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Abstract

Multiple principal element alloys encompass the well-known high entropy alloys (HEA). The alloy system represents a new
class of materials consisting of at least three alloying elements, each containing 5 to 35 at.%. Thus, this alloying concept
differs fundamentally from conventional materials such as steel or nickel alloys. For this purpose, the alloying elements are
specifically selected, the microstructures are adjusted in a single-phase and, in some cases, multi-phase manner. In particular,
conflicting goals, such as the trade-off between strength and ductility in conventional steels, are overcome. However, in the
last 20 years, the focus has been on material synthesis. With the increase in available material quantities, the focus is now
on processing issues such as joining and welding processes. The weldability of HEAs has received very little attention so
far. The experience with dissimilar metal welds is completely lacking but is essential for the application of these materials in
combination with conventional materials. The present study presents comprehensive experimental results on the weldability
of an equimolar CoCrFeMnNi-HEA in cold-rolled and heat-treated condition, which was joined by tungsten inert gas welding
to an austenitic steel AIST 304. The mechanical properties of the dissimilar metal welds were characterized by cross-weld
tensile samples, whereas the local deformation in the weld of the different welding zones was measured by digital image
correlation. In accordance with the respective initial HEA condition (cold-rolled vs. heat-treated), the local strain behavior
was divergent and influenced the global mechanical properties of both DMW types. Nonetheless, the experiments provided
proof in principle of the weldability for dissimilar joints of the CoCrFeMnNi-HEA welded to conventional materials like
austenitic stainless steels ensuring a corresponding capability for mechanical loading. This allows further considerations on
the application of these innovative materials.
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1 Introduction

High entropy alloys (HEA) like the CoCrFeMnNi-HEA
(also referred as “Cantor-alloy”) belong to the group of
multiple principal element alloys. These are fundamentally
different from conventional alloy systems, which usually

Recommended for publication by Commission II—Arc Welding and
Filler Metals.

< Michael Rhode
michael.rhode @bam.de

Bundesanstalt fiir Materialforschung und -priifung (BAM),
Department 9 - Component Safety, Unter den Eichen 87,
12205 Berlin, Germany

Institute for Materials Research and Joining Technology,
Otto-von-Guericke University, Universitétsplatz 2,
39106 Magdeburg, Germany

Published online: 26 February 2024

contain one main element, such as Fe in steel, whereas a
HEA comprises several principal elements in approximately
equiatomic amounts [1]. They promise excellent tunable
chemical and physical properties, such as high strength and
ductility, for high- and low-temperature applications [2].
In perspective, this may lead to a substitution of classical
high-alloy steels or Ni-based alloys. First HEAs for joining
processing are commercially available in terms of powders
for additive manufacturing, like the CoCrFeMnNi-HEA [3]
or a AICrFeMnNi-HEA [4].

During the last 20 years, the quantity of HEA materials
available has increased due to research efforts in material
synthesis. As a result, processing issues, such as joining and
welding, are becoming increasingly important. As summa-
rized in diverse comprehensive review papers, the weldabil-
ity of HEAs for fusion welding (via laser and TIG) is gener-
ally good [5-8]. Generally, dissimilar metal welds (DMWs)
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Table 1 Selected results of

. . HEA Counterpart Welding process Ref
DMW studies of CoCrFeMnNi-
HEA welded to conventional CoCrFeMnNi Austenitic stainless steel AISI 308 (as filler Gas metal arc welding [11]
materials by different welding material)
processes [11-16] CoCrFeMnNi (as-casted) Laser welding [12]
Austenitic stainless steel AISI 304 Diffusion welding [13]
Austenitic stainless steel AISI 316 Laser welding [14]
Austenitic stainless steel AISI 304 Friction stir welding [15]
Duplex stainless steel Laser welding [16]

can come across with some metallurgical challenges like
the formation of intermetallics or high residual stresses [9,
10]. But experience with DMWs of HEAs to other materi-
als is rare so far. Table 1 gives a brief overview on literature
studies of CoCrFeMnNi DMWs joined by different welding
processes [11-16].

In addition, HEAs are candidate materials as welding
consumables to join different materials like metal-metal
or metal-ceramics [17]. First applications are, for example,
the use as interconnector materials for solid oxide fuel cells
(SOFC) [18]. Nonetheless, for the potential application of
high-entropy materials, it is essential to investigate the weld-
ability and related performance (e.g., mechanical or corro-
sion resistance) of the respective DMWs. The establishment
of reliable DMWs of HEAs joined to conventional materials
can ensure the integrity of the welded components as well as
cost reduction effects (by multi-material-mix strategies for
modern component manufacturing).

For that reason, this study presents selected results of dis-
similar metal joints of CoCrFeMnNi-HEA in cold-rolled and
heat-treated condition TIG welded to an austenitic stainless
steel. Results are presented for the influence of the micro-
structure on the mechanical cross-weld properties with focus
on the local strains.

2 Materials and methods

2.1 Materials investigated

An equimolar CoCrFeMnNi-HEA was used as base mate-
rial (BM) as well as a commercial austenitic stainless steel

type 304, using the American Iron and Steel Institute (AIST)
nomenclature. Table 2 shows the chemical composition of

Table2 Chemical composition of 304 steel and CoCrFeMnNi-HEA,
element content in weight percent

Element Co Cr Fe Mn Ni
304 steel - 19.9 69.1 1.6 7.6
CoCrFeMnNi 19.7 20.7 19.6 20.1 19.9

the investigated materials. The HEA composition was deter-
mined by electron microprobe analysis (using JEOL JXA-
8900-RL analyzer, JEOL GmbH, Germany). The 304 steel
was investigated by optical emission spectroscopy (using
Spectrotest analyzer, Spectro GmbH, Germany).

For the AISI 304, only the main elements are shown in
Table 2. The grade additionally contained C (0.32%), Si
(0.88%), and P+ S (< 0.07%). The CoCrFeMnNi-HEA con-
tained small amounts of material synthesis-related impuri-
ties (Cr- and Mn-oxides in accordance with [19]). It was
kindly delivered by the group of Prof. Guillaume Laplanche,
Ruhr-University Bochum, Germany. The synthesis process
encompassed the vacuum induction melting of elements (as
powder with purity of 99.9 wt.%). The molten powders were
casted to ingots with a diameter of 40 mm and homogenized
at 1200 °C for 48 h. Details of the materials synthesis are
described in [20]. The heat-treated ingots were cold-rolled
to a thickness of 1.2 mm and cut to plates with a width of
40 mm and 75 mm length. For the welding experiments,
two material conditions of the HEA were considered: (1)
the initial cold-rolled (CR) condition and an (2) additional
recrystallization via heat treatment (HT) of the CR-condition
at 1020 °C for 1 h.

2.2 TIG welding

Tungsten inert gas (TIG) welding was performed on a Poly-
soude PC 600 (by Polysoude S.A.S., France) in pulsed arc
mode. The welding parameters are presented in Table 3.
They were adapted from HEA bead-on-plate TIG welds
and presented in [21, 22]. The calculated welding heat input

Table 3 TIG welding parameters

Parameter Unit Value
Basic current A 35
Peak current A 90
Voltage \Y% 10
Pulse frequency Hz 4
Welding speed mm/min 300
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was 0.13 kJ/mm (effective values of current and voltage, in
accordance with [23]).

The welds were made in horizontal position (PA) using
shielding gas I1-Ar (argon with gas quality 5.0; see [24])
with a flow rate of 15 I/min. In addition, a backing gas
R1-ArH-7,5 (92.5% Ar and 7.5% H,; see [24]) with 10 I/
min was used for shielding of the weld root. To generate
conditions as close to reality (in terms of the degree of
stiffness and clamping), the weld parts (one side the HEA
and the 304 steel as the counterpart) were fixed in a clamp-
ing device; details were presented in [21]. The plates were
clamped within an area of 1 mm at the longitudinal edge
and an approximately 70 mm weld seam was produced. The
experimental setup is shown in Fig. 1.To ensure oxidization
prevention of the weld joint during cooling, a tail shielding
gas nozzle with I1-Ar (Ar 5.0, gas flow of 15 1/min) was
mounted behind the TIG torch in welding direction. Two
type K-thermocouples were attached at the weld start as well
as in the center to monitor the plate temperature and for esti-
matation of the cooling behavior of the weld joint.

2.3 Metallography, SEM, and hardness
measurement

2.3.1 Sample preparation and conducted investigations

Cross-sections perpendicular to the welding direction were
extracted in the center region of the welded plates. The sam-
ples were embedded in epoxy resin and ground by different
SiC grinding papers to finally 2000 grit. Finally, they were
polished with a diamond polishing paste to 1 um. To reveal
the corresponding microstructures, the cross-sections were
two-step etched: at first with Adler’s etchant for 60 s and sec-
ond by Beraha-II etchant for 15 s, both at room temperature
(based on the experience presented in [22]). Light optical
microscope (LOM) examinations were carried out using a
POLY VAR MET microscope (from Reichert-Jung, Austria)

Fig. 1 TIG welding setup with clamping device

with a Gryphax-Altair camera (from Jenoptik, Germany).
For acquisition of the images, the software IMS Client (from
Imagic Bildverarbeitung GmbH, Germany) was used. SEM
investigations of the microstructure and the fractured ten-
sile samples (geometry shown in Fig. 2a) were carried out
using a Phenom XL tabletop SEM (from Thermo Fisher
Scientific).

2.3.2 Hardness measurements

The hardness measurements were conducted for the entire
weld joint cross-section using an ultrasonic contact imped-
ance (UCI) analyzer UT200 (from BAQ GmbH, Germany).
UClT is characterized by a vibrating rod with a diamond pyra-
mid attached to its tip. In accordance with [25], a microhard-
ness determination of Vickers hardness HV0.1 was targeted.
The individual measuring points had a lateral spacing of
100 pm in x and y direction, leading to a hardness map of
the entire cross-sections of the DMWs.

Lenses of
light
microscope

R25| 5 1
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Fig.2 Tensile sample: (a) geometry in accordance with [26], (b)
detail of gage section covered with stochastic pattern, (c¢) mounted in
loading frame under light microscope
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2.4 Tensile test

Tensile tests were conducted with “dog bone”-like flat sam-
ples machined from the BMs and cross-weld samples of the
corresponding DMWs with the weld seam in the center of
the sample. The tensile test geometry is shown in Fig. 2a
(geometry in accordance with [26]). The sample cross-sec-
tion corresponded to an area of 6 mm? within the gage sec-
tion, encompassing a total gage length of 20 mm.

2.4.1 Load frame and data acquisition

The test speed was set to 10 um*s~! (displacement-con-
trolled) using a mechanical load frame (from JPK Instru-
ments, division of Bruker Nano GmbH, Germany), as shown
in Fig. 2b and c. This speed was equivalent to a strain rate
of 5% 10~*#s! (based on the gage length of 20 mm). Sub-
sequently to the mounting of the sample into the loading
frame, a small preload of 10 N was applied and the camera
system for the in situ strain analysis checked and the data
logging unit triggered. During the tensile test, the data acqui-
sition of both the force and displacement was realized by
the DDS-3 system and Measurement and Control Device
Software MDS 4.0 (both from Kammrath Weiss GmbH,
Germany). The welded seam of the mounted DMW sample
in Fig. 2b is not directly visible because it was covered by a
stochastic pattern for the measurement of the local strains,
as shown in the next sub-sections.

2.4.2 Global engineering stresses and strains

The global engineering stress was obtained via the division
of the measured force (in N) vs. the cross-section of the sam-
ple of 6 mm? (1.2 mm thickness X 5 mm width; see Fig. 2a).
Due to the relatively small sample length within the available
compact loading frame, neither a tactile could be applied nor
an optical extensometer due to the mounted camera optics.
For that reason, the measured cross-head displacement (in
millimeters) was related to the gage length of 20 mm for the
calculation of the global strain (in percent). Of course, the
strain did not represent an exact value. Indeed, cross-weld
samples are not applied for calculations of a certain yield
strength of the welding joint due to the very heterogenous
DMW microstructures. For that reason, an approximated
value for the total strain of the DMW is also of high interest
for the assessment of the global straining behavior.

2.5 Measurement of local strains by DIC
Different welding microstructures can have way different
local mechanical properties. To estimate which microstruc-

ture was decisive for the (necking and) failure of the sam-
ple during the tensile test, the digital image correlation (DIC)
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technique was applied. This allowed the in situ identification
of the local strains, e.g., in the WM and the HAZ. For that
purpose, automated light microscopy images were acquired
every 20 s during the tensile test by a VHX 7000 Digital
Microscope (Keyence) with the lens aligned vertically above
the flat tensile specimen (see Fig. 2¢). The obtained row of
images of the top surface of the weld joint was analyzed by
the GOM Correlate software (Carl Zeiss GOM Metrology
GmbH, Germany). For that purpose, each subsequent image
was compared to the corresponding preceding image. The
first image was obtained at “zero” loading condition (at the
mentioned 10 N preload). For the strain identification via
the displacement measurement, a pixel mesh was defined
(edge length of the single pixel of approximately 15 pm) and
applied to the acquired images of the tensile sample, encom-
passing the entire gage length (20 mm) and width (5 mm).
Subsequently, the local strain at each respective pixel posi-
tion was individually calculated as mean value of a facet
defined to 25 pixels (375 pm) and a point spacing of 16 pixels
(240 um) resulting in a local strain. For strains determined
by DIC, an internal deviation of +2% has to be considered.
The prerequisite for a precise DIC-analysis is the stochas-
tic pattern on the specimen with a high contrast, which is
necessary for the GOM software to identify (and to follow)
the displacement of the sample during straining. To ensure
the high-contrast, a black pattern was manually speckled on
a white background, as shown in Fig. 2b. For that purpose,
two black and white varnishes (supplier: Auto-K GmbH,
Germany) were used ensuring both a sufficient deformation
ability and an adhesion/bonding to the substrate surface.
Prior tensile tests ensured that with the chosen applied test
speed of 10 um*s~!, the stochastic pattern did not show sig-
nificant delamination effects during the entire tensile test.

3 Results and discussion
3.1 Cross-sections and microstructures

Figure 3a shows a representative cross-section for the DMW
of the cold-rolled HEA. Detailed microstructure features
are shown in Fig. 3b for the HAZ of the 304 steel, Fig. 3c
the HAZ of the cold-rolled HEA base material, and Fig. 3d
for the intermixed WM. Figure 3e presents the DMW with
the heat-treated HEA with details in Fig. 3f for the HAZ
of the 304 steel, Fig. 3g the HAZ of the heat-treated HEA
base material, and Fig. 3h the intermixed WM. Defect-free
weld joints (e.g., pores or cracks) were ensured by visual
and radiographic testing. From that point of view, the TIG
welding parameters (see Table 3) based on the HEA bead-
on-plate welds in [21, 22] were successfully transferred to
the presented DMWs (and the TIG weldability for the dis-
similar metals proofed).
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Cold-rolled HEA

Dissimilar metal
weld joint of:

304 steel and
CoCrFeMnNi-HEA
In
cold-rolled condition

Heat-treated HEA

Intermixed weld /‘ .
4 )
~metal/ g

Dissimilar metal
weld joint of:

304 steel and
CoCrFeMnNi-HEA
In
heat-treated condition

Fig.3 Cross-section of DMWs of 304 steel welded to a HEA in cold-
rolled condition with magnified detail of b HAZ of 304 steel, c HAZ
of HEA, and d intermixed weld metal; e HEA in heat-treated condi-

For both DMWs, the intermixed WM showed a den-
dritic microstructure (DMW of the cold-rolled HEA in
Fig. 3d and the DMW of heat-treated HEA in Fig. 3h)
with some micro-segregations between the dendrites. In
accordance with [27], CoCrFeMnNi-based HEA-to-HEA
TIG welds showed segregation of Mn into the interden-
dritic regions. In addition, Fe-enriched dendrite cores were
indentified as shown in [28]. In this reference, the detailed
chemical analysis of the aforementioned dendrite regions
is presented. Nonetheless and based on available studies
on fusion welded CoCrFeMnNi-HEAs to austenitic stain-
less steels (see Table 1 and in accordance with [11-16]),
potentially critical weld-defects like brittle intermetallic
phases are unlikely to occur. The most obvious difference
between the HEA in CR-condition (Fig. 3c) compared with
the HT-condition (Fig. 3g) was the different grain size.
The coarsening of the grains in the heat-treated HEA was
exclusively related to the annealing (HT) of the cold-rolled
HEA at 1020 °C for 1 h (see Sect. 2.1) prior to the weld-
ing. Considering Fig. 4 (HV-distribution), the grain size
cannot be directly correlated to a change of the hardness.

tion with magnified detail of f HAZ of 304 steel, g HAZ of HEA, and
h intermixed weld metal

According to the weld joint geometry, the macro-sections
in Fig. 3a and e suggest that some inconsistencies occurred.
At first, it is reasonable that due to the relatively small sheet
width in combination with the well-known low thermal con-
ductivity [5, 29], welding distortions were favored. For that
reason, a geometrical offset between the different welding
parts occurred after the clamping force was released, and
the welding distortions were allowed to take effect. Second,
the weld metal thickness was assumed to be influenced to a
certain extent by the small (but unavoidable) gap between
the welding parts. This could not be balanced by a HEA
welding consumable (not commercially available as wire).
For that reason and due to the limited availability of the HEA
base materials, a possible small deviation of the weld metal
thickness was not further evaluated.

3.2 Hardness
The HV0.1 DMW hardness distribution of the 304 steel

welded to the cold-rolled HEA is shown in Fig. 4a and
welded to the heat-treated HEA in Fig. 4b, respectively.
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304 steel

Intermixed _weld metal

Cold-rollpd HEA

HVO0.1

0 2 4 6

8 Heat-affected 10
X/ mm <+—— area approx.4mm —>
304 steel Intermixed weld metal Heat-treated HEA

0 2 4 6
X/ mm

Fig.4 Microhardness of DMWs of 304 steel welded to HEA in a cold-rolled and b heat-treated condition

Due to the geometrical small offset of the welding plates
(Fig. 3), a deviation between the transverse weld joint
axis and the x—y-coordinate system of the UCI analyzer
occurred, especially for the weld joint with the cold-rolled
HEA. For that reason, the hardness map was slightly
“tilted” (see Fig. 4a).

The most significant difference in the hardness distribu-
tion was identified in the HEA. For the cold-rolled HEA,
an average hardness of > 600 HVO0.1 was found, whereas
the HEA in the heat-treated condition had <200 HVO.1.
The 304 steel had an average hardness of 280 HVO0.1. The
intermixed weld metal showed for both welding conditions
a significant softening, comparable to values of the heat-
treated HEA. Of course, the weld heat input caused a signif-
icant decrease of the hardness of the cold-rolled HEA due
to annealing effects of the microstructure. The predominant
annealing effects for a CoCrFeMnNi-HEA can be attrib-
uted to the well-known annihilation of dislocations [30, 31]
by recrystallization as well as texture effects known from
heavily deformed austenitic TWIP steels [32]. For that rea-
son, a strong hardness gradient was found, expressed by a
drop of nearly 400 HVO0.1 within a 4-mm heat-affected area
(see cold-rolled HEA base material in Fig. 4a, right-hand
side). The term HAZ was intentionally avoided as distinct
microstructural changes did not occur [28]. The hardness
decrease was merely due to the well-known annihilation of
the cold-rolling effects like high number and density of dis-
locations. For some alloys, like Fe-based steel, the hardness
and tensile strength are roughly proportional (see ASTM
A 370-23 [33]). From that point of view, the weld metal
region should be of special interest for the local mechani-
cal properties as they determine the global performance of
the cross-weld sample strength. For that purpose, the local
strain measurements (identified by digital image correla-
tion) are presented in the next section.
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3.3 Global mechanical properties of base materials
and cross-weld samples

The global mechanical tensile properties are shown in Fig. 5
as engineering stress—strain diagrams assuming a constant
sample cross-section. The individually calculated ulti-
mate tensile strength (UTS, R, in MPa) and the maximum
strain (g in %) is given in Table 4. In addition, the yield
strength (YS, Ry, in MPa) is given for the base materials
(as average value for three samples per BM-condition). For
comparison, an approximated YS is given for the DMWs,
although cross-weld tensile samples do not directly allow to
calculate a YS (due to the heterogenous ductility of the weld
joint zones, especially the HAZ).

1400 - ‘
/\ —  DMW with heat-treated HEA

1200 / —— DMW with cold-rolled HEA

r — — BM: 304 steel

I ' | = — BM: heat-treated HEA
1000 4 ¢ = — BM: cold-rolled HEA

[ i ; :

1 . SRS S — e s

Global engineering stress in MPa

Global engineering strain in %

Fig.5 Stress strain curves of base materials 304 steel, HEA in cold-
rolled (CR) and heat-treated (HT) condition, and corresponding
DMWs
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Table4 Overview of mechanical properties of 304 steel, HEA in
cold-rolled (CR) and heat-treated (HT) condition, and correspond-
ing DMWs (* YS derived from tensile samples, ** approximated YS
from DMWs cross-weld tensile samples)

Grade R,inMPa R, ,inMPa ¢, in%
304 steel 752+19 323+23% 62+2
Cold-rolled HEA 1358 +70 207 £59* 842
Heat-treated HEA 577+30 240+ 13* 4643
DMW with cold-rolled HEA 529 +56 286 +31%*% 1343

DMW with heat-treated HEA 580+ 16 286+ 13** 1943

As shown in Fig. 5, both the 304 steel and the HEA in
HR-condition (as base materials) show the well-known high
ductility of FCC-phase materials of austenitic steels [34]. As
presented in Table 4, the 304 steel had a maximum strain
€max =02 +2% and HEA-HR had a slightly decreased maxi-
mum strain of € ,, =46 +3%. The cold-rolling of the HEA
results in a significant decrease of the ductility (cold-rolled
HEA) to e,,,, =13 +3%) but is accompanied by the expected
increase of the UTS to 1358 +70 MPa. This is nearly 2.5
times of the UTS (577 +£30 MPa) of the heat-treated HEA.

As a main result of this study, the DMWs generally
showed a sufficient mechanical performance. In both condi-
tions, a tensile strength of > 500 MPa as well as a (approxi-
mated) yield strength of 286 + 31 MPa was achieved. The
ductility of the DMW with the heat-treated HEA as base
material was slightly better (e, =19%) compared to the
DMW with the cold-rolled HEA (e, =13%). From the ten-
sile data of the cross-weld DMW samples, it is reasonable to
regard the CoCrFeMnNi-HEA as a potential structural mate-
rial with good weldability for DMWSs with austenitic steels
like a 304 steel. Nonetheless, the question arises on how
different materials influence the local strains of the welded
joint. The reason is that the engineering stress—strain dia-
gram only delivers a global strain across the entire weld

sample. From that point of view, the local straining during
the increasing mechanical load by the tensile test is of high
importance. The results are presented in the next section.

3.4 Local strains and fracture location of DMW
with cold-rolled HEA

Figure 6 shows the obtained results for the local strains in
the DMW of the 304 steel joined with the cold-rolled HEA.
For that purpose, Fig. 6a shows a representative stress strain
diagram of the respective DMW. Due to the large amount
of DIC-data, Fig. 6b shows three selected representative
patterns. These were selected to describe the mechanical
behavior at different load/straining steps during the tensile
test: step (I) within the plastic regime before UTS, step (II)
at UTS, and step (III) shortly before rupture. In the DIC-
patterns, the colors describe the calculated local straining
(from blue with e =0% up to red with the corresponding
maximum values). For comparison reasons, the patterns of
steps I to III have individual scales shown on the right of the
respective pattern. It is obvious that for all three steps I to
III, the weld metal had always the highest local deformation
(as indicated by the red and orange colors). Compared to the
global strain of 4.2% (see Fig. 6a) at step I, local strains in
the intermixed WM of up to 25% were observed. The strains
in the HEA as well as the 304 steel were close to the meas-
ured global strain. A comparable behavior was found at step
II with the highest applied mechanical load, i.e., stresses. At
this respective step, the global strain is approximately 9%
and corresponds to the local strains in both BMs.

The highest global strains were found in the WM (at local
spots > 60%). In addition, a local higher straining can be
found at the respective fusion lines and in the heat-affected
area of the HEA. This is in accordance with the obtained
hardness decrease from 600 HVO0.1 to below 200 HVO.1.
Immediately before the final rupture (step III), local WM

» (=23
(=3 (=3
o o

n
(=3
o

Global engineering stress in MPa

o

Global engineering strain in %

Average
strain in
condition lll:

>£HEA ~ 0%

c)

>8WM =59%

>£304 =13%

Fig.6 Representative cross-weld tensile sample of DMW of cold-rolled HEA welded to 304 steel: a global engineering stress strain curve, b

local strains at load steps I to III
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strains increase at hotspots to > 80%. Due to the local dif-
ferences in the strains, Fig. 6¢ shows the averaged strains
(mean value) of the BMs including the respective HAZ and
the intermixed WM. In that connection, the averaged strain
in the WM is higher compared to the HEA and the 304 steel.
Interestingly, the averaged strain ey, of the cold-rolled
HEA is virtually around 0%. That means due to the high
initial deformation, the mechanical tensile load is directly
transferred to the intermixed WM. This can be clearly seen
for all load steps I to III by the pile-up of high strains in
the vicinity of the fusion line between the cold-rolled HEA
and the intermixed WM (Fig. 6b), resulting in an increased
average strain of ey, =59%, i.e., very high deformability
of the WM.

3.5 Local strains and fracture location of DMW
with heat-treated HEA

Figure 7 shows the DMW of the 304 steel welded to the
HEA in HT-condition. In accordance with Sect. 3.4, three
different representative load steps I to III are further evalu-
ated. If the individual BMs are regarded, it is noteworthy
that due to annealing, the HEA softens. In accordance with
[30, 31], an important effect of annealing in this CoCrF-
eMnNi-HEA is the annihilation of dislocations. This is
expressed by the remarkably decreased hardness in the HEA
(see Fig. 4) as well as by the increased deformability. As
indicated by the different colors in Fig. 7b, the local strains
range from 10 to 12% (step 1) and from 12 to 18% (step
II) and remain in this range (step III). The 304 steel had
slightly decreased strains that compensated the local strains
in comparison to the global strain (Fig. 7a). The improved
deformability of the heat-treated HEA influenced the local
strains in the WM. They were remarkably lower compared
to the WM if joined to the HEA in CR-condition. Hot spots
with 18% (step I), 36% (step II), and > 60% were identified.

As shown in Fig. 7c, the average strain in the WM of the
DMW with the heat-treated HEA corresponds to ey, =41%
at step III. This is remarkably lower compared to the local
WM ductility of ey, =59% in case of the DMW with cold-
rolled HEA as base material (see Fig. 6¢). The reason is the
higher local ductility of the heat-treated HEA (eyp, =23%)
compared to the cold-rolled HEA (eyp, ~0%). As a result,
the afore described global ductility of the cross-weld sample
was improved.

3.6 Discussion of global DMW behavior vs. local
fracture topography

Figure 8a shows a representative SEM figure of the frac-
ture morphology of the DMW with the cold-rolled HEA,
whereas Fig. 8b shows a magnified region of the weld joint
mid thickness. The microvoid coalescence (MVC) mor-
phology around the inclusions indicates high ductility of
the respective microstructure. Figure 8c shows the SEM
overview of the fracture topography of the DMW with the
heat-treated HEA and Fig. 8d the magnified region. For both
DMWs, the samples fractured in the intermixed WM. Inter-
estingly, the MVC morphology changed and encompasses
localized areas of quasi-cleavage (QC)-like patterns. That
means despite the higher global deformability of the DMW
with the heat-treated HEA compared to the cold-rolled HEA
(19% vs. 13%, as shown in Table 4), the local deformation
capability of the WM decreased.

The described DMW behavior (Sects. 3.4 and 3.5) is
generally believed to be caused by highly different BM
properties or the HAZ formation. In [35, 36], it was sug-
gested that a weld joint can be regarded as a “compos-
ite material,” which deforms under iso-stress conditions
during tensile loading. The problem is that the various
local welding microstructures interact with each other and
establish interdependencies in between. Hence, a focus on
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Weld root

Em)

Weld top

Fig.8 SEM figures of fracture topographies of the DMW cross-weld
tensile specimens of 304 steel welded to a HEA in cold-rolled condi-
tion, overview figure; b magnified center region of weld joint with

merely global mechanical performance assessment of a
cross-weld “blurs” the mechanical properties of the pure
microstructures. Especially the hardening condition of a
material (or excessive softening vice versa) can signifi-
cantly influence the behavior if adjacent to a harder mate-
rial. Reynolds et al. [35] hypothesize that the deformation
of a material is limited by its surrounding, but less signifi-
cant with increasing plastic deformation, the same behavior
can be identified by the fracture topography in Fig. 8. The
“hard” cold-rolled HEA results in merely ductile fracture
(Fig. 8b) located in the intermixed WM. In contrast, the
ductility of the intermixed WM is limited if the 304 steel is
joined to the “soft” heat-treated HEA (as shown in Fig. 8d).
Of course, the ratio width of the HAZ compared to the
material thickness plays a significant role (in this study,
approximately 4:1).

In addition, a more or less rigid surrounding adjacent
microstructure has the same effect as a mechanical notch
leading to a triaxial stress state [36], intensifying local
differences in the mechanical properties. In other words,
each material inhomogeneity can act like a geometric
discontinuity. From that point of view, any discussion on
local mechanical properties of a specific weld microstruc-
tures requires careful consideration of the surrounding
microstructure.

Of course, this is not exclusively related to HEAs and
their dissimilar metal welds as a weld joint represents a cer-
tain discontinuity in terms of both the metallurgical and
the mechanical properties. For example, welded multi-mate-
rial-mixes are state of the art especially in complex compo-
nents like car bodies [37]. Nonetheless, basic weldability
studies including cross-weld mechanical properties are of high
interest in regard of this new HEA material. As shown in the
next section, the application potential of a material is directly
related to its weldability.

ductile/MVC morphology; ¢ HEA in heat-treated condition, overview
figure; and d magnified upper region of weld joint with MVC and QC
morphology

3.7 Perspectives for the application
of CoCrNiFeMn-HEA-DMWs

The identified mechanical behavior (including the failure
locations) suggests that the intermixed WM can be a poten-
tial crack susceptible region, for example, by mechanical
overloading. Nonetheless, the presented cross-weld ten-
sile properties (and the underlying microstructure assess-
ment [28]) confirmed that the HEA can be joined by TIG
to austenitic stainless steels like the 304 steel, showing suf-
ficient mechanical performance in terms of strength and
ductility. Nonetheless, a prior annealing of the HEA is ben-
eficial in terms of the higher global ductility of the DMW
(19% if joined to heat-treated HEA vs. 13% if joined to
cold-rolled HEA, see Table 4). In general, the determined
mechanical strength of the cross-weld tensile samples
demonstrated the application potentials of a CoCrFeMnNi-
based HEA. With respect to its desired properties, it could
be of interest, e.g., as material for hydrogen applications,
like high-pressure [38] or cryogenic storage [39] and in
electrochemical corrosion environment [40, 41]. Although,
distinct H, — applications for this material (especially in
welded condition) are currently missing. Based on world-
wide research efforts [5-8] and on recent results with the
identic materials [21, 22, 28], it can be stated that welding
of HEAs and its influence on the properties are of special
interest for the near future.

4 Conclusions

HEASs will become of great interest as structural materials
for the future due to their outstanding properties. Nonethe-
less, they encompass relatively expensive raw materials and
synthesis. From that point of view, multi-material mixes

@ Springer
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will be the state of the art and HEAs will have to be welded
to different conventional materials. For that purpose, TIG
welding experiments were carried out for the CoCrF-
eMnNi-HEA and a 304 steel as “‘conventional” counterpart
for the DMW. To simulate different material processing
conditions, the HEA was investigated in cold-rolled and
heat-treated condition. The corresponding microstructure
was characterized, hardness scans performed, and the local
mechanical strains were characterized by digital image cor-
relation (DIC-technique). The following conclusions can
be drawn from the results presented:

e TIG welding allowed defect-free DMWs of CoCrF-
eMnNi-HEA joined to 304 steel. A prior heat treatment
of the HEA significantly decreases the microhardness
of the HEA.

e Nonetheless, both DMWs achieved sufficient mechan-
ical properties in terms of the strength values. The
DMWs generally have a remarkably decreased global
ductility, whereas the heat-treated condition of the
HEA resulted in somewhat better global ductility (19%)
compared to the cold-rolled HEA (13%).

e The highest local strains were detected in the weld
metal for both DMWs. The heat-treatment of the HEA
caused a certain softening, which was responsible for
decreased local strains in the WM of the corresponding
DMW. Nonetheless, the high local strains caused the
failure of the cross-weld samples always in the WM-
region.

e The determined mechanical strength of the cross-weld
tensile samples demonstrates the potentials of a CoCr-
FeMnNi-based HEA as structural material if welded to
austenitic stainless steels.
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