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MOTIVATION

Welding of high entropy alloys is a new field in material and mechanical engineering that has sparked
interest due to the unigqueness of the materials involved. Unlike traditional alloys, high entropy alloys
have a unique composition of multiple elements in almost equal proportions. This opens the door for a
new set of qualities, such as extraordinary mechanical properties, high resistance to extreme tempera-
tures, different types of corrosion and many others. Dissimilar welding is an already commonly used
technique for joining different materials, and, consequently, their different and complementary proper-
ties. So, the basis of this work is using the principle of dissimilar welding and applying it to a high
entropy alloy.

The selected high entropy alloy CoCrFeMnNi has already been used for similar research, however, it
was joined to the other base material 316 Stainless steel through laser welding. The point behind the
selected materials is to try and couple the excellent mechanical properties of the high entropy alloy with
the corrosion resistance of the 316 stainless steel.

In this work, gas tungsten arc or TIG welding is the chosen technique. With this, the motivation behind
this paper is to know how the welding technique impacts the microstructure, the phases formed, the

mechanical properties, and assess if it has the potential to be applied in structural-oriented applications.
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ABSTRACT

High entropy alloys have gathered recent attention due to their extraordinary mechanical properties.
And with that comes the desire to couple those properties with others from different materials, through
dissimilar welding. In this work, gas tungsten arc welding is used to fuse together a CoCrFeMnNi high
entropy alloy to a commercially available 316 stainless steel. The objective is to try to add the former's
high fracture toughness and ductility to the latter's excellent corrosion resistance and see if it can be
employed in structural-oriented applications. Two different samples were made to compare the influ-
ence of post-weld heat treatments on the microstructure and mechanical properties. The microstructure
study and evaluation were done resorting to optical and electron microscopy and X-ray diffraction. The
mechanical properties were determined using a microdurometer and tensile testing. The microstructure
was then assessed and correlated with the results of the mechanical tests. The results show a significant
difference in hardness throughout the welded joints. The as-rolled sample shows a decrease of about
200 HV between the CoCrFeMnNi and the 316 stainless steel with a hardness value of about 150 HV
in the fusion zone. The as-annealed sample maintains a constant HV value throughout the welded joint,
of around 160 to 170 HV. This is coherent with the electron microscopy observations and may be a
result of a new solid solution forming in the fusion zone. The tensile tests show both samples fractured
at the fusion zone. This difference in ductility and hardness can be explained by the increase in grain

size and stress relief from the annealing.

Keywords: High Entropy Alloy, Stainless Steel, Dissimilar Welding, Gas Tungsten Arc Welding,
Annealing, Mechanical Properties, Microstructure.
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RESUMO

Recentemente, as ligas de alta entropia tém recebido atencéo devido as suas extraordinarias propriedades
mecanicas. E com isso, surge o desejo de associar essas propriedades a outras de materiais diferentes,
através de soldadura dissimilar. Neste trabalho, utilizou-se soldadura TIG para juntar uma liga de alta
entropia CoCrFeMnNi a um aco inoxidavel 316, disponivel no mercado. Teve-se como objetivo juntar
a elevada resisténcia a fratura e ductilidade da primeira a excelente resisténcia a corrosdo do segundo, e
ver se ha potencial para serem utilizados em aplicagBes estruturais. Foram realizadas duas amostras
diferentes para comparar a influéncia do tratamento térmico pés-soldadura na microestrutura e nas pro-
priedades mecanicas. Os estudos da microestrutura foram feitos recorrendo a microscopia Gtica e ele-
tronica e a difragdo de raios-x. As propriedades mecénicas foram determinadas com recurso a um mi-
crodurémetro e a ensaios de tragdo. A microestrutura foi entdo avaliada e correlacionada com os resul-
tados dos ensaios mecénicos. Os resultados mostram uma diferenca significativa de dureza ao longo das
juntas. A amostra sem tratamento térmico mostra uma reducao de cerca de 200 HV entre a parte CoCr-
FeMnNi e o0 ago inoxidavel 316, com um valor de dureza de cerca de 150 HV na zona de fus&o. Enquanto
a amostra recozida mantém um valor de HV constante ao longo de toda a junta, de cerca de 160 a 170
HV. Os resultados s&o coerentes com as observagdes de microscopia eletronica, e podem ser o resultado
da formacéo de uma nova solucdo solida na zona de fusdo. Os ensaios de tracdo mostram ambas as
amostras a fraturarem na zona de fusdo. Esta diferenca de ductilidade e dureza pode ser explicada pelo

aumento no tamanho de grdo e pelo alivio de tensdes resultante do recozimento.

Palavras-chave: Ligas de Alta Entropia, Aco Inoxidavel, Soldadura Dissimilar, Soldadura TIG, Reco-
zimento, Propriedades Mecénicas, Microestrutura.
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INTRODUCTION

High entropy alloys (HEAS) are a new class of materials that have gathered recent attention due to their
unique properties. Depending on the elements present in its constitution, this type of alloy can have
extraordinary functional features. So, the driving force behind the research on dissimilar welding of
HEAs is the desire to combine their properties with others from other materials in a single welded joint.
Recent research on dissimilar welding mainly focuses on the evaluation of the weld integrity with non-
destructive testing methods, and the development of new models and simulations that can accurately
predict the weld’s properties [1].

However, the formation of damaging phases may occur when two base materials are welded simultane-
ously. This depends on the constitution of the materials employed, the consequential mix of elements
on the fusion zone (FZ), as well as the thermal cycle experienced. So, to fully optimize and utilize the
full benefits of HEAs, it is crucial to study the microstructure evolution pre- and post-heat treatment of
dissimilar welded joints.

Different welding techniques have been used on the HEA CoCrFeMnNi such as friction stir welding [2]
or electron beam welding [3], with the results demonstrating that the alloy presents good weldability.
But most of this work has been with similar welding, whereas dissimilar welding research of a HEA

hasn’t had as much focus.

1.1 Dissimilar welding

Fusion welding is a fabrication process that consists of joining two separate materials, mainly of metal
origin, by fusing them. It uses electricity to create an arc between an electrode, causing the metal to heat
up and, eventually, melt and fuse with another material. There is a plethora of welding techniques used
in the manufacturing industry. However, dissimilar welding is becoming more and more prevalent due

to its ability to couple the different properties of the materials involved, thus bringing a new set of quality



properties to the base material. This means that the welding of dissimilar metals has unmeasured po-
tential to play a fundamental role in increasing the functionality of structural components, for example.
Dissimilar welding involves joining two or more different types of metals or alloys. It’s used in a variety
of applications, including pressure vessels and structural steel components, as well as, in the restoration
of damaged metal components. It can be difficult to achieve a properly welded dissimilar joint since the
different components may have conflicting physical and mechanical properties, such as different melt-
ing points, thermal expansion coefficients or thermal conductivities. Appropriate filler material, special
techniques, and proper equipment are required to overcome these difficulties. Its optimization remains
a big topic for researchers. Even so, dissimilar welding is effective in reducing manufacturing costs and
time reducing, especially in the automotive industry [4].

1.2 High entropy alloys

Most alloys used in the manufacturing industry are made from one or two base elements, with a variety
of others present in negligible percentages. In contrast, HEAs include five or more elements in about
equal amounts and have a high degree of disorder [5]. This results in a high number of possible arrange-
ments of different elements to suit different needs. These compositions, however, are mostly discovered
through trial and error, with only a few being proven useful. Not only that but the exact alloy composi-
tion, as well as other variables such as the welding technique and the materials' microstructural proper-
ties, affect the weldability of HEAS and their future use [6].

Multiple phases that make up their microstructures are what distinguish them from conventional alloys
and can result in special mechanical qualities. There have been reports of HEAs with fracture toughness
superior to those of pure metals, and high resistance to corrosion and oxidation [7], [8].

According to Yeh et al. [9] the reasons HEAs demonstrate these unique properties are mainly due to
four effects: the high entropy effect, related to the inherent entropy of the system configuration, makes
it easier to form solid solution phases by lowering their free energy; the sluggish diffusion effect, where
the elements with a higher configurational entropy of mixing have a slower diffusion when compared
to those with a lower configurational entropy. This leads to the formation of nano precipitates; the severe
lattice distortion effect, caused by the discrepancy in atom size between the different alloy components,
is responsible for the slow Kinetics in HEAS; the cocktail effect, where adding specific elements may

enhance certain properties of the alloys.



1.3 Materials

1.3.1 CoCrFeMnNi

The CoCrFeMnNi HEA, also known as a Cantor alloy, is a solid-state solution alloy, named after its
discoverer Brian Cantor CBE FRENg. As reported by Cantor in its 2004 paper [10], an alloy was made
compromised of 20 elements at 5 at%, namely Ag, Al, Bi, Cd, Co, Cr, Cu, Fe, Ge, Mg, Mn, Mo, Nb,
Ni, Pb, Sb, Si, Sn, W, Zn. According to Gibbs’ phase rule (1), at constant pressure, up to 21 distinct
phases could form at equilibrium, but, as results show, significantly fewer phases formed. Due to the
systems’ high configurational entropy, a single face-centered cubic (FCC) solid-solution phase was the
resulting predominant phase, mainly composed of Co, Cr, Fe, Mn, and Ni. Thus, creating the Cantor
HEA.
F=C—-P+2 @

This HEA sparks interest due to bending the Hume-Rothery rules, that state that both solvent and solute
elements must have the same crystal structure to form a solid solution. In the CoCrFeMnNi alloy, in
equimolar concentration, there is no noticeable distinction between solute and solvent elements, while
as pure elements all have different crystal structures [11]. It is considered in the literature as a model
alloy, because, independently of the exact composition, it maintains a single phase with FCC structure.
This has been reported with CosCr.FesMn27Nize [12] and CoCrFeMngsNi [13]. And changing the com-
position may be a way to improve both the mechanical properties and the FCC single-phase stability,
according to Yao et al [12].

In its equiatomic form, the CoCrFeMnNi HEA is well recognized for exhibiting outstanding mechanical
gualities even at extremely low temperatures, such as 77K, the liquid nitrogen temperature [7]. This
includes high fracture toughness, high-temperature structural stability, excellent ductility as well as

strong corrosion resistance, but a low enough yield strength that prevents it from being used in structural

applications.
Table 1 - CoCrFeMnNi properties, retrieved from [14]-[17]

Property Value Unit
Tensile Strength 427 MPa
Yield Strength 194 MPa

Fracture Strain 92 %
Microhardness ~425 HV
Young Modulus ~177 GPa

Thermal Conductivity 135 W/(m.K)
Melting Point ~1550 K




Due to the elements' high melting temperatures and propensity to create brittle, hard intermetallic
phases, cobalt-based alloys can often be difficult to weld. So, to prevent faults from forming and to
guarantee the integrity of the weld, it’s crucial to carefully select both the welding technique as well as

the other base material used in dissimilar welding.

1.3.2 316 stainless steel

A famous choice for a base material for its high strength and durability. With high yield and tensile
strength make it suitable for use in structural applications. Due to its higher tensile strength and heat
resistance than mild steel, 316 stainless steel (SS), despite being a good welding option, is generally
more challenging to weld. To stop hard, brittle martensite from forming in the welded area, it's critical
to utilize a low-hydrogen welding method and maintain a low heat input. For the welded area to prevent
cracking, its also crucial to pay attention to the cooling rate [18], [19].

The 316 nomenclature comes from the molybdenum and chromium percentages, 3% Mb and 16% Cr.
These elements, as well as the high percentage of Ni, make it more corrosion-resistant than other varie-
ties of SS. Despite being resistant to general corrosion, local forms of corrosion attacks, like pitting
corrosion, are prevalent in 316 SS. This situation can be avoided by increasing the percentages of mo-

lybdenum and chromium [20].

1.4 Materials and processing methods

1.4.1 TIG welding

TIG is regarded as the preferred method for fusing metals that are, in theory, not compatible. When
welding in such conditions, more attention must be taken to the electrode composition, welding process,
etc. TIG stands for Tungsten Inert Gas, referring to the tungsten electrode and inert atmosphere required
for this technique. The atmosphere can be achieved with Argon (Ar), Helium (He), or a mixture of both,
and the technique consists of maintaining an arc in an inert environment between the electrode and the
workpiece. With TIG is possible to raise the weld depth/width ratio and decrease the heat-affected zone
(HAZ) range at will, thus producing weld deposits of great quality with substantially reduced equipment
costs [21].

To preserve the integrity of the welded joint and of the tungsten electrode, preventing it to overheat and
burn, is advised to use straight polarity with alternating current (AC). With an AC, the heat input to the

tungsten electrode is averaged out as the wave moves from one side to the other. But, due to the low



thermal conductivity and a higher thermal expansion coefficient of SS compared to those of ferritic
steels, a direct current (DC) is favored [21]. When applied in HEAs, the joints produced are of high
performance and defect-free, as demonstrated by recent research [22]. Although, the quality of joints

made from HEAs depends on what elements are present in its constitution.

1.4.2 Post-weld heat treatment

Post-weld heat treatments (PWHT) have the purpose to alleviate any residual stresses and improve the
mechanical properties of the materials subjected to such treatments. It involves heating and cooling a
metal or alloy and can be different processes. The one employed on this welded joint is called annealing.
This heat treatment has the objective of softening the metal, making it more malleable, by increasing
the ductility and reducing the hardness. By heating the metal to a temperature below its melting point,
and then letting it slowly cool, due to phase recrystallization the grain size is refined, and internal stresses
are relieved, thus improving ductility [23].

More specifically, when HEAs are annealed their properties are enhanced as reported by Tsai et al. [24].
But, regarding the HEA CoCrFeMnNi, annealing temperatures between 650°C and 800°C show very
little increase in grain size and so no changes in the mechanical properties. This HEA shows a high

recrystallization temperature, so adequate annealing should be with temperatures superior to 900°C [25].

1.5 State of the art

Research on CoCrFeMnNi welding mainly focuses on similar welding [17], [26]. It has been established
that whether the welding technique is laser or TIG that the HEA has good weldability. Research from
Oliveira et al. [17] investigated what effects TIG welding had on the CoCrFeMnNi HEA. The results
showed no welding defects, proving that the CoCrFeMnNi is suitable for TIG welding. When analyzing
the post-weld HEAs’ microhardness, in the FZ, the hardness was like what is found in an as-cast HEA.
But, in the HAZ, the grain size altered, due to the thermal cycle experienced, which was reflected in the
microhardness testing. The large grain size and poor hardness of the FZ, which encourage larger strain
accumulation in this area, resulted in a drop in the joint fracture strain. Additionally, after welding, the
ductility of the joints was reported to be lower than that of the base material.

Dissimilar welding of CoCrFeMnNi, however, needs more research to make sure it can have a future in
structural applications. Oliveira et al. [27] worked on laser welding of CoCrFeMnNi to a 316 SS. The
difference regarding other arc-based welding processes, like TIG, is in the size of FZ, where there is
more room for the grain to grow, and, consequently, different mechanical properties. With a more re-

duced and concentrated heat source, laser welding also reduces the size of the HAZ, a significant weak



point of welded joints. It was reported a hardness increase in the FZ, which was attributed to the incor-
poration of the carbon from the 316 SS and a solid solution strengthening, as a result of the mixture of

base materials.



MATERIALS AND METHODS

This project planned the fabrication of a dissimilar welded joint with a CoCrFeMnNi HEA and a com-
mercially available 316 stainless steel as base materials. Two different samples were made. One under-
went a PWHT for 1 hour at 1000°C and the other remained in the as-rolled. The welding technique
selected was TIG welding. For the microstructure characterization, the technigques used for both samples
were optical (OM) and electron microscopy (SEM) and X-ray diffraction (XRD). For the mechanical

characterization, microhardness and tensile testing was performed.

2.1 Sample Preparation

Before welding, the base materials underwent a cleaning process with alcohol and acetone to remove
any impurities. The sheets of the base materials were butt joined using TIG welding. The resulting as-
rolled welded joint had a length of 65 mm, a width of 30 mm and a thickness of 1,54 mm. For the as-
annealed joint, 3 samples were achieved with lengths of 65 mm and 75 mm, an equal width of 30 mm
and a thickness of 1,57 mm. Both samples are depicted in Figure 2.1.

For an easier analysis and characterization, the samples were cut into dog-bone shapes, as demonstrated

with Figure 2.2.

b) el

EL

Figure 2.1. (a) As-rolled welded joint; (b) As-annealed welded joint
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Figure 2.2. (a) Dog-bone dimensions for the as-rolled and as-annealed samples; (b) Sheet and dog-bone dimensions
for the as-rolled and as-annealed samples

After the cutting was complete, the samples were polished ina MECATECH 335-PRESI with sandpaper
starting from P240 gradually increasing all the way to P4000. To finalize the process, after the P4000,
the samples were polished with diamond paste until a mirror-like surface was obtained. To bring out the
microstructure, the samples were etched using a solution of HCI and HNOs. A Leica DMI5000M OM

was simultaneously used to make sure that the grains were visible across all the welded joints.

2.2 Characterization

SEM observations were done with a JEOL JSM 7000, with the objective of evaluating the microstructure
evolution across the welded joints. To complement SEM analysis, high energy synchrotron XRD was
performed to discover which phases formed across the whole sample, with special attention on the FZ
and HAZ.
For the Vickers microhardness measurements, it was used a ZHV1-m hardness testing machine. It was
applied a load of 0,5 kgf with an indentation time of 10s. 6 lines total along the transversal section with
100um between each indentation, both vertically and horizontally, as schematized in Figure 2.3. To
determine the ductility and strength of the joints, tensile testing was performed until failure, with a
Shimadzu AG-50kNG machine.
B s <
04—>O<—>l

Figure 2.3 - Hardness measurements schematic
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RESULTS AND DISCUSSION

3.1 OM + SEM

Figure 3.1 shows an overview of the as-rolled dissimilar welded joint. Full penetration was obtained,
with no welding defects detected and a wide FZ, resulting from the less controlled heat input of TIG,
when compared to laser welding [27]. The unevenness of dark tones can be attributed to an over-etching
of some regions resulting from non-homogeneous mixing of the two base materials, enhancing some of

the microstructure at particular regions.

- — — —Fusion boundary
— - — Analyzed height for graph

Figure 3.1 - As-rolled welded joint overview, obtained by OM.



i iCoCrFeMnNi

Figure 3.2 - FZ and base material microstructures of the as-rolled welded joint, obtained by SEM.

As Figure 3.2 depicts, the different microstructures can be easily noticed in the regions of the as-rolled
joint. The CoCrFeMnNi base material presents a fine grain with a pancake-liked shape, with a hetero-
genous distribution of grain size. As it nears the FZ, the grain size increases, because of the heat diffu-
sion, causing it to recrystallize and grow. The heat input on TIG is less precise, leading to a larger HAZ,
as opposed to other welding techniques such as laser welding.

In this region, as demonstrated with Figure 3.3a, a dendritic microstructure is formed. In the FZ, we
observe the biggest grain size across the whole joint. The weld centerline is the region that experienced
the peak temperature of the welding process, thus leading to the grains closest to the interface to solidify
first and not growing as much, when compared to those at the center of the FZ. These grains are finer
and with an equiaxial shape, whereas the FZ grains are large and columnar. The grain size and shape
remain constant until reaching the boundary of the FZ with the 316 SS base material. Here, unlike the
FZ boundary with the CoCrFeMnNi, dendrites didn’t form. Both the 316 SS base material and HAZ
show an austenitic microstructure, with an equiaxial grain shape, as shown with Figure 3.2 and 3.3b,
respectively, with a minor grain refinement in the HAZ. This can be explained by the difference in
thermophysical properties between the two base materials. The 316 SS possesses a good heat resistance,
leading it to not being majorly influenced by the heat input, and thus preserving its grain size throughout
the HAZ and base material.

10



a)

b)

Figure 3.3. (a) HAZ and FZ microstructure of the CoCrFeMnNi side of the welded joint, obtained by SEM; (b) FZ and HAZ
microstructure of the 316 Stainless steel side of the welded joint, obtained by SEM.

Figure 3.4 shows an overview of the as-annealed welded joint, obtained by OM. In this sample, simi-
lar to the as-rolled, full penetration was obtained with no welding defects and FZ close in size. The
etching was uniform throughout the whole sample.

CoCrFeMnNi

— — == Fusion boundary
- — - — Analyzed height for graph

Figure 3.4 - As-annealed welded joint overview, obtained by OM.

As observed in Figure 3.5, after the heat treatment, the grain size increased throughout the welded joint,
but maintaining an almost constant size, meaning the annealing served its purpose. Although, it is no-
ticeable a subtle difference in grain shape and size, between both base materials. In Figure 3.5, the
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microstructure of the CoCrFeMnNi has a finer and pancake-shaped grain, whereas the 316 SS presents
a bigger grain with an equiaxial shape with sharper boundaries. In the HAZ of the HEA side it is ob-
served a slight increase in grain size, as a result of the thermal cycle experienced, and a disappearance
of the dendrites previously present in the as-rolled joint. A possibility is that the recrystallization and
high annealing temperature helped forming new grains and promoting the diffusion of atoms, which
helped breaking up the dendritic structures [28]. For the HAZ of the 316 SS, no change in size or grain
shape was noticeable, however, it shows an appearance of annealing twins. These are commonly formed
during the recrystallisation of cubic structural metals, such as both base materials in study, as a conse-
quence of growth accidents, mainly, the stacking of the [111] planes [29].

100 um

- 100 um= b 100 um

Figure 3.5 - Base materials and HAZs microstructures of the as-annealed welded joint, obtained by SEM.

The FZ shown in Figure 3.6a and 3.6b show a different microstructure when compared to that of the as-
rolled joint. Here a few dendrites can be observed the closer it gets to the weld centerline. Near both
boundaries, these dendrites become less frequent, and recrystallization occurs, leading to the formation
of small equiaxial grains.
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Figure 3.6. (a) HAZ and FZ microstructure of the 316 Stainless steel side of the as-annealed welded joint, obtained by SEM;
(b) FZ and HAZ microstructure of the CoCrFeMnNi side of the as-annealed welded joint, obtained by SEM.

3.2 XRD

To identify the existing phases across the welded joints, high energy synchrotron XRD was performed.

The diffraction patterns of the as-rolled welded joint are depicted in Figure 3.7.

Intensity [A.U.]

2Theta [
Figure 3.7 - As-rolled XRD patterns

It is known from previous studies that the HEA CoCrFeMnNi has a FCC structure, but small inclusions
from oxides or other contaminations can appear and slightly alter the structure. All peaks indexed are
of FCC structure. The first and most intense peak at 26 ~ 4° corresponds to a FCC [111] in the HEA and
for the y phase, or austenite, in the 316 SS, as reported by Peng et al. [30] and Mahdi et al. [31], respec-
tively. Which means that the more abundant phases are of FCC [111] crystallographic structure, as ex-
pected, as both base materials individually have a FCC structure. At the same 26 value a small peak is
detected from the a phase, or ferrite, with a BCC [110] crystalline structure. The appearance of a-ferrite
can be explained by the relatively slow cooling rate from the y-austenite phase. The y phase can also be
identified in the rest of the peaks with [200], [220], [331] and [222] crystal structures.
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The diffraction patterns for the as-annealed welded joint are illustrated in Figure 3.8.

Intensity [A.U.]

4 5
2Theta [°]

Figure 3.8 - As-annealed XRD patterns

No noticeable difference in the diffraction patterns was detected when compared to those of the as-
rolled. A possible explanation for this can be that the PWHT did not influence the crystalline structure

or the orientation of both base materials, maintaining its original texture despite changing the grain size.

3.3 Hardness

The Vickers microhardness mapping results are displayed in Figure 3.9. The HV values are in agreement
with the results of the SEM. The CoCrFeMnNi presents a fine grain, translating it to a high HV value
(= 425 HV), whereas the 316 SS has a lower HV (= 175HV), due to its larger grains. Both are coherent
with the respective theoretical hardness values, but it is important to note that these values are not 100%

constant, because different elements percentages in the alloys influence the final value [32], [33].
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Figure 3.9 - As-rolled microhardness mapping

From Figure 3.9 and Figure 3.10, six different zones can be identified. The regions 1 and 2 correspond
to the base material 316 stainless steel and its HAZ, respectively. The hardness value stays almost con-
stant at 180 HV, up until reaching the FZ, where a slight decrease in HV value is noticed. At the FZ,
region 3, the hardness reaches its lowest value of about 150 HV at mid-height, and of 127 HV in the
whole FZ. Larger grains translate to less grain boundaries, and thus less obstacles for moving disloca-
tions. It should also be noted that, in the FZ, the grains depicted by SEM are of columnar shape which
have been reported to have more plasticity but less strength when compared to those of a more equiaxial
shape [34]. Regions 4 and 5 represent the HAZ of the CoCrFeMnNi base material. Here the hardness
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goes through a sudden increase, which can be attributed to recrystallization and newly formed grains,
as well as a decrease in grain size. At region 6, the hardness value of the CoCrFeMnNi base material

stabilizes, reaching its highest value, as expected.
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Figure 3.10 - As-rolled microhardness evolution at mid-height

The difference in HAZ sizes may be explained by the thermal properties of the base materials and the
relation between grain size and thermal diffusivity. According to a report by Vilémova et al. [35] the
presence of Mn in the HEA negates the contribution of the other elements with high thermal conductivity
(Fe, Co etc.), and brings the thermal conductivity value of the alloy to about 13,5 W/mK at room tem-
perature. A significantly lower value than that predicted by the rule of mixture, of about 75 W/mK. By
having a low thermal conductivity, the heat inputted in the welding process accumulates near the FZ,
leading to a growth of grain size across a larger area of the base material. Another possible explanation
is that the small grain size the HEA presents in an as-cast state, the phonons aren’t able to scatter, due
to the high number of grains boundaries, thus reducing the thermal conductivity [36]. The same cannot
be said about the HAZ of the 316 SS. While both have a relatively low thermal conductivity (16 W/mK
for 316 SS), the grains of the 316 SS are bigger, which facilitates the heat diffusion, and so, the grain
size is not as affected by it, preserving the hardness value.

Figure 3.11 and Figure 3.12 shows the hardness mapping of the welded joint PWHT. It is immediately
noticeable that the hardness stabilized throughout the sample at =175 HV. A small increase to ~ 200 HV
is detected near the boundary between the FZ and the HAZ of the CoCrFeMnNi base material as well
as a decrease to below average hardness in the same side. Similar results have been reported [37], where

the HV values of a CoCrFeMnNi sample abruptly decreased for higher annealing temperatures, as a
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consequence of the start of recrystallization phenomena and grain growth. But for annealing tempera-

tures below the recrystallization temperature, a slight increase in hardness is detected.
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Figure 3.11 - As-annealed microhardness mapping
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Figure 3.12 - As-annealed microhardness evolution at mid-height

3.4 Tensile tests

Tensile tests are a proper way to determine the mechanical properties of the joints, and, consequently,

assess their suitability for structural applications. The mechanical properties of the individual as-cast

and as-rolled base materials are shown in Table 1 and Table 2, respectively. These values are retrieved
from the bibliography [27], [38], [39].

Table 2 - Mechanical properties of the as-cast base materials

Reference Ultimate tensile strength [MPa] | Yield strength [MPa] Fracture strain [%]
316 SS 580 290 50
CoCrFeMnNi 427 194 92
Table 3 - Mechanical properties of the as-rolled base materials
Reference Ultimate tensile strength [MPa] | Yield strength [MPa] Fracture strain [%]
316 SS 431 223 56.8
CoCrFeMnNi 943 587 9.5
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When comparing the mechanical properties between the two states of the base materials, a clear differ-
ence is noted. For the 316SS base material, a significant decrease in both ultimate and yield strength
occurs, while simultaneously a slight increase in fracture strain. And for the CoCrFeMnNi base material,
the opposite happens. A significant increase in both ultimate and yield strength, and a decrease of frac-
ture strain to about 10% of the as-cast value. Following this train of thought, additional treatment on the
base materials, namely TIG welding and annealing, bigger changes in the mechanical properties are
expected. As already evidenced, TIG welding caused significantly larger HAZs in the as-rolled welded
joint than those of dissimilar laser welding [27]. This means that the microstructure is more heteroge-
neous, leading it to a complex mechanical response.

The stress/strain curves of the welded joints are represented in Figure 3.13. A summary of the mechan-
ical properties calculated from the tensile tests are depicted in Table 3. The tensile testing occurred at a
speed of 0,02 mm/s for both samples.

Both samples suffered the fracture at the fusion zone. The columnar microstructure at the as-rolled FZ
helped form continuous pathways that enable crack propagation, facilitating the fracture. Whereas the
dendritic microstructure at the as-annealed FZ results in non-uniform residual stresses distribution, con-

tributing to crack formation and propagation.

As-rolled
As-annealed

500

400

300

Stress (MPa)

200

100 +

o 2 4 6 8 10 12
Strain (%)
Figure 3.13 - Stress/strain curve of the welded joints

Table 4 - Mechanical properties of the as-rolled and as-annealed samples

Reference Ultimate strength [MPa] Yield Strength [MPa] Fracture strain [%6]
As-rolled sample 443 281 6.43
As-annealed sample 494 260 10.24
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By comparing the samples, it is noticeable the influence of the heat treatment. The as-annealed sample
displays a decreased in yield strength (cy = 281 MPa vs oy = 260 MPa), but an increase in both ultimate
strength (o, = 443 MPa vs o, = 494 MPa) and fracture strain (g = 6.43 vs & = 10.24%). Meaning, the
as-annealed lost about 20MPa of yield strength but became more ductile and capable of withstanding a
higher load. These results are coherent with the microstructure observed by SEM. After the heat treat-
ment, a more homogenous microstructure was obtained and accompanied by a stress relief. This directly
contributed to an improvement of the mechanical properties. Even though the as-rolled welded joint is
an overall worse performing joint, it still possesses good enough mechanical qualities to be applied in
structural applications.

When the as-rolled joint is directly compared to one welded through laser welding [27], it shows that
TIG welding produced a joint with inferior yield and ultimate strength, but more ductile. This may be
explained by the fact that the heat input of TIG welding is less controlled, resulting in larger HAZs and,
consequently, bigger microstructural changes. Thus, becoming less likely to retain the desired mechan-
ical properties of the base materials.

Looking into the values presented in Table 1 and Table 2, the individual base materials have better
mechanical properties. However, both joints show that when these materials are coupled, the extraordi-
nary mechanical properties of each are mostly preserved, and new characteristics are gained, such as
corrosion resistance.
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CONCLUSIONS

Two welded joints composed of a CoCrFeMnNi high entropy alloy and 316 stainless steel were suc-
cessfully obtained by TIG welding. No defects or pores were detected, with both base materials showing
good weldability. By employing scanning electron microscopy, X-ray diffraction, hardness mapping
and tensile testing it was possible to assess the mechanical properties of the welded joints and correlate
them with the respective microstructures.

After the heat treatment, a more homogenous microstructure was obtained but the differences in grain
shape between the two base materials were still noticeable. Additionally, the hardness values stabilized,
with the difference between the highest and lowest point being of = 60HV. In both samples, dendrites
were obtained as a result of fast cooling. The welded joints in both conditions, as-rolled and as-annealed,
presented good mechanical properties. The as-rolled showed an ultimate strength of ~ 433 MPa, a yield
strength of ~ 281 MPa, and a fracture strain of = 6.43%. Whereas the as-annealed showed an ultimate
strength of =~ 494 MPa, a yield strength of = 260 MPa, and a fracture strain of = 10.24%. The annealing
lead to an increase in ductility, while practically maintaining its yield and ultimate strength. Overall,
both samples have potential to be applied in structural applications.

In the future, additional tests can be made to complement the existent research. Namely, fatigue testing,
an important test for structural materials because it determines the lifespan when subjected to cyclic
loading. Another possible mechanical test is compressive testing to determine the material ability to
withstand axial compression. For a more in-depth understanding of the microstructure and the present
phases thermodynamics calculations, Scheil calculations could be made, since they are useful for pre-

dicting the solidification behavior as well as phase composition.
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