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• Gas tungsten arc welding of as-rolled
CrMnFeCoNi high entropy alloys is per-
formed.

• Defect-free joints with goodmechanical
behaviour were obtained.

• Synchrotron X-ray diffraction was used
to study the texture and microstrain
along the joint.

• Arc-based welding techniques are suit-
able for welding these novel advanced
engineering alloys.
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High entropy alloys have emerged as novel engineering alloys with remarkable mechanical properties in a wide
range of temperatures. Among the several high entropy alloys that were already described, the equiatomic
CrMnFeCoNi alloy is the most studied one. In this work, gas tungsten arc welding of as-rolled CrMnFeCoNi
high entropy alloy sheets was performed. The microstructural characterization encompassed the use of electron
microscopy, including electron backscattered diffraction, synchrotron X-ray diffraction analysis, microhardness
testing andmechanical evaluation. A comprehensive description of themicrostructural evolution, including tex-
ture and microstrain determination, of the joint is presented and discussed. Upon mechanical testing, the joints
systematically failed in the fusion zone due. The large grain size and low hardness of this region justifies the fail-
ure location. The joints' mechanical behaviour is correlated with the material microstructure.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

High entropy alloys are a new class of advanced engineering alloys
which have been attracting significant attention, due to the possibility
of controlling their composition, microstructure and resulting mechan-
ical performance [1]. Typically, these materials are composed of at least
five principal elements, with a concentration varying between 5 and
35 at.% [2].

The concept of high entropy alloy was presented in 2004 by the in-
dependent works of Cantor et al. [3] and Yeh et al. [4]. These extraordi-
narymaterials exhibit four core effects: (i) high-entropy effect, which is
related to the system configuration entropy; (ii) sluggish diffusion, in
which diffusion-based phenomena are slower than in conventional en-
gineering alloys, thus improving the high temperature properties; (iii)
severe lattice distortion, caused by the existence of at least five atoms
(following the conventional definition of high entropy alloys) which
may have significantly different sizes; (iv) and the cocktail effect,
where the addition of specific elements can drastically improve a partic-
ular property of the alloy.

The equiatomic CrMnFeCoNi alloy presented in [3] is, so far, themost
studied composition [5–11]. This alloy composition yields a single phase
FCC solid solution, due to the high configurational entropy of the system
[12] and is known to present excellent mechanical properties even at
sub-zero temperatures [13].

Upon the development of any engineering alloy their
thermomechanical processability must be studied. One key
manufacturing processing often used in structural applications is
welding. Welding allows the creation of structures shaped in a complex
manner from simple monolithic parts, but also can be used to join ma-
terials with different properties [14,15].

Currently, some studies have addressed the weldability of the
CrMnFeCoNi high entropy alloy. Among the different welding tech-
niques available, laser welding has received more attention [16–21].
Though laser welding is often used due to the reduced size of its heat
source [22,23] the high initial investment costs can be a deterrent for
Fig. 1. Setup (not to scale) used for the synchrotron X-ray diffraction experiments. The sample
rolling and welding directions are also presented.
its use. In opposition, arc-based welding techniques, such as gas tung-
sten arc welding are low-cost alternatives yet capable of producing
defect-free and highly performant joints provided that the process pa-
rameters are optimized [24–26]. Though most research works on
welding of the CrMnFeCoNi high entropy alloy use fusion-based
methods, solid-state ones have also been used with success to join
these materials [27–29].

In any fusion-based welded joint three distinct regions can be ob-
served: the fusion zone, the heat affected zone and the base material.
The fusion zone is typically easily recognized by showing coarse grain
size and a dendritic-like structure. In theheat affected zone, thematerial
can experience solid-state transformations, such as grain growth, re-
crystallization and precipitation of new phases.

Typically, identification of the heat affected zone is performed via
microscopy techniques [30–32], to assess the grain size andmorphology
evolution as a function of weld thermal cycle at a given distance from
the joint centreline. Another widely used manner for identification of
the heat affected zone is through hardness testing [33,34]. Here, there
is often a clear distinction between the (micro)hardness of the fusion
zone, heat affected zone and basematerial. By definition, the basemate-
rial does not experience any solid-state transformation, thought its tem-
perature increases during welding.

As it will be shown in this work, scanning electron microscopy and
microhardness testing may not always be enough to effectively deter-
mine the extension of the heat affected zone, especially in severely de-
formed materials. This is due to the occurrence of recovery
phenomena, which require low temperatures for onset, especially
when the material to be welded was previously (highly) deformed.
These recovery phenomena will lead to microstructural changes, such
as stress relieving, that are neither detected by conventionalmicroscopy
techniques nor hardness measurements. However, suchmicrostructure
changes can be determined via X-ray diffractionmethods, provided that
the experiment can provide high angular resolution with low back-
ground noise. This can be accomplished by using synchrotron radiation
sources, in which the beam brilliance is extremely higher when
to detector distance was of 1396mm and an X-ray wavelength of 0.14235 Åwas used. The
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compared to conventional laboratory equipment [35,36]. As a result,
there is a greater precision on the diffracted beam captured by the de-
tector. Additionally, the typically higher beam energy allows to work
in transmission mode, enabling to retrieve bulk microstructural infor-
mation [37] rather than only surface and subsurface information, ob-
tained when working in reflection mode [38,39].

Gas tungsten arc welding of an as-rolled CrMnFeCoNi high entropy
alloy was performed. The microstructural evolution of the as-welded
joints was studied by electron microscopy techniques, microhardness
mapping and high energy synchrotron X-ray diffraction analysis. Fur-
thermore, the joints mechanical properties were tested. A correlation
between the joint microstructure and its mechanical behaviour is
established. The massive interest in these novel advanced engineering
materials requires the understanding of how themicrostructure evolves
and influences themechanical properties upon thermo and/ormechan-
ical processing. We address the concomitant effect of processing-
microstructure-properties in this work.

2. Materials and methods

In this work, an as-rolled equiatomic CrMnFeCoNi high entropy
alloy, which was cold-rolled at room temperature with a thickness re-
duction of ≈50% (from 3 mm to 1.5 mm) from the hot-rolled plates,
Fig. 2. Scanning electron microscopy aided by electron backscattered diffraction images of th
welding direction (WD).
was used as the base material. Prior to welding, parts with
30 × 30 × 1.5mmwere cut using a precision cuttingmachine. Addition-
ally, the material was mechanically polished to remove the surface
oxide, followed by cleaning with ethanol and acetone.

Gas tungsten arc welding was performed using a TELWIN, model
Technology TIG 182 AC/DC-HF/LIFT equipment. Welding was per-
formed using direct current and straight polarity so that full penetration
and defect-free joints could be obtained. Pure Ar (99.9999%) at a flow
rate of 16 L/min was used as shielding gas to prevent oxidation of
both the fusion and heat affected zones. After preliminary trials, the fol-
lowing welding parameters were selected: current of 60 A, voltage of
9.2 V and travel speed of 4.2 mm/s. The resulting heat input was of
131.4 J/mm. The welding direction was set normal to the rolling direc-
tion. After welding, 3 mmwide strips were prepared using electric dis-
charge machining for microstructural and mechanical characterization.

For microstructural characterization, samples were polished follow-
ing conventionalmetallographic preparation techniques. Scanning elec-
tronmicroscopy (SEM) analysis was performed using a JEOL JSM-7800F
PRIME high-resolution field emission SEM equipped with dual energy-
dispersive X-ray spectroscopy (EDS) and backscattered electron (BSE)
detectors. Moreover, in order to quantitatively investigate the morpho-
logical and crystallographic texture of the specimens, electron
backscattered diffraction (EBSD) analysis was conducted using FEI XL-
e CrMnFeCoNi high entropy alloy welded joint. The inverse pole figure is parallel to the



Fig. 3. Electron backscattered diffraction image of the fusion zone/heat affected zone
interface, with the inverse pole figure parallel to the rolling direction (RD).
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30S FEG SEM. Analysis of the orientation imaging microscopy (OIM)
was performed using TSL OIM Analysis 7.

Synchrotron X-ray diffraction analysis was performed at P07
beamline at PETRAIII/DESY. The setup used for the diffraction experi-
ments is depicted in Fig. 1. Considering the sample orientation relatively
to the laboratory referential, the azimuth angle, ϕ, is 0° in the longitudi-
nal direction of the fusion zone, and perpendicular to it at ϕ=90°. Note
that the welding direction is parallel to the 0° azimuthal angle.Working
in transmission mode, with an energy of 87.1 keV (corresponding to a
wavelength of 0.14235 Å), the welded joints were scanned from the
base material towards the heat affected zone and fusion zone, finishing
on the other side of the base material. The beam spot size was set to
200 × 200 μm, with a 200 μm step between consecutively analysed
spots. The sample to detector distance was fixed at 1396 mm. The
Debbye-Scherrer rings were captured using a 2D Perkin Elmer XRD
1622 fast detector. The raw data was treated using freely available
Fit2D software [40,41] following the procedure adopted in [42]. Full
Fig. 4. EDS mapping across the fusio
integration along the azimuthal angle ϕ, i.e. from 0 to 360°, was per-
formed to determine the existing phases along the welded joints.

To evaluate the microstructural dependence on the crystallographic
orientation, analysis of the full width at half maximum (FWHM) and of
the microstrain along the welded joints at ϕ = 0° (from −5 to 5°) and
ϕ = 90° (from 85 to 95°) azimuthal angles (refer to Fig. 1), was per-
formed. These azimuthal angles correspond to the principal directions
of the sample:with 0° being the x component, along the longitudinal di-
rection of the fusion zone; and 90° the y component, along the trans-
verse direction of the fusion zone. Because of the reduced thickness of
the analysed material, the strain along this direction can be considered
negligible [43]. The instrumental peak broadening, which can affect
the FHWM results, was considered by using a LaB6 calibration standard.

For both the FWHM and microstrain analysis the (311) diffraction
peak was selected, since it is known that for FCC structures such family
of planes has low symmetry and is insensible to intergranular strains
[44,45]. The microstrain, ε(311), was calculated using Eq. (1):

ε 311ð Þ ¼
d 311ð Þ−d0 311ð Þ

d0 311ð Þ
; ð1Þ

where d(311) is the d-spacing at each analysed position of the joint for
the (311) diffraction peak and d0(311) is the corresponding stress-free
d-spacing obtained from the same alloy ingot but in the annealed condi-
tion. The d(311) values for the 0 and 90° azimuthal angles were deter-
mined by peak fitting using a pseudo-Voigt function, which is suitable
for synchrotron radiation sources [46].

Microhardness mapping across the base material, heat affected and
fusion zones was performed along a cross-section perpendicular to the
welding direction using a Mitutoyo Micro Hardness Testing Machine
HM-112. A load of 0.5 kg, held during 10 s, was used for the indentation
process. The space between consecutive indentations in both the longi-
tudinal and transverse directions was set to 200 μm.

Tensile testingwas performed to evaluate themechanical properties
of the as-welded material. An Autograph Shimadzu AG50kNG machine
equipment with a 50 kN load cell was used. The displacement rate was
set to 1 mm/min. The tensile force was applied perpendicularly to the
welding direction. The gauge length of the samples was 30 mm with a
cross-section of 3 × 1.5 mm. A total of three welded specimens were
tested to observe the consistency of the obtained mechanical data. The
fracture surfaces were observed by SEM.

3. Results and discussion

3.1. Microstructure

Full penetration, defect-free joints were obtained as observed by
SEM aidedwith EBSD (refer to Fig. 2). The inserts in the inverse pole fig-
ure (IPF)map, corresponding to regions A to C, are also characterized by
SEM imaging. Note that region D, corresponding to the rolled base
n zone and heat affected zone.



Fig. 5. EDS mapping of an inclusion found in the heat affected zone of the welded joint.
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material, is not presented in the major EBSD map of the welded joint
owing to the large dimensions of the as-welded samples. Additionally,
the IPF maps in Fig. 2 are shown parallel to the welding direction (WD).
Fig. 6. a) Optical micrograph of the as-welded CrMnFeCoNi high entropy alloy; b) colorize
The base material, heat affected zone and fusion zone are character-
ized by different microstructural features. In the base material (region
D), pancaked shaped grains with a width of ≈2 μm exist. In the heat
d microhardness map; c) microhardness evolution at mid height of the welded joint.



Fig. 7. Superimposition of the diffraction patterns obtained after full integration (360°) of the Debbye-Scherrer rings along the azimuthal angle.
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affected zone (region B) the grain size increases, when compared to the
base material. From the base material/heat affected zone interface to-
wards the fusion boundary, grain growth is observed. However, the av-
erage grain size near the basematerial/heat affected zone boundary and
near the fusion boundary greatly differs. In the latter region, the grain
size approaches ≈30 μm, while for the former this value decreases to
≈5 μm. These differences in grain size within the heat affected zone
can be explained based on the thermal cycle experienced by the
Fig. 8. Evolution of the FWHM for the CrMnFeCoNi welded joints considering t
material during welding. It is known that the peak temperature is
higher at the weld centreline and decays towards the base material
[47]. This decay will depend on the heat input and/or the existence of
pre- or post-heating of the material being welded. In the heat affected
zone near the fusion boundary (regions A and C), the peak temperature
and the permanence time at temperatures which can promote grain
grow, are higher and longer, respectively, than near the interface with
the base material. Because this solid-state transformation depends
he (200) and (311) diffraction peaks near the 0 and 90° azimuthal angles.
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exponentiallywith temperature, it is then expected that the grain size is
significantly larger near the fusion boundary rather than near the base
material interface, as it was observed in the SEM images of the cross sec-
tion of the as-welded CrMnFeCoNi high entropy alloy.

At theweld centreline, very large grains, i.e. N50 μmin length, are ob-
served. These columnar grains start to grow in an epitaxiallymode from
the solid substrate in the heat affected zone andprogress to the centre of
the fusion zone. Grain growth is known to occur along the direction of
maximum temperature gradient which is perpendicular to the liquid/
solid interface, according to the common theory of solidification in
metals [48,49]. The first grains to solidify are those at the interface
with the heat affected zone. Here, grain nucleation is favoured by the
cold substrate, which results in several fine and equiaxed grains. How-
ever, competitive growth will occur when solidification is proceeding
towards the weld centreline. Grains whose preferential growth direc-
tion is normal to the melt pool boundary or, equivalently, parallel to
the maximum temperature gradient, will prevail over those which
have different growth directions. For FCC crystal structures the prefer-
ential growing direction is along the (100) direction. According to the
EBSD data for the heat affected zone/fusion zone interface depicted in
Fig. 3, where the IPF map is shown with the crystal orientation parallel
to rolling direction (RD), the columnar grains have a near (100) crystal-
lographic orientation, thus in good agreement with the solidification
theory of FCC structures [47]. As it will be shown latter, the differentmi-
crostructural features observed in both the heat affected and fusion
zones will influence the mechanical properties of the as-welded joints.

Other microstructural features can be also observed within the heat
affected zone, namely the existence of annealing twins (see detail of
Fig. 9. Variation of the (200) peak position with the azimuthal an
region C in Fig. 2). In the fusion zone, no evidence of such microstruc-
tural feature is observed.

Energy dispersive spectroscopymapping of the fusion zone revealed
that the elemental distribution across this region is relatively even
(Fig. 4), in good agreement with recent works on laser welding of the
same CrMnFeCoNi high entropy alloy [21].

In the base material, heat affected zone and fusion zone inclusions
were found. These are oxides,mainly enriched in Cr andMn, as depicted
in the energy dispersive spectroscopy maps of Fig. 5. Such precipitates
are often found during production of CrMnFeCoNi high entropy alloys
and its formation on the base material and heat affected zone is attrib-
uted to a potential contamination of the rawmaterials used during cast-
ing of the alloy [50]. In the fusion zone, despite the use of shielding gas
to avoid oxidation, the high temperatures reached during welding can
also promote such phenomenon. Though oxidation-free welds are
often desired, its occurrence is not necessarily detrimental for themate-
rial mechanical properties [51].

The results of microhardness mapping across the welded joint are
depicted in Fig. 6. Four different regions are identified. In the basemate-
rial (region 1), as expected owing to the significant deformation im-
posed during cold rolling of the high entropy alloy, a high hardness is
found (≈350 HV). Two regions (2 and 3) compose the heat affected
zone. First, in region 2, there is a slight increase in hardness to around
375 HV due to recrystallization phenomena, which decreases grain
size. Then, in region 3, grain growth starts to occur and, consequently,
hardness started to decrease. This decrease in hardness is more notice-
able when approaching the interface with the fusion zone, since closer
to the fusion boundary the peak temperature and permanence time
gle for the base material (a and b) and fusion zone (c and d).
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for grain grow are higher.When entering the fusion zone (region 4), the
lowest hardness of≈150 HV is observed. Upon a melting, any previous
thermomechanical process experienced by the material is lost. As such,
the hardness in the fusion zone is similar to that typically found in as-
cast CrMnFeCoNi high entropy alloys [11]. Itmust be noticed that the re-
fined grain structure of the fusion zone adjacent to the fusion boundary
gives rise to a slightly higher hardness (≈165 HV) compared to the
weld centreline. The hardness evolution along the mid height of the
joint cross section, depicted in Fig. 6c), clearly shows the spatial varia-
tion as function of the position in the welded joint.

Laplanche et al. [52] studied the effect of heat treatments after defor-
mation on a CrMnFeCoNi high entropy alloy. It was shown that higher
heat treatment temperatures lead to a significant decrease in hardness,
whereas low temperatures, i.e., below 530 °C, promoted a slight in-
crease in the material hardness. The current microhardness results are
with good agreement with Laplanche et al. [52] work: closer to the fu-
sion boundary (whichwould correspond to higher heat treatment tem-
peratures) a significant reduction in hardness occurred; near the base
material (corresponding to lower heat treatment temperatures) a slight
increase in hardness, compared to the highly deformed material, is ob-
served. Overall, it can be stated that the Hall-Petch relation is followed.

Synchrotron X-ray diffraction analysis was performed along the
welded joint starting on the base material, crossing the heat affected
and fusion zones and finishing on the opposite side of the basematerial.
The 3Dviewof the diffraction patterns along those regions is depicted in
Fig. 7. The diffraction patterns obtained from the integration along the
Fig. 10. Variation of the (311) peak position with the azimuthal an
full (360°) azimuthal angle reveals the FCC phase, with the (111),
(200), (220) and (311) crystallographic planes, throughout the mate-
rial. Minor diffraction peaks are also observed in the joint (marked
with #). These were identified as Mn- and Cr-based oxides and their
presence is in good agreement with the electron microscopy observa-
tions. The intensity of the diffraction peaks corresponding to the oxides
in the fusion zone is slightly larger than those in the base material and
heat affected zone. This can be attributed to a higher volume fraction
of oxides in the fusion zone. However, from the microscopy analysis of
the joints, the fraction of oxides is of ≈1% in the base material and
heat affected zone, with a minor increase to ≈2% in the fusion zone.
Due to this reduced volume fraction, the microhardness of the fusion
zone is not significantly affected, as it has the typical hardness value of
a cast CrMnFeCoNi high entropy alloy [11]. The size of those oxides
ranges from around 1 μm in the base material up to 3 μm in the fusion
zone. No second phases were formed in the heat affected and fusion
zone, potentially due to the short weld thermal cycles and good micro-
structural stability of the alloy [53]. As such, it can be stated that, overall,
the welding procedure did not change the stable phase in joint.

In order to further understand the microstructural evolution based
on the synchrotron X-ray diffraction results, the Debbye-Scherrer
rings were integrated near the 0 and 90° angles, which correspond to
the principal directions of our reference system (refer to Fig. 1).

Analysis of the evolution of the full width at halfmaximum (FWHM)
for the (200) and (311) diffraction peaks along the welded joint is
depicted in Fig. 8, and it allows to put in evidence other interesting
gle for the base material (a and b) and fusion zone (c and d).



Table 1
Summary of the base material and welded joints mechanical properties.

Reference Yield strength
[MPa]

Ultimate tensile strength
[MPa]

Fracture strain
[%]

Base material 587 ± 7 943 ± 6 9.5 ± 0.2
CrMnFeCoNi welds 248 ± 4 519 ± 3 8.4 ± 0.4

Fig. 11. Evolution of joints microstrain along the longitudinal (a) and transverse
(b) directions (refer to Fig. 1) for the (311) diffraction peak.
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microstructural features induced by the welding process. In fact, along
the x (welding) direction, corresponding to ϕ= 0° integration, the dif-
fraction peaks in the fusion zone are mainly from the {311} family of
planes. A similar situation is observed along the y (perpendicular to
theweld bead) direction. The large grain size in the fusion zone, renders
that for some azimuthal ranges there are no diffraction patterns for cer-
tain families of planes. For example, in Fig. 8a) and b), the (200) diffrac-
tion peak is inexistent in some regions of the fusion zone. The same
occurs for the (111) and (220) peaks (not shownhere to avoid overpop-
ulation of graphs). This marked texture effect is induced by the welding
process, only impacts the fusion zone microstructure, and arises from
the highly directional solidification conditions imposed upon cooling
of the fusion zone but also due to the large grain size existing in this
region.

Analysis of the (200) and (311) diffraction peaks along the complete
azimuthal angle range (360°) in cartesian coordinates is depicted in
Figs. 9(a and c) and 10(a and c) for both base material and centre of
the fusion zone, respectively. A similar representation is shown in b
and d of Figs. 9 and 10, where the (200) and (311) diffraction peaks
are plotted for specific azimuthal angles of 0, 15, 30, 45, 60, 75 and
90°. Both types of results clearly depict that the texture in the base ma-
terial and fusion are significantly different. In the base material, the
(200) diffraction peak has intensity reinforcements from45 to 90° (con-
sidering only the first quadrant of the Debye-Scherrer diffraction im-
ages), whereas for the fusion zone only sporadic diffraction occurs. An
extremely high diffracted intensity of the (200) peak in the fusion
zone occurs at a ϕ angle of 75° (see insert of Fig. 9d). The reason for
such high and sporadic intensity at specific azimuthal angles is related
to the large grain size of the fusion: once one grain in the fusion zone
is in diffraction condition, its diffracted intensity will be necessarily
high owing to its large dimension.

It should be emphasized that the abovementioned procedure of in-
tegrating the Debbye-Scherrer rings along specific azimuthal angles, in-
stead of using only the full integration results, enables to retrieve
direction-specific crystallographic information of any region of the
joint. By only considering the full integration results, one could be mis-
led and assume that diffraction of the FCC phase of theCrMnFeCoNi high
entropy alloy would always occur in the fusion zone, regardless of the
analysed direction. As it was evidenced, this is not the case for certain
directions owing to the strong texture effect created by the welding
process.

The analysis of the evolution of the FWHM along the welded joints
also allows to infer that the actual extension of the heat affected zone
is slightly larger than previously considered, based solely on the micro-
hardness measurements. In fact, it is possible to see that the FWHM
values obtained upon integration of the (311) peak at ϕ = 90° is of
≈0.0425° in the base material (refer to Fig. 8d). Entering the heat af-
fected zone this value immediately drops to ≈0.0357°. However, this
region in themicrohardness measurements still had the same hardness
as the as-received rolled base material. As such, the weld thermal cycle
is promoting amicrostructural change,which translates in a variation of
the FWHM, but not necessarily on the hardness and/or material grain
size.

In fact, these synchrotron X-ray diffraction results allow to put in ev-
idence a recovery phenomenon on the severely cold-worked basemate-
rial. This recovery phenomenon translates into a stress relaxation of the
material, which is not reflected in a variation of the grain size neither a
significant change in the microhardness values, hence the reason why
the use of these two characterization techniques render (slightly) dif-
ferent extensions of the heat affected zone. These results show that, de-
pending on the material to be welded and its original condition, the
effective extension of the heat affected zone can vary. Since microhard-
ness testing and optical/electron microscopy are the most used tech-
niques for identification of the heat affected zone, it is necessary to
take into consideration the previous thermomechanical history of the
base material. This effect is less likely to be observed in a partial or
fully annealed base materials, since the recovery phenomena will not
be effective for such short time spans as those observed during fusion
welding [48,49].

Themicrostrain along thewelded joints was also determined for the
principal directions considering the (311) diffraction peak. These results
are depicted in Fig. 11. In the base material, the microstrain is positive
along both directions as expected, since rolling imposes a compressive
strain through thickness, which is counteracted by tensile strain in the
other two normal directions. The peakmicrostrain occurs in the heat af-
fected zone. In the fusion zone, along the longitudinal direction the
microstrain is negative near the fusion boundary, and then sharply in-
creases towards the weld centreline, whereas in the transverse direc-
tion the microstrain becomes negative.

The complex microstrain pattern in both directions can be justified
based on the imposed thermal cycle, which alter the local mechanical
properties during welding. Since no distortion was observed in the as-



Fig. 12. Representative curves of the mechanical behaviour of the base material and as-
welded high entropy alloy joints obtained from tensile testing until failure.
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welded plates, this is the most effective way for the material to accom-
modate the thermal and mechanical strains generated during welding.

3.2. Mechanical properties

In order to assess the mechanical properties of the as-welded
CrMnFeCoNi high entropy alloy, mechanical testing until failure was
performed. Summary of the mechanical properties of the joints is pre-
sented in Table 1. Fig. 12 aims to show the reproductibility in terms of
mechanical properties of the welds, while comparing the mechanical
behaviour of joints with the base material. A ductile-like behaviour
was observed after welding. A decrease in the strenght and ductility of
the welded joints compared to the base material is observed and can
be justified based on the unfavourable microstructure of the fusion
zone, where very large grains and significant material softening were
observed. However, the strength of the joints is similar to that reported
in [21], where laser welding was used to join a similar alloy composi-
tion. Futureworkwill determine the effect of post-weld heat treatments
aiming at improving the joints mechanical properties.

Failure of the joints systematically occurred in the fusion zone. Time
lapse images taken during mechanical testing clearly show the signifi-
cant amount of deformation experienced by the fusion zone (refer to
Fig. 13). Right before fracture (t = t2 in Fig. 13) it can be perceived
Fig. 13. Evolution of the joint reduced cross section during tensile testing to failure. t= t0➔ befo
weld centreline.
that the material will fail in the fusion zone along a line at ≈55° with
the tensile direction. This fracture angle is in good agreementwith Hill's
theory for diffuse and localized necking [54–56].

Failure of the gas tungsten arc welded joints in the fusion zone can
be explained based on the previously describedmicrostructural features
of this region, namely the large grain size and low hardness. In fact, for
most engineeringmaterials, an increase in grain size, as it mainly occurs
in the fusion zone, results in a decrease of thematerialmechanical prop-
erties. Additionally, the gradient of microhardness along the joint, with
the fusion zone exhibiting a considerably lower hardness (≈150 HV)
than in the basematerial (≈350 HV), will promote a higher strain accu-
mulation in the fusion zone. As such, the fusion zone will deform more
extensively than the remainingmaterial until necking, followed by frac-
ture, occurs.

Fracture surface analysis of the welded joints is depicted in Fig. 14. A
purely ductile-like fracture, evidenced by the massive presence of dim-
ples, is in good agreement with the significant amount of plastic defor-
mation experienced by the welded joints (refer to Fig. 12).

It has been reported that during deformation of CrMnFeCoNi high
entropy alloy nanotwins can be observed at room temperature at engi-
neering strains of ≈28.4% [13]. Because the welded joints fractured
≈8.4% strain, it is expected that the deformation mechanism of the
joint is dominated by dislocation plasticity instead of deformation twin-
ning. Future work will envisage the improvement of the mechanical
properties of these CrMnFeCoNi welded joints using post-weld heat
treatments.

4. Conclusions

Gas tungsten arc welding of a rolled CrMnFeCoNi high entropy alloy
was performed. The following conclusions can be drawn:

- overall the CrMnFeCoNi high entropy alloy exhibits good
weldability, as no welding defects were observed in the joints;

- recovery, recrystallization and grain growth phenomena were ob-
served to occur in the heat affected zone due to thewelding thermal
cycle;

- using synchrotron X-ray diffraction experiments it was observed
that the effective extension of the heat affected zone is slightly larger
than that obtained via conventional electron microscopy or hard-
ness testing;

- mechanical testing of the joints revealed high tensile strength,
though a decrease in the joint fracture strain of the joint occurred
due to the large grain size and low hardness of the fusion zone,
which promote higher strain accumulation in this region.

- The joints have a lower strength and ductility than the basematerial.
re any load imposed; t= t1➔ onset for necking in the fusion zone; t= t2➔ fracture at the



Fig. 14. Fracture surface of the gas tungsten arc welded CrMnFeCoNi high entropy alloy.
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Post-weld heat treatment may be the key to improve the joints me-
chanical performance.

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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