treatments are crucial to ensure the
quality and performance of the welded joints, they also play a vital role
in minimizing potential disruptive factors during the process.

2.2. Gas metal arc welding

For gas metal arc welding, a Bester 215MP model Welding Machine
from Lincoln Electric was used. Monel 400 was selected as the filler wire,
and its composition is depicted in Table 2. The welding parameters
utilized included a voltage of 16 V, a torch travel speed of 170 mm/min,
and a wire feed speed of 2000 mm/min. Based on the calculation, the
heat input, HI, defined as the power to welding speed ration weighted by
the thermal efficiency of the process, is 338.86 J/mm. Here, the thermal
efficiency is approximately ~0.4, based on empirical data for gas metal
arc welding [33]. This parameter considers energy losses due to gas
ionization, the surrounding environment, and filler material (if present),
providing a more accurate reflection of energy transfer during the
welding process. This heat input directly influences the peak tempera-
ture and duration of high temperatures during welding, critical factors
that affect microstructure and mechanical properties. Specifically, the
weld thermal cycles significantly impact grain size, phase distribution,
and the likelihood of defect formation, ultimately determining the per-
formance of the welded joint. Throughout the entire welding process,
99.99 % pure Ar shielding gas was utilized to prevent oxidation of the FZ
and its surroundings. For optimal efficacy, the shielding gas was chan-
neled into two different routes. One channel was in the welding torch
nozzle, while another one was directed to the root of the joint. As a
result, the welding bead had both top and bottom sides protected by the
Ar shielding gas. After welding, dog-bone shaped samples were obtained
by electrical discharge machining. These samples were then used for
microstructural characterization and mechanical testing. It is worth
noting that in this study, the selection of welding parameters was not
arbitrary or isolated, but based on extensive prior experimentation and
data analysis. Besides, the basis of welding parameters selection is to
achieve full penetration, defect-free, and high-strength weld joints using
minimal heat input, to meet the specific requirements for welding
CoCrFeMnNi HEA with Monel 400 filler wire. However, this study did
not cover the effects of different parameter combinations on the quality
and performance of the joints, which will be a focus of future research.

2.3. Microstructure characterization

Standard metallographic preparation techniques were employed to
prepare the welded joints for microstructure characterization. Initially,
the dog-bone shaped welded joints were embedded in epoxy resin, in
this process, a cold embedding epoxy resin is utilized, with both the resin
and hardener in liquid form. At ambient temperature, the resin and
hardener are combined at a 4:1 ratio, then carefully poured into a rubber
container containing the samples. After a 6-hour period, the mixture
cures into a transparent, rigid material. Following this, a stepwise pol-
ishing and grinding process was carried out using SiC papers with
varying degrees of roughness, such as 240, 320, 400, 600, 800, 1200,
2500 and 4000 grit. And eventually, a polishing cloth and 2 pm diamond
polishing paste are employed until a mirror-like surface was obtained.
Afterwards, a solution of aqua regia (5 ml HNO3 and 15 ml HCI) was

Table 1
Nominal Composition of the as-rolled CoCrFeMnNi BM (at. % / wt.%).
Co Cr Fe Mn Ni
at. % 20.00 20.00 20.00 20.00 20.00
wt. % 21.02 18.53 19.92 19.59 20.93
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Table 2
Nominal Composition of the Monel 400 filler wire (at. % / wt.%).
Ni Cu Fe Mn Si C
at. % 66.90 28.36 2.25 1.16 0.85 0.46
wt. % 66.02 30.30 2.11 1.07 0.40 0.10

used for etching the samples to expose the microstructure of the joints.
Optical microscopy observations were conducted using a Leica DMI
5000 M inverted optical microscope. For electron microscopy exami-
nations, a JEOL JSM-7800F PRIME high-resolution field emission
scanning electron microscope (SEM) equipped with dual-energy
dispersive X-ray diffraction (EDS). Electron backscatter diffraction
analysis (EBSD) was performed using a FEI SL-30S 46FEG SEM to obtain
crystallographic information across the welded samples. The raw EBSD
data was processed using TSL OIM Analysis 7.2 software.

To gain a deeper insight into the microstructural characteristics of
the welded joints, further microstructural characterization was con-
ducted using high-energy synchrotron X-ray diffraction. These mea-
surements were performed at the PO7B beamline of PETRA III/DESY in
Hamburg, Germany. The applied wavelength was set to 0.14235 A,
corresponding to a beam energy of 87.1 kV, and the distance from the
sample to the detector was approximately 1.306 m. This experimental
setup allowed for scanning the material in transmission mode to deter-
mine bulk microstructural information from the welded joint. A square
beam spot with dimensions of 200 x 200 ym? was used to probe the
sample, with an incremental step size of 200 pm between consecutive
analyzed points. The measurements were initiated in the BM region,
traversed through the HAZ, FZ, and continued until reaching the BM at
the other end of the joint. This strategy ensured coverage of the entire
welded material. For capturing the Debye-Scherrer rings, a 2D Perki-
nElmer detector was utilized to record the resulting diffraction data.
Subsequent processing of the acquired synchrotron raw data was per-
formed using in-house Python scripts in conjunction with MAUD (Ma-
terials Analysis Using Diffraction) software.

To predict the non-equilibrium solidification process within the FZ
during welding, thermodynamic calculations based on the Scheil-
Gulliver model were performed using Thermo-Calc 2022a software
along with TCHEA 5.1 database. These calculations encompassed the
prediction of the solidification path and associated phase formation.
Considering the presence of carbon (C) in the Monel 400 filer wire, this
specific element was selected as a fast diffuser for the simulation process.
Furthermore, the Scheil-Gulliver model is a method for predicting solute
redistribution in multi-component systems by employing the “non-
equilibrium lever rule”, aiding in the prediction of segregation behavior
of the primary components. Three fundamental assumptions are used in
the Scheil-Gulliver model: no back diffusion in the solid phase; infinite
diffusion in the liquid phase; and equilibrium at the solid-liquid
interface.

2.4. Microhardness and mechanical testing

To explore the influence of varying microstructures across the joint
on mechanical properties, microhardness measurements and uniaxial
tensile tests were conducted. A Mitutoyo HM-112 micro-Vickers hard-
ness tester was used with a load of 0.5 kg applying continuous loading
for 10 s at each measurement point. The microhardness measurements
initiated from the BM region on one side of the welded joint, passing
through the HAZ and FZ, and finished at the opposite side of the BM. The
interval between longitudinal and transverse indents was maintained at
50 pm. Uniaxial tensile tests were performed on a Shimadzu machine
with a maximum load capacity of 50 kN. These tests were executed at
room temperature, maintaining a constant strain rate of 1 x 107> s},
with the tensile direction perpendicular to the weld, until failure
occurred. Here, the gauge length, width, and thickness of the dog-bone-
shaped sample used for tensile testing are 27.7 mm, 1.5 mm, and 1.5 mm
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respectively. Furthermore, digital image correlation (DIC) was utilized
to monitor the localized deformation response in various regions of the
welded joint, namely the BM, HAZ, and FZ, and three welded joints
underwent repeated tensile tests under identical conditions to ensure the
reproducibility of mechanical properties.

3. Results and discussions
3.1. Microstructure evolution

Fig. 1 provides an overview of the macro- and microstructural fea-
tures of the as-welded CoCrFeMnNi HEA. From Fig. 1 a), the macro-
scopic cross-sectional view of the welded joint reveals a well-defined
geometric shape with complete penetration, without any pores or cracks
discernible. This serves as evidence that the CoCrFeMnNi/Monel 400
pair possesses a favorable and acceptable weldability for engineering
applications. The FZ of this welded joint is a blend of the CoCrFeMnNi
HEA and Monel 400 filler wire, underscoring a notable metallurgical
interaction between these two materials. Interestingly, protrusions can
be observed on both the upper and lower surfaces of the joint, which are
defined as reinforcement. Regarding the formation of a reinforcement in
on the surface and root of the weld, this is primarily due to the extra
material coming from the filler wire during the welding process. The
surface 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 solidifi-
cation [34]. These reinforcements can lead to the formation of weld toes,

Materials & Design 242 (2024) 112996

which are a form of geometric defect. When the joint undergoes defor-
mation or loading, stress concentration is prone to occur in the weld toe
region. This stress concentration increases the risk of crack initiation in
the weld toe region, potentially leading to joint failure. This will be
discussed in detail in the mechanical analysis section.

From the macrostructure of the welded joint (refer to Fig. 1 a)),
distinct microstructural regions can be observed, delineating three
typical regions of a fusion-based welded joint: BM, HAZ, and FZ. Cor-
responding high-magnification images are presented in Fig. 1 b), ¢), and
e), respectively. With these high-magnification light optical microscope
images, the differences in grain size and microstructural features
become evident, which is related to the effect of the weld thermal cycle.
Of particular interest, at the boundary between the HAZ and FZ (refer to
Fig. 1 d)), a transition from small equiaxed and columnar grains to
equiaxed dendritic growth is observed. Dendrites extend towards the
centerline of the FZ, offering evidence of epitaxial growth (refer to Fig. 1
e-2)) [35,36]. This characteristic solidification microstructure, i.e.,
dendrites, pervades the entirety of FZ (refer to Fig. 1 e) and e-1)). This is
attributed to the high cooling rate in this region, leading to rapid so-
lidification. It should be noted that Fig. 1 presented here is intended
solely to illustrate the microstructural morphology of various regions in
the welded joint and does not involve quantitative analysis. Further
quantitative analysis of microstructural features in different regions,
such as grain size, dislocation density, and their evolution under the
influence of weld thermal cycles, will be discussed in Fig. 2.

EBSD was employed to obtain a more detailed microstructural
characterization of the welded joint. This technique, in conjunction with
the cross-sectional view of the welded joint depicted in Fig. 1 a),

Fig. 1. Macro- and microstructural features of the as-welded HEA specimen: a) transverse cross-sectional view; b), ¢), d) and e)-el) are close-up views of BM, HAZ,

HAZ/FZ boundary and FZ, respectively.
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a) FZ/HAZ boundary

b) HAZ near the BM
d=23.2 ym
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Fig. 2. a) EBSD analysis of the gas metal arc welded joint utilizing cocrfemnni alloy with monel 400 filler wire; b) IPF maps of the HAZ near the BM, HAZ near the FZ,
HAZ/FZ boundary, and center of the FZ; c1) Kernel average misorientation (KAM) map; KAM values across the welded joint obtained along the yellow dashed line in
cl); d1) Geometrically Necessary Dislocation (GND) density map; d2) GND values across the welded joint obtained along the yellow dashed line in d1). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

reconfirmed the defect-free nature of the obtained joints.

The microstructure of the present cold rolled BM has been discussed
in a previous study [28], where the presence of thin pancake-like grains
with a width of about ~2 pm was found. In comparison to the BM, the
HAZ experiences a phenomenon of grain coarsening (refer to Fig. 2 b)).
The grain sizes in the HAZ near the BM and the HAZ near the FZ are
approximately ~23.2 and ~49.86 pm, respectively. The driving forces
behind these microstructural changes primarily originate from the weld
thermal cycle and the pre-stored strain energy of the cold rolled BM.
Specifically, the equiaxed grains observed in the HAZ are typical fea-
tures of recrystallization. The weld thermal cycle induces effects in these
two regions of the HAZ that resemble low- and high-temperature
annealing, respectively, thereby releasing the pre-stored strain energy
from the previous plastic deformation of the BM. This prompts solid
state processes such as recovery, recrystallization, and grain growth to

occur along the HAZ although their magnitude is dependent on the
distance of the heat source. The noticeable differences in microstructural
features between the HAZ and FZ make the boundary line between these
two regions readily distinguishable, as illustrated by the white dashed
line in Fig. 2 a). Of particular note, near the edge of the FZ, a significant
refinement of the grain structure can be observed due to the influence of
the cold HAZ on the solidification kinetics (refer to Fig. 2 b)). As one
enters the FZ, the cold HAZ acts as a favorable substrate for grain
nucleation. A dendritic solidification structures initiates at the interface
between the HAZ and FZ, proceeding along the direction of the
maximum temperature gradient perpendicular to the solid-liquid
interface (i.e., towards the center of the weld). This competitive growth
transitions into larger equiaxed grains (approximately ~322 pm) as it
approaches the vicinity of the weld centerline (refer to Fig. 2 b)). Based
on the EBSD data near the HAZ/FZ interface shown in Fig. 2 a), the
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inverse pole figure (IPF) map indicates that the grains in the FZ pref-
erentially align with the (001) crystallographic orientation, which is in
good agreement with the solidification theory of the face-centered cubic
(FCCQ) structures.

Kernel Average Misorientation (KAM) analysis is used in crystal-
lography to assess the internal orientation variations within grains. It
characterizes the extent of orientation changes within a crystal by
computing the average misorientation between a point within a grain
and its neighbouring points. This parameter is commonly utilized to
evaluate residual strains and plastic deformation within materials.
Generally, a higher KAM value indicates a larger orientation difference
(higher misorientation), which often correlates to a higher level of re-
sidual plastic strain. This relationship is governed by the localized in-
crease in the density of Geometrically Necessary Dislocations (GND)
[37,38]. Fig. 2 ¢) and d) depict the KAM and GND maps, respectively, for
the CoCrFeMnNi welded joint with Monel 400 filler wire. To provide
more clearly a depiction of the variations in KAM and GND values across
the entire welded joint, Fig. 2c2) and d2) detail the changes in KAM and
GND values along the central part of the joint’s cross-section (refer to the
yellow dashed lines in Fig. 2 ¢) and d)). When observing the color var-
iations (refer to Fig. 2c1) and d1)), it becomes evident that there is a
similarity in the color evolution between the KAM and GND maps. Both
exhibit the deepest colors in the BM region, followed by the HAZ, and
the lightest colors in the FZ, this translates into a higher KAM and GND
values in BM and lower in the FZ. The spatial variation of KAM and GND
values throughout the whole welded joint exhibits a concave shape
(refer to Fig. 2 ¢ 2) and d 2)). This pattern is indeed expected. In fact, the
BM region has the highest KAM and GND values due to the extensive
plastic deformation resulting from the rolling process imposed prior to
welding. Upon entering the HAZ, the weld thermal cycle induces an
annealing-like effect, releasing the pre-stored strain energy and conse-
quently causing a natural decrease in the KAM and GND. The FZ,
characterized by the least residual plastic strain, is a result of the rapid
melting and solidification during welding, which eliminates the effects
of previous thermomechanical processing on the properties. Here, it
should be noted that while KAM/GND analysis quantifies overall in-
ternal orientation variations within grains, residual strains, and plastic
deformation, it does not directly distinguish the specific contributions of
each factor.

The color variations observed in the EDS mapping images (refer to
Fig. 3) reveal that the main elements (Co, Cr, Fe, Mn, Ni and Cu, the
latter one being only found in the FZ) are uniformly distributed without
any evidence of macrosegregation. The uniform distribution of elements
in the BM and HAZ is to be expected, since the weld thermal cycle cannot
lead to a redistribution of elements within these two regions. However,
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it is worth noting that a change in color intensity can be observed, when
transitioning from the HAZ to the FZ. This change is attributed to the
complex elemental redistribution in the FZ, driven by the rapid solidi-
fication with intricate Marangoni flow, which is a characteristic feature
of this region. Furthermore, the enrichment of Cu in the FZ originates
from the mixing process between the Cu in the Monel 400 filler wire and
the BM during welding. In this process, the combined effects of rapid
solidification and Marangoni flow significantly contribute to the
enrichment of Cu in the FZ. In contrast, other critical regions of the joint,
such as the BM and the HAZ, exhibit a markedly different behaviour.
Since these regions are not directly influenced by the Monel 400 filler
wire and the forces of the weld heat cycles are insufficient to cause
element redistribution within these regions, the enrichment phenome-
non of Cu is not observed.

Fig. 4 a) and b) depict the superimposed high energy synchrotron X-
ray diffraction plots covering the entire welded joint along with the
corresponding contour plots. Combining these two plots (Fig. 4 a) and
b)), it becomes evident that the diffracted intensities in the three distinct
regions of the joint (BM, HAZ, and FZ) exhibit significant variations due
to the influence of the weld thermal cycle which modifies the material
texture. Specifically, the diffracted intensity gradually increases as one
moves from the BM region into the HAZ. Upon entering the FZ, however,
the intensity sharply decreases, reaching its lowest value. Based on the
changes in diffraction intensity, the boundaries of these three typical
regions can be clearly distinguished. Following this, considering the
distance between neighboring diffraction lines (200 pm), the widths of
the HAZ and FZ regions can be deduced to be ~5.4 and ~7.6 mm,
respectively (half on each side of the joint), as illustrated in Fig. 4 b).

For deeper exploration into the impact of weld thermal cycles on the
phase structure within the joint, Fig. 5 exhibits the phase identification
results for the BM, HAZ and FZ obtained from synchrotron X-ray
diffraction data. As expected, both the BM and HAZ show the presence of
the typical FCC phase characteristic of CoCrFeMnNi HEA, while trace
amounts of Cr-Mn oxide are also indexed (refer to Fig. 5 a) and b)). The
formation of these oxides is related to material contamination as pre-
viously discussed in [28].

In the FZ, a more diverse phase structure is detected. Besides the
matrix FCC phase and the Cr-Mn oxides, three distinct precipitated
phases were identified: Cu-Ni-rich and Cu-Mn-rich FCC phases, as well
as Cr-rich carbides. Oliveira et al. [32] performed gas tungsten arc
welding on the present as-rolled CoCrFeMnNi HEA without the addition
of filler wire, and observed that the FZ phase structure was solely
composed of FCC and Cr-Mn oxides. Hence, it can be inferred that the
emergence of these three precipitated phases (Cu-Ni-rich and Cu-Mn-
rich FCC phases, as well as the Cr-rich carbides) can be predominantly

Fig. 3. EDS mapping of welded joint. Cu is only observed in the FZ since it comes from the Monel 400 filler material used for welding the CoCrFeMnNi HEA.
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attributed to the introduction of the Monel 400 filler wire, which will
drastically change the FZ chemistry and potentially the solidification
path experienced by the material. Previous studies have demonstrated
that the addition of Cu to CoCrFeMnNi HEAs can enhance phase sepa-
ration and precipitation [39-41], with Cu playing a crucial role in

determining the composition of nanoscale precipitates [42]. The slug-
gish diffusion effect within HEAs also contributes to the formation of Cu-
rich nanoclusters [43,44], even for high cooling rate processes [43].
From a thermodynamic perspective, the diffusion of Ni in Cu is signifi-
cantly faster than in other elements. Although Cu and Ni are typically
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immiscible with each other, they can overcome their miscibility gap,
when temperatures exceed 500 °C, displaying favorable solubility.
Furthermore, Cu-Ni is a well-known isomorphous system [45], with
similar atomic radii and electronegativity [46]. Consequently, Cu tends
to nucleate with Ni [42]. Importantly, despite the higher Fe and Ni
content in the FZ, their high compatibility prevents the formation of
brittle intermetallic compounds [47]. As for the Cu-Mn-rich precipitated
phase, it also showcases an FCC structure [48-50]. Earlier investigations
[51] had substituted Ni for Cu in the CoCrFeMnNi HEA, revealing a
strong repulsive interaction between Cu and the three other elements,
Co, Cr, and Fe, resulting in phase separation. However, Cu readily forms
a solid solution with Mn in the FCC phase. The formation of this Cu-Mn-
rich precipitated phase [52] is driven by the reduction of entropy
contribution, due to the declining mutual solubility between them as
temperature decreases. The analysis of the phase structure in the FZ
implies a pronounced tendency for Cu clustering in the CoCrFeMnNi
HEA. This phenomenon has been similarly reported in other HEAs [53].
Regarding the occurrence of Cr-rich carbides in the FZ, it can be
attributed to the carbon content in the Monel NiCu-7 filler wire, where
Cr readily reacts with C.

To further validate the precipitates detected using synchrotron X-ray
diffraction in the FZ, Fig. 6 presents the EDS composition measurements
of small particles found in this region. These measurements provide
additional confirmation of the presence of Cr-Mn oxides, Cu-Mn-rich,
and Cu-Ni-rich phases within the FZ. Specifically, the yellow elliptical
markers in Fig. 6 a) highlight the presence of Cr-Mn oxides. This finding
aligns with the earlier synchrotron X-ray diffraction results (refer to
Fig. 5 ¢)), thereby confirming the existence of this oxide in the FZ. Fig. 6
b) showcases two distinct precipitates: Cu-Mn precipitates and fine Ni-
Cu precipitates with elongated needle-like shapes. This further sup-
ports the phase identification data obtained from the synchrotron X-ray
diffraction measurements (refer to Fig. 5 c)). It should be noted that the
absence of detection of Cr-rich carbides by EDS can be attributed to two
primary reasons. Firstly, Cr-rich carbides might exist in the sample in the
form of extremely small particles with a highly heterogeneous distri-
bution. This characteristic makes it challenging for EDS to reliably
detect their presence. Secondly, the spatial resolution limitations of EDS
prevent the instrument from accurately identifying and distinguishing
these small-scale carbides. Here, it is important to note that regarding
the identification of precipitates in various regions of the welded joint
using EDS and high-energy synchrotron radiation, only qualitative
analysis has been conducted. Quantitative analysis, such as determining
the size and distribution of precipitates, will be addressed in future work
by using transmission electron microscopy and atom probe tomography.
This aims to provide further clarification on the formation mechanisms
of these precipitates and their impact on the mechanical properties of
the welded joint.
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The evaluation of the intensity variation of different diffraction
peaks with respect to the azimuthal angle enables to get insights into the
texture variation along the welded joint. When a material exhibit pro-
nounced texture, the intensity of diffraction peaks is strengthened at
certain azimuthal angles. This azimuthal angle dependence arises from
the (preferential) orientation distribution of grains in the material,
mirroring the concept of preferred orientation. The higher the intensity,
the more significant the developed texture and its potential impact on
the material properties.

Fig. 7 al), bl), and c1) respectively depict the analyzed intensity
evolution of the FCC diffraction peaks over the full azimuthal angle
range (0 — 360°) for the three regions (BM, HAZ, and FZ) within the
welded joint. Examining the diffraction intensity variation in relation to
the azimuthal angle, it is perceived that (different) preferred orientation
of the grains exists. Beginning with the BM (refer to Fig. 7 al)), it shows
a relatively smooth and continuous intensity distribution, particularly
for the (111) lattice plane. This is due to the fact that the BM has un-
dergone cold rolling, yielding fine grains (approximately ~2 pm) and a
fairly uniform texture distribution. In the HAZ (refer to Fig. 7 bl), the
weld thermal cycle prompts grains that underwent deformation to
regrow and rearrange (as indicated in EBSD results, refer to Fig. 2 b)).
This leads to a fragmented and discontinuous characteristic in the
orientation distribution of grains, manifested by interruptions or gaps in
the diffracted peak intensity. Compared to the BM, it can be deduced
that the weld thermal cycle alters the original grain orientation of the
BM. Upon entering the FZ (refer to Fig. 7 c1)), the high-intensity spots
are concentrated at specific azimuthal angles, indicating a robust texture
presence in this region. This texture is linked to the coarse grain struc-
ture and directional solidification conditions. These texture character-
istics reflect the changes in grain orientation and the evolution of grain
size during the welding process.

Furthermore, micro-deformation also plays a significant factor in
affecting the azimuthal angle-dependent position (26) of the diffraction
peaks. When a material is subjected to compressive stresses, the position
of the diffraction peak shifts towards higher 20 angles. Conversely,
under tensile stresses, the diffraction peak’s position moves to a lower 20
angle. This phenomenon stems from stress-induced changes in the
crystal’s interplanar spacing, named d-spacing, consequently leading to
alterations in 20. As supporting evidence, Fig. 2 a2), b2), and c2) illus-
trate the relationship between the diffraction position of the (311) peak
and the azimuthal angle. By analyzing the diffraction peak position of
the (311) lattice plane, it is evident that stresses are present in all
analyzed regions (BM, HAZ, and FZ), although their magnitude varies.
In Fig. 7, one quadrant (0-90°) is chosen for quantitative analysis, where
an azimuthal angle of 90° corresponds to the direction along the weld,
and 0° represents the direction perpendicular to the weld. The stresses in
these two directions are denoted as longitudinal stress and transverse

Fig. 6. SEM images along with their corresponding EDS mapping of different phase structures in the fusion zone: a) Cr-Mn oxide; b) Mn-Cu-rich and Ni-Cu rich

FCC phases.
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stress, respectively. The microstrain formula, given by €317 = (d311 — do)
/ do, with dg representing the d-spacing value of the specimen in the
stress-free condition, provides a method for calculating microstrain.
However, since this study did not perform synchrotron analysis on a
stress-free CoCrFeMnNi in the current work, thus a quantitative analysis
of microstrain for the current welded joint is not conducted.

Moreover, the orientation distribution function (ODF) extracted
from EBSD data was employed for quantitative texture analysis to
further detail the impact of the weld thermal cycle on the material
microstructure. The ODF is used to describe the distribution of crystal
orientations. For materials with an FCC crystal structure, y2 = 45°, 65°,
and 90° sections of the ODF are typically representative of the evolution
of key texture components. Thus, this study selected these three sections
for texture analysis. Table 3 summarizes the observed key texture
components in the welded joint. In Fig. 8, a detailed comparison of the
micro-texture evolution is presented for four regions (BM, low temper-
ature HAZ, high temperature HAZ, and FZ) within the welded joint.
Here, the low and high temperature HAZ are denominated as HAZ1 and
HAZ2, respectively.

Overall, the weld thermal cycle effectively alters the texture com-
ponents of the joint. Specifically, in the as-rolled CoCrFeMnNi BM, the
crystal orientations primarily exhibit a y-fiber texture (WD//<111>).
The y-fiber texture is reported to form near grain boundaries of
deformed grains prior to annealing in the cold-rolling process [54], and
represents a typical cold-rolled texture component [55] associated with
excellent plastic deformation and mechanical properties. Additionally, a
strong Cu texture component is observed, specifically along the (112)
<111> direction, which is attributed to the inherently low stacking fault
energy (SFE) of Co-Cr-Fe-Mn-Ni system HEAs [56]. In the HAZ (HAZ1
and HAZ2), where the thermal cycle imparted by the material resembles
low- and high-temperature annealing treatments, respectively, the
texture evolves due to the nucleation of new grains at grain boundaries
via recrystallization, followed by grain growth, the latter being more

Table 3
Main texture component information.

Texture component Euler angles Miller induces

E (0°, 55°, 45°) {111} <111>
Brass (Bs) (35°, 45°, 90°) {110} <112>
L (90°, 45°, 90°) {110} <111>
S (59°, 37°, 63°) {123} <634>
Copper (Cu) (90°, 35°, 45°) {112} <111>
Cube (C) (0°, 0°, 0/ 90°) {001} <100>
m-Brass (50°, 65°, 63°) 29.6° <111>

predominant near the fusion boundary. This leads to a weakening of
deformation texture components and an enhancement of the annealing
texture components. In the HAZ1, the low-temperature annealing re-
duces the number of pre-existing grain boundaries, consequently
weakening the y-fiber texture. In this region, the main texture compo-
nent is S (123) <634>, consistent with the texture observed in the y2 =
65° section after annealing at 650 °C in a previous study on CoCrFeMnNi
HEA [57]. In addition, the a-fiber (refer to the yellow dashed line) be-
comes more pronounced, representing a typical recrystallization
texture, including the main texture components of (112) <110> and
(223) <110> on the y2 = 45° section. These findings align with those of
Bhattacharjee et al., who investigated the texture evolution of recrys-
tallized single-phase microstructures in cold-rolled HEAs [57].
Furthermore, in the HAZ2, the effect of a high-temperature annealing,
favors an increase in the orientation density of cube texture (001)
<100> increases in the y2 = 90° section. This is associated to the for-
mation of a large number of recrystallized grains, and has been reported
multiple times in studies focusing on the thermomechanical processing
of CoCrFeMnNi HEAs. In the FZ, a strong cube texture is observed,
primarily attributed to the highly oriented grain growth in this region
[58]. Also, the texture direction revealed in the FZ, (103) direction, is
close to the easy-growth direction (001) of the FCC structure. The minor
offset of 1.4° between the ideal growth direction and the observed one is
attributed to the Marangoni flow, which can alter grain growth direction
by changing the direction of heat flow [59].

Here, the correlation between texture evolution in the welded joint
and mechanical properties may have multiple implications. Firstly, in
the BM, the y-fiber texture formed after cold rolling can enhance the
material’s strength and hardness in specific directions due to the specific
orientation and arrangement of grains. However, this texture can also
lead to reduced plasticity of the material in directions perpendicular to
the fiber direction, as this specific arrangement of grains limits the
deformability along that direction. Secondly, in the HAZ, the observed
annealing texture can, on one hand, improve the material’s ductility and
impact toughness, as the newly formed grains typically have more
uniform size and orientation, which helps reduce stress concentration
effects and improve deformability. On the other hand, grain growth can
decrease the material’s tensile strength and hardness. Lastly, in the FZ,
the strong cubic texture contributes to an improved isotropy of the
material. The uniformity of grain orientation allows the material to
deform more uniformly under stress, affecting its elastic behavior and
making it easier to undergo deformation during manufacturing. In
conclusion, texture changes induced during welding not only reflects
changes in the material’s microstructure but is also closely related to
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Fig. 8. Orientation distribution function (ODF) of four typical regions of the gas metal arc welded CoCrFeMnNi welded joint with Monel 400 filler wire: BM, HAZ1,
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resulting its (micro to macro) mechanical properties. Understanding
these relationships is of significant importance for optimizing welding
processes, improving material performance, and meeting specific per-
formance requirements.

3.2. Thermodynamic calculations

To simulate the replication of the non-equilibrium solidification path

and phase formation during the welding process, the Scheil-Gulliver
model within ThermoCalc was utilized as a thermodynamic simulation
tool. In this simulation work, the average composition obtained from
EDS analysis of the FZ was utilized as the input elemental composition.
Considering that carbon (C) can influence on phase formation and dis-
tribution during solidification, thus C was set as a fast diffuser. The
simulation results are presented in Fig. 9. There it can be observed that
during the non-equilibrium solidification process, the matrix FCC phase

Temperature [°C]

1 —=&— Liquid + Matrix FCC phase

1080 - |
| —®— Liquid + Matrix FCC phase + Cr-rich carbide
1060 L) 1 L) L L) L] L L) L]
00 01 02 03 04 05 06 07 08 09 10

Mole fraction of solid

Fig. 9. Scheil-Gulliver calculations for the as-rolled CoCrFeMnNi high entropy alloy with Monel 400 filler wire welded joint.
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forms initially. Then, this matrix FCC phase continues to form alongside
with Cr-rich carbides. The solidification process is completed at
approximately 21080 °C. Comparing with the phase identification re-
sults from the synchrotron X-ray diffraction data (refer to Fig. 5 c)), It is
worth noting that the disparities between thermodynamic simulations
and the actual presence of Cu-Ni and Cu-Mn FCC precipitate phases can
be attributed to the following three primary factors: Firstly, thermody-
namic models often face challenges in accurately predicting the
behaviour of volatile elements in alloys, such as Mn, which can evapo-
rate at elevated temperatures, resulting in deviations in chemical
composition. Secondly, present models have limitations in predicting
nucleation, and the kinetic behaviour of phase transformation and
growth in multi-element alloys. Thirdly, differences between experi-
mental conditions and model assumptions, such as assuming a uniform
alloy composition or temperature distributions in the model, while
actual experiments may involve non-uniform distribution of composi-
tion or temperature gradients. Although the thermodynamic calcula-
tions did not precisely predict the presence of Cu-Ni- and Cu-Mn-rich
FCC phases, they successfully predict the existence of Cr-rich carbides.
This addresses the limitation of EDS analysis (refer to Fig. 6) in detecting
Cr-rich carbides. Furthermore, the presence of Cu-Ni- and Cu-Mn-rich
phases detected through EDS analysis complements the lack of accu-
racy of thermodynamic simulations to predict these precipitates. The
complementary use of both EDS analysis, synchrotron X-ray diffraction
and thermodynamic simulations details that realistic thermodynamic
predictions of the phase structure evolution during non-equilibrium
solidification is yet incipient for multicomponent alloys, even if the
present Co-Cr-Fe-Mn-Ni system is the most studied within the realm of
HEAs.

Indeed, non-equilibrium solidification involves multiple factors,
including rapid diffusion, elemental interactions and distribution.
Moreover, the Marangoni effect renders that the composition within the
fusion zone is not homogenous, the same following for the cooling
conditions. Thus, the complex change in chemistry and solidification
conditions within the welded joints can aid in the preferential formation
of certain phases that are not thermodynamically predicted. Another
possibility, as detailed above, is the yet incipient knowledge and data-
base information for multicomponent alloys, which further increases the
difficulty in accurately predicting the microstructure evolution during
non-equilibrium solidification conditions as those typically found dur-
ing fusion-based welding. Nonetheless, the present results can further
aid in the development of more comprehensive databases for these
materials towards an improved understanding of the physical metal-
lurgy of this material system.

In the present case, the integration of the advantages of different
advanced characterization techniques contributes to a deeper under-
standing of the solidification behavior. Corroboration between experi-
mental results and thermodynamic simulations can deepen the
understanding of the weld solidification behavior and the interpretation
of phase structure evolution that arise during fast-cooling processes like
fusion-based welding.

Elemental redistribution during the solidification process in the weld
pool is a significant phenomenon in welding, exerting a considerable
influence on the material weldability, susceptibility to hot cracking,
microstructural characteristics of welds, and other performance aspects
[60]. The partitioning coefficient (k) [61] stands as a pivotal parameter
that provides insights into the possibility of alloying elements to
distribute between liquid and solid phases during solidification. It also
reflects the degree of micro-segregation between dendritic and inter-
dendritic regions [62]. When the partitioning coefficient approaches 1,
it indicates a uniform distribution of elements, which is an ideal
behavior sought by material designers. In this case, the tendency for
alloying elements to distribute between liquid and solid phases is min-
imal, resulting in a relatively uniform element distribution during the
solidification process. However, when k exceeds 1, it suggests a pref-
erence for elements to partition into the solid phase during
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solidification, leading to the enrichment of specific elements in dendritic
regions. Such segregation can potentially introduce instability in the
joint performance, notably contributing to the occurrence of hot
cracking and related issues, or (locally) altering the phase stability of the
material. Conversely, when k is smaller than 1, it implies that certain
elements are predominantly present in the liquid phase, which solidifies
last, leading to their enrichment in interdendritic regions.

To determine the degree of elemental segregation during the solid-
ification of the weld pool, partitioning coefficients of the main elements
present in the FZ (Co, Cr, Fe, Mn, Ni, and Cu) were calculated using a
dilution step of 10 %, as shown in Fig. 10. Here, a 0 % dilution corre-
sponds to the FZ composed solely of the original BM (equiatomic
CoCrFeMnNi), while 100 % dilution represents the FZ containing only
the Monel 400 filler wire. The partitioning coefficients k can be observed
as a function of dilution and temperature. Overall, across the entire
dilution range, the partitioning coefficients for Mn and Cu are both less
than 1, indicating a tendency for these elements to distribute to the
interdendritic regions during solidification, thus resulting in Mn and Cu
enrichment within these regions. Conversely, partitioning coefficients
for Co, Cr, and Fe all exceed 1, implying a preference for these elements
to partition into the dendritic regions. As for Ni, its partitioning coeffi-
cient approaches 1, suggesting a relatively uniform distribution between
both dendritic and interdendritic regions.

The elemental composition of dendritic and interdendritic structures
in the solidified microstructure of the FZ was further evaluated through
EDS analysis (refer to Fig. 11). Evidently, the dendritic regions are
composed of Fe, Co, Cr, and Ni, while the interdendritic regions are
enriched with the lower melting point elements, Cu and Mn. The Ni
element shows a relatively uniform distribution between these two re-
gions. It is known that Co, Cr, Fe, and Ni contribute to the formation of
FCC phase in the Co-Cr-Fe-Mn-Ni system, while the combination of Cu-
Mn and Cu-Ni aids in the formation of precipitate phases [51]. Hence, it
can be inferred that the previously detected Cu-Mn-rich and Cu-Ni-rich
FCC precipitate phases in the FZ (refer to Fig. 5) are primarily concen-
trated in the interdendritic regions. It is noteworthy that the EDS area
scan measurements align with the elemental redistribution behavior
predicted by thermodynamic calculations (refer to Fig. 10). This implies
that the calculated partitioning coefficients k can forecast and explain
the phenomena of elemental redistribution and segregation during such
non-equilibrium solidification process. This consistency further vali-
dates the reliability and accuracy of the research methodology and its
results.

3.3. Mechanical properties

To further assess the influence of the weld thermal cycle on the
strength across the joint, Fig. 12 a) presents the hardness mapping across
it, while Fig. 12 b) shows the hardness distribution along the centerline
of the weld, indicated by a black dashed line in Fig. 12 a), revealing the
trend of hardness evolution throughout.

From a broader perspective (refer to Fig. 12 a)), the microhardness
map distinctly differentiates the various regions within the welded joint:
the blue region represents the BM, the transition from blue to yellow
corresponds to the HAZ, and the red region stands for the FZ. Upon
closer observation of the trend in hardness across the welded joint (refer
to Fig. 12 b)), an overall U-shaped pattern becomes evident. Specifically,
the hardness of the BM is the highest, at approximately ~400 HVO.5.
This highest hardness is attributed to the substantial plastic deformation
that the BM underwent during the cold rolling process, leading to a
significant accumulation of strain energy within the material. This
phenomenon has been consistently verified in previous studies. As the
material enters the HAZ, a softening behavior is evident as the hardness
drops from around ~400 HVO0.5 in the BM to approximately ~156 HV0.5
in the HAZ near the FZ. This softening is the combined result of strain
energy release, and the effects of solid-state phase transformations (re-
covery, recrystallization, and grain growth). Specifically, the weld
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Fig. 10. Partitioning coefficients under various dilution conditions for Co, Cr, Fe, Mn, Ni, and Cu. At 0% dilution, the composition mirrors the equiatomic CoCr-
FeMnNi high entropy alloy (HEA), whereas 100% dilution corresponds to the Monel 400 alloy.

thermal cycles induce an annealing-like effect in this region, releasing
the pre-stored strain energy/dislocations from the BM, and leading to its
softening. Furthermore, the weld thermal cycle triggers recovery,
recrystallization, and grain growth in this zone, with the influence on
each of these solid-state transformations varying based on the distance
from the weld centerline. According to the Hall-Petch effect, these
recrystallized and subsequently grown grains typically lead to a reduc-
tion in hardness. Interestingly, upon entering the FZ, the hardness dis-
tribution does not follow the expected minimum value due to the
presence of larger-sized grains (refer to Fig. 2 b)). Instead, the hardness
in the FZ is slightly higher than the minimum hardness value in the HAZ
(~176 HVO0.5 (FZ) vs. =156 HV0.5 (HAZ)). In comparison to prior
studies [26,28,32] involving CoCrFeMnNi welded joints without any
additional filer wire, and with the addition of the 400 and 308 stainless
steels, the presence of Monel 400 filler material to the welded joints
resulted in a notably higher hardness in the FZ (176 (current work) vs.
150 (CoCrFeMnNi without any filler wire) vs. 121 (CoCrFeMnNi with
400 stainless steel) vs. 142 (CoCrFeMnNi with 308 stainless steel)), this
suggests that solid solution strengthening was achieved through the
mixing of the CoCrFeMnNi HEA and Monel 400 filler wire, which
enhanced the hardness in this region, compared to an as-cast or filler-
free joint. Besides, in the FZ, slight fluctuations in microhardness are
observed, which is related to the complex compositional and material
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flow changes induced by the typical chaotic liquid flow during fusion-
based welding processes. It is worth noting that although residual
stresses are potentially important factors influencing hardness distri-
bution, in this study, based on the KAM and GND values obtained using
EBSD technology for the entire joint (refer to Fig. 2 c1 and d1)), it is
observed that residual plastic deformation in the HAZ and FZ was
relatively small. Therefore, residual stresses were not considered as the
primary influencing factor when exploring the patterns of hardness
distribution. However, this does not mean that their influence can be
completely disregarded. In fact, residual stresses, along with micro-
structural changes including grain size, phase structure, and distribution
of precipitates, are all crucial factors affecting hardness distribution.
To explore the mechanical behavior of the gas metal arc welding in
CoCrFeMnNi weld joint using Monel 400 filler wire, Fig. 13 a) presents
the tensile stress—strain curve of the welded joint and BM counterpart.
From this, it is evident that the as-rolled BM showcases an ultimate
strength of approximately ~948 MPa and an elongation of about ~9.5
%. In contrast, the gas metal arc (GMA) welded joint retains approxi-
mately ~72 % of the tensile strength of BM (~687 MPa) and about ~83
% of its elongation (~7.9 % vs. ~9.5 %). The difference in mechanical
properties between the BM and the welded joint arises from various
factors, including microstructural evolution in the HAZ, FZ, existing of a
weld toe originated from the welding process, as well as potential
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Fig. 11. EDS maps in the FZ.
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Fig. 12. a) Microhardness distribution mapping throughout the whole welded
joint; b) Microhardness profiles extracted along the central axis of the joint
(highlighted by the black dashed line in Fig. 12a).

residual stresses. It should be noted that this difference is the result of
the interaction and combined effect of the various factors mentioned
above, rather than the result of the action of a single factor. Despite the
reduction in both ultimate strength and elongation in the post-welded
joint compared to the BM, such decrease in mechanical properties is
still acceptable due to the medium to high strength/ductility
combination.

For a comprehensive understanding of the mechanical behavior
across various regions of the welded joint, Fig. 13 b) illustrates the
stress—strain curves obtained through DIC for four distinct regions: BM,
HAZ, weld toe, and FZ. Additionally, DIC contour maps are presented to
visualize the strain distribution across the joint. From the Fig. 13 b), it is
evident that different regions of the welded joint exhibit distinct
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mechanical behaviors during tensile deformation. When comparing the
stress—strain curves of these regions (refer to Fig. 13 b)), the BM shows
the least deformation, followed by the FZ, then the HAZ, with the largest
deformation being observed at the weld toe (fracture site). The observed
variation in deformation among these regions correlates closely with
their respective strength characteristics, as inferred from the micro-
hardness measurements. Under loading, deformation initiates in the
relatively softer HAZ and FZ, particularly concentrated at the weld toe
region, where the hardness is lowest (refer to Fig. 12 b)). Nevertheless,
due to the FZ’s cross-sectional area being nearly three times larger than
that of the HAZ, the stress per unit area in the FZ is notably lower under
the same applied load. Consequently, the experienced deformation in
the FZ is smaller than that in the HAZ. The BM, having the highest
hardness, naturally exhibits the least deformation during tension. By
observing the DIC contour map near the point of fracture, the location of
fracture initiation (refer to Fig. 13 b) at the weld toe becomes apparent.
This also reveals the underlying factors contributing to the tensile
fracture. Key factors include: the soft characteristic of the weld toe re-
gion (refer to Fig. 12 b)) prone to plastic deformation accumulation, the
significant microstructural differences between the weld toe and the
adjacent FZ, particularly evident in pronounced grain size gradients, as
well as the existence of geometric defects at the weld toe leading to stress
concentration effects.

In conclusion, the findings from Fig. 13 a) and b) offer vital insights
for a comprehensive understanding of the mechanical performance,
deformation distribution, and fracture mechanisms of the welded joint.
These research outcomes hold significant implications for guiding future
endeavors towards optimizing welding processes and selecting appro-
priate materials and contribute to bolstering the reliability and perfor-
mance of welded joints in real-world applications. Future work will
envisage the improvement of the mechanical properties of these
CrMnFeCoNi welded joints using post-weld heat treatments as success-
fully performed by outro groups [63,64].

Fig. 14 provides a detailed representation of the fractured surface of
the welded joint. In Fig. 14 a), the overall macroscopic morphology of
the entire welded joint fracture is illustrated. The presence of numerous
and uniformly distributed dimples serves as confirmation of evidence
indicating a ductile fracture in the welded joint. The existence of these
dimples aligns with the high ductility demonstrated by the joint under
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Fig. 13. a) Mechanical behavior of the as-rolled CoCrFeMnNi BM and as-welded HEA joints obtained from tensile testing until failure; b) Tensile curves obtained
from digital image correlation measurements for different regions across the joint: BM, HAZ, weld toe and FZ (the insert strain maps obtained from DIC).
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Fig. 14. Fractography of the welded joint: a) overview of a fractured sample; b) close-up highlighting a ductile-like morphology and dimples of the fracture surface.

study, as inferred from the DIC analysis. In Fig. 14 b), the presence of
small particles is noted, and previous research has substantiated that
these particles are oxides. Although these oxide precipitates are found at
the fracture surface, they do not contribute to a mechanism of brittle
fracture in these welded joints. This suggests that, despite the presence
of such oxides, they are not the primary cause of brittle fracture in the
welded joint. This, once again, reinforces prior analytical conclusions
regarding potential causes of joint fracture, encompassing plastic accu-
mulation in the weld toe region, microstructural differences between the
weld toe and adjacent FZ, and stress concentration arising from geo-
metric defects at the weld toe.

To comprehensively summarize the microstructural evolution and
mechanical properties across various regions (BM, HAZ near the BM,
HAZ near the FZ, and FZ) investigated in this study, Table 4 offers a
comprehensive overview of observed changes. It compiles essential
microstructural characteristics and mechanical properties for each re-
gion, encompassing grain size, phase composition, texture evolution,
hardness variation, and mechanical performance across the different
regions.
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Table 4
Summary of the evolution of grain size, phase structure, texture, hardness and
mechanical properties in different regions of the welded joint.

BM HAZ near BM  HAZnearFZ FZ
Grain size ~2 pm ~23.2 pm ~49.86 pm ~322 pm
Phase FCC; Cr-Mn FCC; Cr-Mn FCC; Cr-Mn FCC; Cr-Mn
structure oxide oxide oxide oxide; Ni-Cu
FCC; Cu-Mn
FCC; Cr-rich
carbide
Texture y-fibre S (123) (634)  Cube Cube
Hardness ~400 From ~400 ~176
decreases to
~156
Mechanical e~1.46 %; 0 £~15.24 %; 0 £~6.47 %; 0
properties ~691.26 ~96 MPa ~501.84
MPa MPa
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4. Conclusions

This study conducted an in-depth investigation into the weldability
of CoCrFeMnNi HEA using gas metal arc welding (GMAW) with Monel
400 filler wire. The key findings drawn from the present research are as
follows:

1) A reliable metallurgical compatibility was observed between the as-
rolled CoCrFeMnNi HEA and Monel 400 alloy.
The weld thermal cycle induced changes in both the microstructure,
both grain structure, phases and texture components of the welded
joint. Solid-state transformations in the HAZ led to softening of this
region.
The introduction of Monel 400 wire in the FZ induced solid solution
strengthening effects.
High-energy synchrotron X-ray diffraction allowed to determine the
phase structures in the welded joint. Mismatch between experi-
mentally observed and thermodynamic predicted phases are dis-
cussed based on the yet incipient thermodynamic information for
multicomponent alloys and complex mixing and element composi-
tion within the FZ.

5) Although CoCrFeMnNi welded joints with 400 filler wires have ~72
% (=687 vs. ~948 MPa) and ~83 % (~7.9 % vs. ~9.5 %) of the
ultimate strength and elongation of the BM, respectively, this
reduction in mechanical properties is still acceptance due to the good
balance of strength/ductility of the welded joint.

2)

3

—

4

-

In conclusion, this study not only serves as a crucial reference for
optimizing welding processes in manufacturing industries such as
aerospace, automotive, and shipbuilding, but also lays a solid theoretical
foundation for developing advanced welding techniques tailored to
specific material compositions and application requirements. Looking
forward, further research can explore various filler materials and
welding techniques to better understanding their impact on the me-
chanical properties and microstructure of welded joints under diverse
conditions, thereby offering more precise guidance for practical appli-
cations. Additionally, investigating the long-term stability and dura-
bility of welded structures in real-world operating environments will
deepen understanding of their reliability and service life, facilitating
more robust structural design practices.
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