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Abstract: Multi-element systems with defined entropy (HEA—high entropy alloy or MEA—medium
entropy alloy) are rather new material concepts that are becoming increasingly important in materials
research and development. Some HEA systems show significantly improved properties or combina-
tions of properties, e.g., the overcoming of the trade-off between high strength and ductility. Thus,
the synthesis, the resulting microstructures, and properties of HEA have been primarily investigated
so far. In addition, processing is crucial to achieve a transfer of potential HEA/MEA materials to real
applications, e.g., highly stressed components. Since fusion welding is the most important joining
process for metals, it is of vital importance to investigate the weldability of these materials. However,
this has rarely been the subject of research to date. For that reason, in this work, the weldability
depending on the surface preparation of a CoCrFeMnNi HEA and a CoCrNi MEA for TIG welding is
investigated. The fusion welding of longer plates is described here for the first time for the CoCrNi
alloy. The welds of both materials showed distinct formation of cracks in the heat affected zone
(HAZ). Optical and scanning electron microscopy analysis clearly confirmed an intergranular fracture
topography. However, based on the results, the crack mechanism cannot be conclusively identified as
either a liquid metal embrittlement (LME) or hot cracking-like liquid film separation.

Keywords: high entropy alloy; medium entropy alloy; TIG welding; cracking

1. Introduction

High and medium entropy alloys (HEAs and MEAs) have steadily gained interest
in worldwide research since their introduction [1-3]. In this work, HEAs and MEAs are
defined as compositionally complex and disordered single-phase solid solutions containing
two to four elements for MEAs and at least five elements for HEAs in nearly equiatomic
proportions [4]. Due to their outstanding properties (e.g., high ductility combined with
high strength), both HEAs and MEAs have the potential to replace conventional alloys such
as Fe-based steels and are therefore promising for a wide range of applications [3-5]. The
3d-transition metal system (Co, Cr, Fe, Mn, Ni) is the most intensively examined so far [5,6].
At very low temperatures, the equiatomic CoCrFeMnNi HEA (called the “Cantor” alloy [2])
and the CoCrNi MEA [7,8] show outstanding mechanical properties [9,10]. Therefore, ap-
plications exposed to cryogenic conditions could be fields of application for these materials,
such as liquified cryo gas storage tanks and pipes in the energy and chemical industries.

With a total of over 100 publications in 2021, the knowledge about weldability of
HEAs is steadily increasing [11,12]. However, the practical welding processing of this
alloy type is still largely unexplored. Factors such as the initial material condition [13],
weld seam preparation in relation to surface condition (machined or eroded), weld seam
geometry, and design have to be investigated. Even for high entropy alloys, it is known
that the surface influencing processing steps can have a great influence on the final surface
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quality in terms of microstructure, residual stresses, and change of local microstructure or
residuals or remaining contaminations on the surface [14,15]. These initial conditions can
affect a material’s weldability as the interaction of the factor’s material, welding process,
and design.

Meanwhile, it is established that CoCrFeMnNi HEAs have good weldability for fusion
welding processes such as laser beam (LB), electron beam (EB), or tungsten inert-gas (TIG)
welding [11]. The reason for the good weldability of CoCrFeMnNi HEAs is that no cracks
or other weld imperfections, which are material related, have been described so far in
the literature [13,16,17]. In contrast, the addition of Al or Cu in AlxCoCrCuyNi alloys
significantly reduces the weldability and can lead to the formation of cracks, where x
is from 0 to 17 at.% and y from 0 to 8.5 at.% [18,19]. In that case, the crack mechanism
depends on the Cu content and changes from a brittle and transgranular fracture mode to
an intergranular liquid film separation (hot cracking) in medium and higher Cu contents
(y > 0.1) [19].

The literature shows that HEA and MEA offer great potential for various applica-
tions, but so far there are still many questions regarding processability. Therefore, this
study focuses on the TIG welding of selected HEA (CoCrFeMnNi) and MEA (CoCrNi-
first time TIG welding study) systems for thin sheets and investigates the influence of
surface preparation.

2. Materials and Methods

For the experiments, two different materials were investigated: Cr33.3C033.3Ni33.3
MEA-system and Cr20Mn20Fe20C020Ni20 HEA-system (both in at. %), both kindly syn-
thesized by RU Bochum (Professor Laplanche). For that purpose, pure elements were used
to produce inductively melted ingots in a high purity argon atmosphere. Subsequently,
the ingots were homogenized at 1473 K for 48 h and rotationally swaged in seven steps
to a cylinder with approximately 17 mm of diameter and a length of 100 mm. Final heat
treatments (1 h at 1293 K for CoCrFeMnNi) and (1 h at 1333 K for CoCrNi) were performed
to recrystallize the alloys and produce a similar grain size of approximately 50 um for both
alloys. The preparation of the single-phase FCC alloys [20,21] is described in more detail
in [22-24]. The chemical composition of the ingots was determined by electron microprobe
analysis (EMPA) in a JEOL JXA-8900-RL system and by spot measurements at 50 different
locations per sample. The results are shown in Table 1. Hardness measurements (see also
Table 1) were performed according to DIN EN ISO 6507-1 [25]; the reported values are the
average of 12 measuring points. Light optical images of the single-phase FCC microstruc-
tures are given for both base materials in Figure 1. The specimens were embedded in
epoxy-based, ground with 1200 grit paper and finally diamond-polished (grit size 1 um).
The etching was performed using Beraha-II etchant for 15 s at room temperature. There are
dark particles in both alloys, which are CrMn-oxides (CoCrFeMnNi) [26] and Cr-oxides
(CoCrNi) [9], respectively, which originate from the material production.

Table 1. Chemical compositions of the CoCrFeMnNi and CoCrNi alloys, determined by electron
microprobe analysis (EMPA) and hardness determined according to DIN EN ISO 6507-1 [25].

at. % Co Cr Fe Mn Ni HVO0.5

HEA 19.7 20.7 19.7 20.1 19.9 130 £3
MEA 33.0 343 - - 32.7 187 £ 6
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Figure 1. Light optical micrographs of the base material of CoCrFeMnNi HEA (a) and CoCrNi
MEA (b).

For the welding experiments, 1 mm thick plates with dimensions 14 x 82 mm? were
cut from the recrystallized ingots by electrical discharge machining (EDM) using an AP
450L from SODICK and a brass (Cu63Zn37) wire. Subsequently, two welding tests were
performed for each alloy. One sample remained in “as-machined” EDM condition; the other
was additionally ground (SiC 600 grit paper). The idea was to investigate the influence of
the different surface preparation conditions on the weldability as surface contaminations
perhaps alter the results (see Section 1). Prior to the welding tests, the surfaces were cleaned
with ethanol to remove organic compound residuals such as grease. The TIG welding
experiments were carried out using a specially designed and custom-made manufactured
specimen clamping system for the small specimens. The complete test setup is shown
in Figure 2. Here, in addition to the TIG torch, a gas trailing nozzle can be seen to cover
the weld metal even after welding. The same applies to the root, which is to be protected
from oxidation by means of shielding gas. For welding, a Polysoude PC 600 TIG system
with the data given in Table 2 was used, ensuring a remelted bead-on-plate-like weld seam
with approximately 70 mm length. The experimental parameters were determined using
a single-phase FCC Ni-base alloy (2.4858), since these have comparable thermophysical
properties and only little HEA and MEA material is available.

Shielding gas nozzle TIG - Torch .

Root
shielding gas

S e i
< - |

-
<

4 Specimen (1 4x80 mm2)’

Figure 2. Experimental setup for the TIG welding tests.
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Table 2. Applied welding parameters.

Basic Current Peak Current Arc Voltage Shielding Gas
35A 90 A 10V I1-Ar

Pulse frequency Welding speed Heat input Root shielding gas
4Hz 300 mm/min 0.133 kJ/mm R1-ArH-7.5

For the light optical microscopic (LOM) examination, cross sections were prepared,
ground and polished with diamond paste to 1 um grain size. This was followed by etching
with Beraha II etchant. The light microscope used was a POLYVAR MET from Reichert-
Jung. The SEM images and EDX measurements were performed on a Phenom XL from
Thermo Fisher Scientific. The radiographic tests were performed according to DIN EN ISO
17636-1 [27] with a titanium 420 X-ray source. The energy of the radiation was 100 kV with
a film-focus distance of 1000 mm. The achieved resolution of the film used at these settings
was 50 um.

Micro Computed Tomography (LCT) measurements were carried out on a GE v | tome | x
180/300 L system. The reflection target was used with an applied acceleration voltage of
200 kV and a tube current of 40 pA, resulting in 8 W tube power. A flat panel detector
(2024 x 2024 Pixel) was used with a pixel pitch of 200 pm. The source to object distance
(SOD) was 20 mm and the source to detector distance (SDD) was 500 mm. This yielded
a magnification of 25x and therefore a reconstructed voxel size of 8 ym and a field of
view (FOV) of 16 x 16 mm. Transmission images at 2400 angles were acquired. For each
angle, four projections at 1 s counting time were averaged. These projections were used to
reconstruct the 3D volume using the filtered back projection algorithm [28] embedded in
the reconstruction software of GE.

3. Results
3.1. Surface Characterization

In order to determine the influence of the surface preparation on the welding process,
the surfaces were characterized before. Figure 3 shows SEM images of the surfaces after
EDM (parts a,c) and additional grinding (parts b,d) of the HEA and MEA. Both alloys
show clear bright deposits on the surface after EDM (see Figure 3a,c). These were removed
by further grinding and were not visible anymore but show grinding grooves without
directional orientation (see Figure 3b,d). The corresponding chemical composition of the
surface areas (corresponding Figure 3) was investigated by EDX-mapping and is shown
in Table 3. It can be seen that, only in the case of the EDM-prepared surface, significant
amounts of Cu and Zn deposits can be found on the surfaces. This is due to electrical and
electrochemical dissolution of the brass wire used, as EDM also requires an additional
purging electrolyte to (a) set the electric connection between wire and workpiece and (b) to
remove the eroded particles from the surface [29]. The ground surfaces show a composition
close to the target composition without any Cu or Zn containing deposits.

Table 3. EDX area measurements on the eroded and ground surfaces before welding of CoCrFeMnNi
HEA and CoCrNi MEA—according to areas in Figure 3.

Composition in at. %

Materials/

Surface Preparation Co Cr Fe Mn Ni Cu Zn

. Machined by EDM (a) 11.4 13.2 13.8 14.9 99 24.8 12.1
CoCrFeMnNi Ground (b) 202 201 04 200 193 i >

CoCrNi Machined by EDM (c) 195 225 - - 17.9 29.8 103

Ground (d) 33.7 34.1 - - 322 - -
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Figure 3. SEM images of the surfaces before welding of the CoCrFeMnNi HEA after EDM (a) and
after grinding (b), and the CoCrNi MEA after EDM (c) and after grinding (d).

3.2. Results of the Radiographic Tests

In order to detect possible inner weld imperfections such as pores or cracks, a radio-
graphic inspection was performed after welding. The results are shown in Figure 4. The
welds with eroded surface show clear cracks in the HAZ along the entire weld length
for both CoCrFeMnNi HEA (Figure 4a) and CoCrNi MEA (Figure 4c). These run at ap-
proximately 45° from the fusion line in the opposite direction to the welding direction.
In contrast, the images of the welds with ground surface do not show any obvious weld
imperfections after radiographic inspection (Figure 4b,c). Moreover, these results from
identical welding tests with different surface preparations clearly show that EDM surfaces
lead to cracks in the HAZ, which can be avoided by additional grinding. Consequently, the
surface preparation has a significant influence on the weldability of HEAs and MEAs. In
the following, the cracking mechanism will be clarified.
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Figure 4. Images of radiographic tests for CoCrFeMnNi HEA (a) machined by EDM, (b) ground;
CoCrNi MEA (c) machined by EDM, (d) ground.

3.3. Light Optical Microscopy

The assumption that no other weld imperfections are present (except for the cracks on
the eroded specimens, see Figure 4a,c) is confirmed by the cross sections in Figure 5a—d.
These also show full weld penetration for all welds without any seam sag, which demon-
strates that the welding parameters were suitable. Furthermore, a dendritic solidification
of the weld metal can be seen. In the HAZ, hardly any influence on the microstructure in
terms of grain growth of the recrystallized base material is evident.

Further details of the obtained cracks are presented with higher magnification in
Figure 5e (HEA) and Figure 5f (MEA). Here, an intergranular characteristic of the cracks
in the CoCrNi MEA and the CoCrFeMnNi HEA can be clearly seen. At the crack flanks
of the CoCrFeMnNi HEA, brightness differences to the directly adjacent grain occur in
some cases (counter-drawn in the white box in Figure 5e,f). In the case of CoCrNi MEA,
changes also occur on the crack flanks compared to the surrounding material (marked in
the white box). This difference on the crack flanks may indicate the presence of another
phase. Otherwise, these effects can also occur due to inconsistent etching or edge effects.
Intergranular cracks in the HAZ can be due to a large variety of crack mechanisms. On the
one hand, it could be conventional hot cracking in the form of liquation cracks or ductility
dip cracks (DDC) [30]. On the other hand, the cracks could also be initiated by a liquid metal
embrittlement (LME) mechanism, which mainly occurs in, e.g., Zn-coated materials [31,32].
Cold cracking can be ruled out since both alloys have an increased elongation at fracture at
temperatures below 400 °C [33] and, in addition, the CoCrFeMnNi alloy does not tend to
strong hydrogen-induced embrittlement [34].
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Figure 5. Light optical microscopy images of the weld cross sections of: CoCrFeMnNi-HEA (a) EDM,
(b) EDM + ground and (e) detail of crack; and CoCrNi-MEA (c) EDM, (d) EDM + ground and
(f) detail of crack.

3.4. Crack Characterization via SEM and EDX

In this section, results of SEM and EDX investigations of the cracks and possible
deposits on the crack flanks are presented. Figure 6a,b confirms the descripted effects
from Section 3.3, as bright layers (in the white boxes) on the cracks of both alloys are
clearly visible (image by BSD detector of SEM). The occurrence of another phase in this
case would correlate with the conjectures described previously. Since the intensity of the
backscattered electrons increases with the atomic weight, i.e., of the irradiated elements,
in SEM investigations [35], these brighter areas in the images indicate a changed chemical
composition on the crack flanks and grain boundaries, which, on average, contains elements
of a higher order. Further examination was conducted by EDX line scans of the area marked
in Figure 6b. The results are shown in Figure 6c¢. It is clearly visible that this region is
enriched in copper compared to surrounding material. Since there is no copper in the
base material, it must inevitably be molten copper from the EDM, which was liquefied at
the elevated welding temperatures. It is assumed that the copper diffused or flowed into
the crack as a liquid phase due to capillary forces, since the cracks are reaching from the
fusion line to the specimen surfaces. However, the exact mechanism cannot be conclusively
clarified due to a lack of knowledge and information in the area of research in connection
with Cu diffusion in HEA or MEA materials. Therefore, these assumptions will be related
to the cracking mechanisms and discussed further below.



J. Manuf. Mater. Process. 2022, 6, 5 8of 13

Cr

Atomic percent in at%

Position

Figure 6. SEM images of the crack areas of the (a) CoCrFeMnNi HEA, the (b) CoCrNi MEA and
(c) EDX line scan marked in (b).

The examinations of the crack surface (Figure 7) show, as well as the cross sections
in Figures 5 and 6, an intergranular fracture surface. In addition, both materials show
solidification morphologies on the individual grain boundaries in Figure 7b,c. In addition,
the lighter copper deposits are clearly visible in the cracks of CoCrNi (Figure 7c,d), although
this cannot be detected by EDX due to the position in the crack.

Figure 7. Surfaces of the cracks in the HAZ on the CoCrFeMnNi HEA, (a,b), and the CoCrNi MEA, (c,d).
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In order to verify the assumption of LME occurrence, uCT scans were performed on
the weld of the CoCrFeMnNi HEA. For that reason, three different positions (virtual cross
section positions) through the reconstructed volume are shown in Figure 8.

The results of the uCT indicate that the cracks are larger in shape and number on the
surfaces (Figure 8b,d) than in the specimen center (Figure 8c). In addition, the cracks on
the top side are also larger and wider as compared to the root side. One reason should be
related to higher shrinkage stresses due to wider weld shape at the top compared to the
root side. These results support the assumption of the LME mechanism, since the cracks
are in contact with the surface and thus with the CuZn deposits on the as-machined EDM
surface. In addition, the CuZn-deposit melting temperature (Ts ~ 910 °C [36]) is way below
that of the HEA (Ts = 1289 °C [37]) and MEA (Ts = 1417 °C [7]). Furthermore, these CuZn-
compounds are more pronounced on the weld seam top side, since here the temperature
introduced by the arc column is higher than on the root side (heat conduction through the
material) and, thus, the effect for the occurrence or probability of LME is increased.

a) Weld surface (b)

'H
+ — — -Speciment center (c)

NPT NS W— :: ............ Weld root surface (d)

2mm |

Figure 8. uCT-examination of weld and HAZ of TIG weld of CoCrFeMnNi HEA with EDM generated
surface: (a) schematic view of sections in (b—d); (b) weld top surface; (c) specimen center; (d) weld
root surface.

4. Discussion

The results of the TIG welding of CoCrFeMnNi HEA and CoCrNi MEA show that
cracks form in the HAZ depending on the surface preparation. These cracks appear
only at EDM cut samples in “as-machined” condition and are successfully avoided by
additional grinding of the EDM surfaces. Figure 9 schematically shows a comparison of
the two presumed mechanisms, liquation cracking and LME, which are discussed in more
detail below.

CuZn deposits are present on the surface before welding (Figure 9a) caused by EDM,
as described in Section 3.1. During welding, temperatures significantly above the melting
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temperature of Cu63Zn37 (~910 °C [36]) are reached in the HAZ, causing melting and
subsequent penetration of liquid CuZn deposits into the grain boundaries (see Figure 9b).

As shown in Figure 9c¢, for the mechanism of liquation cracks, this penetration may
cause CuZn-rich phases to form at the grain boundaries, which become molten due to
the elevated temperatures during welding. The grain boundaries then cannot endure the
mechanical stresses from the welding-induced shrinkage of the clamped specimen, leading
to material separation. It is assumable that this also acts as a crack initiation mechanism
directly at the fusion line, and that further crack propagation is more likely to be due to the
notch effect of the initial crack.

Note that welding stresses or the residual stress state were not further investigated,
as it is assumed that welding stress evolution is regardless of the surface preparation and
should be comparable in the crack free (ground) specimens. It is also assumed that the
load due to shrinkage stress, especially in weld direction, is then high enough to cause
the separation of the grains either due to the liquid phase or due to embrittlement at the
grain boundaries.

a) Before welding b) During welding
Basg Grain boundary
material
< penetration of CuZn>

C) Liquation cracks d) LME
[Melting of grain boundaries Brittle fracture at the grain
and material separation due boundaries due to
to shrinkage loading shrinkage load

Figure 9. Schematic representation of the possible crack mechanisms (a) initial situation before weld-
ing; (b) grain boundary diffusion during welding; (c) melting of the grain boundaries during liquation
cracking mechanism; (d) breaking up of the embrittled grain boundaries during LME mechanism.

Figure 9d shows the cracking mechanism for LME, which would be likely for the EDM
surfaces [32,38-40]. Note that the exact LME mechanism has not yet been conclusively
clarified. However, the evidence provides numerous requirements and preconditions for
this: the presence of a mechanical or thermal load, a solid metal, and an embrittling liquid
phase. Additionally, interactions such as wetting by the liquid metal and an associated
contact with the solid material do play an important role here. However, properties of the
solid material, the chemical composition, grain size, and external process-related variables,
e.g., temperature and exposure time, do also have significant influence on LME. Therefore,
detailed statements are difficult to make based on the present results and require further
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research, also because the derivation of statements from results and studies by other authors
on the LME system between CuZn and HEA and MEA are not yet available. It should also
be taken into account that it cannot be excluded that diffusion of CuZn dissolved in the
weld metal at the HAZ contributes to crack initiation and growth.

The assumption of LME as crack mechanism is based on (i) the avoidance of these
cracks by removing the brass layer from the surface, (ii) the distinct intergranular crack
propagation with deposits of melted material from the brass layer, and (iii) the location
of the cracks on the surfaces of the sheets. Furthermore, (iv) the crack shape and the Cu
deposits on the crack flanks (see Figures 5 and 6) on both materials indicate LME [32,38].
According to Savage et al., LMEs can be caused by copper deposits, especially in metals
with FCC structure [39,40].

Alternatively, cracking could be intergranular liquid film separation due to penetration
and/or diffusion of Cu and Zn along the grain boundaries, close to the fusion line. A phase
with a low melting temperature is then formed and liquefied, as shown in [18,19]. Based
on the presented results, the exact classification to one crack mechanism remains open
and should be further clarified in future investigations. However, to completely rule out
hot cracking, hot crack tests such as the programmable deformation-crack (PVR) test [41],
could be performed to analyze the hot cracking sensitivity of these materials.

5. Conclusions

Weld experiments had been carried out for weldability of CoCrFeMnNi HEA and
CoCrNi MEA. For that purpose, bead-on-plate-like remelting experiments were performed.
The initial condition for the weldability had been additionally influenced by two different
machining conditions in terms of EDM as-machined and further grinding of the samples’
surface. The obtained weld seams had been investigated by radiographic and metallo-
graphic methods supported by EDX and SEM analysis of the cracks, including a uCT
reconstruction of the sample. The following findings can be concluded from the results:

(1) Both alloys, regardless of surface preparation, show a full weld penetration and a
dendritic microstructure in the weld metal. The HAZ, on the other hand, shows no
microstructural influence due to welding based on the results. The CoCrFeMnNi HEA
and the CoCrNi MEA with ground surface have good TIG weldability, i.e., defect-free
weld joints were obtained. The welded joints showed a dendritic in the weld center
that originated from epitaxial growth from the fusion line and (as suggested by the
experiments) an HAZ without a changed grain size compared to the base material.

(2) Inboth alloys with as-machined EDM surfaces, cracks form in the HAZ, which can be
avoided by grinding before welding. It can be concluded that the surface preparation
has a significant influence on the weldability of HEAs and MEAs. The HEA and MEA
have good weldability with a ground surface and poor weldability with an EDM
machined surface.

(3) Based on the results, an LME mechanism due to CuZn depositions is assumed to be
the origin for the cracking, but this cannot be finally clarified, as intergranular liquid
film separation could also be involved.
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