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Abstract: High entropy alloys are one of the most exciting developments conceived in the materials
science field in the last years. These novel advanced engineering alloys exhibit a unique set of
properties, which include, among others, good mechanical performance under severe conditions in
a wide temperature range and high microstructural stability over long time periods. Owing to the
remarkable properties of these alloys, they can become expedite solutions for multiple structural
and functional applications. Nevertheless, like any other key engineering alloy, their capacity to be
welded, and thus become a permanent feature of a component or structure, is a fundamental issue
that needs to be addressed to further expand these alloys’ potential applications. In fact, welding
of high entropy alloys has attracted some interest recently. Therefore, it is important to compile
the available knowledge on the current state of the art on this topic in order to establish a starting
point for the further development of these alloys. In this article, an effort is made to acquire a
comprehensive knowledge on the overall progress on welding of different high entropy alloy systems
through a systematic review of both fusion-based and solid-state welding techniques. From the
current literature review, it can be perceived that welding of high entropy alloys is currently gaining
more interest. Several high entropy alloy systems have already been successfully welded. However,
most research works focus on the well-known CoCrFeMnNi. For this specific system, both fusion
and solid-state welding have been used, with no significant degradation of the joints’ mechanical
properties. Among the different welding techniques already employed, laser welding is predominant,
potentially due to the small size of its heat source. Overall, welding of high entropy alloys is still in its
infancy, though good perspectives are foreseen for the use of welded joints based on these materials
in structural applications.
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1. Introduction

Throughout recent years, high entropy alloys (HEAs) have arisen as a new reality in the advanced
materials domain. The motivation behind this innovative class of engineering materials was based
on the purpose of broadening the boundaries of knowledge in what concerns alloys with more than
one main constituent. This concept can be traced back to 2004, when the first papers concerning this
subject were published [1,2], whereas, at the present time, several other works [3–12] have also been
presented to extend the available information regarding HEAs.

Currently, a common definition for these alloys was introduced by one of the precursor works,
where high entropy alloys are described as metallic compounds with at least five principal elements,
with the percentage of each component varying between 5 and 35 at.% [2]. However, other definitions
include a wider range of materials, with different component amounts, which can also be considered
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high entropy alloys [3]. Several review papers address and discuss the different nomenclatures
regarding high entropy alloys [3,13–17], and as such, we refrain from addressing this topic in this paper.

As established by Yeh [18], these innovative multi-element compositions confer to these materials
four distinct core effects:

The “high entropy effect”, associated to the high configurational entropy that stabilizes the
formation of simple solid-state phases such as body-centered-cubic (BCC) or face-centered-cubic (FCC),
while inhibiting the development of brittle intermetallic compounds. However, it must be noted
that high entropy alloys can still exhibit brittle-like behavior, as evidenced for the AlCoCrCuFeNi
system [19].

The “lattice distortion effect”, that occurs due to the lack of a dominant element in the composition
of the alloy, resulting in different atoms of different sizes occupying the lattice positions of the crystal
structure, promoting its distortion and affecting the physical and mechanical properties of the alloy.
Depending on the selected atomic elements and their concentration, distinct phases, with potentially
different mechanical properties can form as evidenced in the work of Wu et al. [20]. As such, the lattice
distortion effect can be used to promote a phase over the other for specific alloy systems. Recent work
by He et al. [21] has shown that not only the atomic ratio of the element that compose the high entropy
alloy affect the lattice distortion, but the alloy Poisson ration must also be considered.

The “sluggish diffusion effect”, that constrains the atomic diffusion of the elements and inhibits
the phase transformations that require such phenomenon to occur. As a result, higher recrystallization
temperatures can be achieved, and formation of nano-precipitates and amorphous structures are
susceptible to occur, as such, second-phase precipitation only occurs after extremely long periods [22].
Bhattacharjee et al. [23] showed that heat treatments with the duration of 1 h at or below 800 ◦C in
severely deformed CoCrFeNiMn high entropy alloys would not result in any significant grain growth.
However, when the temperature was of 900 or 1000 ◦C, massive grain growth was observed. Regarding
the extremely long times and temperatures required for second-phase precipitation, Pickering et al. [22]
showed that annealing at 700 ◦C for times above 500 h would lead to the formation of M23C6 and
σ phase.

The “cocktail effect”, which refers to the enhancement of the established properties of the alloy,
which cannot be attributed independently to any of the elements that compose the material [24].

Considering the above-mentioned features and the prospect of customizing the composition of
high entropy alloys, a new path for a wide range of applications can be expected. As such, owing to
these properties, the outstanding performance of HEAs to operate under extreme conditions is subjected
to intensive research. Depending on the composition of the alloy, the corrosion resistance [25–28],
the ability to sustain high cyclical loading [29,30], wear resistance [31–33], and the good performance
at both high [34,35] and cryogenic temperatures [36–38] are some of the key features that these alloys
exhibit towards being novel solutions for structural and functional applications [39]. Miracle et al. [40]
suggest that high entropy alloys can be used as structural materials in transportation and energy sectors.
The same author [41] proposes that some high entropy alloys can be used in functional applications that
require resistance to radiation damage or when in need of diffusion barriers, as in the microelectronics
sector. Replacement of conventional materials by entropy alloys is suggested to occur in the future,
and materials to be replaced include stainless steels, Al-, Ti-, and Ni-based alloys. This is related to
the fact that high entropy alloys can be fine-tuned to simultaneously present, if desired, low density
and high mechanical strength or other combination of properties. These properties will be dictated
by the elements that compose the high entropy alloy system. Table 1 summarizes the mechanical
properties (yield stress, ultimate tensile stress, and elongation) for multiple high entropy alloy systems
at different temperatures.
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Table 1. Mechanical properties of various high entropy alloys (HEAs) under different temperatures.

Alloy System Mechanical Properties
Temperature (K)

Refs.
77 296 673 873 1073 1273 1473 1673 1873

CoCrFeNiMn
σys (MPa) 759 410 - - - - - - -

[42]σuts (MPa) 763 1280 - - - - - - -
Elongation (%) 71 57 - - - - - - -

CoCrFeMn
σys (MPa) 481 272 - - - - - - -

[38]σuts (MPa) 1003 567 - - - - - - -
Elongation (%) 65 47 - - - - - - -

CoCrFeNiAl
σys (MPa) - 250 155 150 - - - - -

[43]σuts (MPa) - - - - - - - - -
Elongation (%) - >50 >50 >50 - - - - -

CrFeNiMnAl
σys (MPa) - 910 755 325 - - - - -

[43]σuts (MPa) - - - - - -
Elongation (%) - >50 >50 >50 - - - - -

CoCrFeNiAlTi
σys (MPa) - 1420 1285 795 285 - - - -

[43]σuts (MPa) - - - - - - - - -
Elongation (%) - 18 24 >50 >50 - - - -

CrFeNiMnAlTi
σys (MPa) - 1280 1100 355 - - - - -

[43]σuts (MPa) - - - - - -
Elongation (%) - 31 >50 >50 - - - - -

CoCrFeNiV
σys (MPa) 477 470 - - - - - - -

[37]σuts (MPa) 1000 626 - - - - - - -
Elongation (%) 62 36 - - - - - - -

HfNbTaTiZrW
σys (MPa) - 1550 - - 577 409 345 - -

[44]σuts (MPa) - - - - -
Elongation (%) - 26.3 - - >35 >35 >35 - -

HfNbTaTiZrMoW
σys (MPa) - 1637 - - 1065 736 703 - -

[44]σuts (MPa) - - - - -
Elongation (%) - 15.5 - - >35 >35 >35 - -

HfNbTaTiZr
σys (MPa) - 929 790 675 535 295 92 - -

[45]σuts (MPa) - - - - - - - - -
Elongation (%) - - - - - - - - -

VNbMoTaW
σys (MPa) - 1246 - 862 846 842 735 656 477

[46]σuts (MPa) - 1270 - 1597 1536 1454 943 707 479
Elongation (%) - 1.7 - 13 17 19 7.5

NbMoTaW
σys (MPa) - 1058 - 561 552 548 506 421 405

[46]σuts (MPa) - 1211 - - - 1008 803 467 600
Elongation (%) - - - - - - - - -

To ensure the viability of these alloys to be used in complex shaped structures, their weldability is
an important issue that needs to be addressed. Any advanced engineering alloy will require welding
to either obtain complex shape structures or to couple its properties to those from another material.
As such, evaluating the weldability of novel alloys is fundamental to further expand its potential
applications. Additionally, because these alloys are now being more studied, it is possible to adjust
their chemistry or microstructure to avoid weldability issues, such as liquation cracking. The sooner
these potential issues are found, the easier and more cost-effective it is to find a solution.

This paper analyses the overall progress achieved using well-known welding techniques and
weldability studies on HEAs. First, focus is given to fusion-based techniques, in a second instance, a
review of solid-state ones is provided.

2. Current Progress on Welding HEAs

Among several methods for joining materials, welding comprises a broad range of techniques, and
it is an expedite and often a reliable way to produce permanent and continuous joints. When proper
design specifications and process optimization are used, welding technologies become unquestionably
competitive for several industrial sectors, such as infrastructure construction and transportation. This
category of processes is known to be capable of achieving particularly strong and resistant bonds when
exposed to static and dynamic forms of loading [47,48]. As such, welding technologies can be divided
according to the diverse mechanisms and processes required to achieve such joints.
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Fusion-based welding processes are based on melting and solidification of metal and are currently
the most established in industry. The resultant joints are typically characterized by exhibiting three
distinct regions. The fusion zone (FZ), which is the region that undergoes melting and subsequent
solidification; the heat affected zone (HAZ), that is characterized by experiencing temperatures that
can promote solid-state transformation and never changes its state (i.e., the material never becomes
fully liquid during the process); and, lastly, the base material (BM), which is the region that remains
unchanged throughout the process.

Often, fusion-based welding methods are known to impair the mechanical properties of the joints
due to metallurgical incompatibility between the materials to be joined, development of high residual
stresses, mismatch of thermomechanical properties of the BMs, or due to the sensitivity of the material
to the weld thermal cycle. In those cases, solid-state techniques are a viable option capable of solving
some of the above-mentioned problems. One well-known example is dissimilar welding of aluminium
to steels [49]: While fusion welding can be used to join this dissimilar combination, the resulting
mechanical properties are often poor due to the formation of brittle intermetallic compounds upon
mixing of the liquid phases of the two BMs. However, solid-state methods can effectively join these
materials allowing their use in structural applications.

Solid-state welding is based on intense friction, plastic deformation, and diffusion mechanisms
that aid in the formation of a joint between the BMs [50]. The versatility of such approach is proven by
the ability to connect materials that are difficult or impossible to join through fusion-based processes,
avoiding the development of undesired phases, distortions, and high residual stresses that may occur
during the liquid-solid state interchange. These processes where plastic deformation occurs, exhibit a
thermomechanically affected zone (TMAZ), as well as an HAZ. The microstructural evolution of the
joints will depend on the material susceptibility to the combined effect of temperature and deformation
in the TMAZ, and of temperature in the HAZ.

Another possibility for materials joining is through brazing and soldering. These are mainly
characterized by the introduction of a filler metal into the joint region. In such processes, the metallic
filler has a melting point lower than that of the materials that are to be welded, and the welds are
established by diffusion between the filler and BMs [47].

Regarding the overall developments of welding of HEAs, a survey on the contemporary literature
shows that an effort is being made towards the understanding of the microstructural evolution and
optimization of these joining processes [51]. Until now, the number of publications regarding welding
of HEAs is increasing throughout the years, as the developments on these alloys become more evident,
as it can be observed in Figure 1.
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However, to the best of the authors’ knowledge, most studies are focused on fusion-based welding
processes. Still, it is also possible to perceive that some efforts are also being dedicated to the study
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of other welding techniques on HEAs, especially in what concerns solid-state welding processes.
Considering this, the next topics that are presented in this paper mainly concern the overall progress
on fusion-based and solid-state welding processes on HEAs. Nevertheless, information about welding
HEAs through brazing is also available, as presented by Lin et al. [52], where dissimilar joints between
CoCrFeMnNi/CoCrFeNi alloy and CoCrFeMnNi/316 stainless steel were investigated.

2.1. Fusion-based Welding of HEAs

Several studies [53–69] have already been reported on fusion-based welding of HEAs. To date,
these works focus mainly on laser-based techniques, although some information is also available on
Electron Beam and Gas Tungsten Arc Welding (GTAW) techniques.

In terms of the materials, the most used HEA is the CoCrFeNiMn one. This is probably related to
the fact that this alloy system is the most studied within the field of HEAs [22,25,34,70–72]. For this
reason, in this section of the paper (2.1.1), we first address the current status on fusion-welding of the
CoCrFeNiMn HEA system, and the following one (2.1.2) focuses on the remaining materials that were
already welded.

2.1.1. CoCrFeNiMn HEA System

Concerning the investigation of the welded joints behavior on HEAs obtained through laser-based
techniques, Kashaev et al. [53] reported a study on the CoCrFeNiMn system, where the base material
was fabricated via self-propagating high temperature synthesis, a process where reagents are ignited
and then, due to an exothermic reaction, a given product is formed [73]. The as-produced HEA
exhibited columnar FCC grains with MnS precipitates and Cr-rich carbides on its microstructure, and,
as a consequence of the BM manufacturing method, its matrix composition revealed a reduced content
of Mn and the existence of several impurities. These impurities did not lead to any strengthening effect,
most likely due to their large grain size and low volume fraction. After welding, using a laser power of
2 kW and a welding speed of 5 m/min, several changes in texture and microstructure of the FCC matrix
occurred. The precipitation of nanoscale intermetallic B2 phase compounds in the welded region
promoted an increase of the microhardness in the fusion zone, as evidenced in Figure 2. The nanoscale
B2 particles were seen to be mainly composed by Ni and Al, with the latter element being an impurity
of the starting powders. The formation of the B2 phase was predicted by thermodynamic calculations,
showing the interest of such approach to predict and explain the developed microstructures in the
fusion zone of the joint. During fusion welding, there is an intense mixing of elements within the
molten pool. As such, it is possible that the B2 particles are formed due to the local mixing of Ni and
Al favoring the formation of this phase in the fusion zone of the joint.
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The measured increase of hardness on the welds was suggested by the authors to be an asset
for structural applications of this class of HEA. However, no assessement of the tensile properties of
the welded joints was performed, thus it was not possible to state the suitabilty of these joints to be
employed as structural parts. Though this was not studied in the abovementioned paper, it can be
hypothesized that it may be possible to slightly change the microstructure (and resulting properties) in
the fusion zone, by controlling the heat input. For example, lower heat input leads to higher cooling
rates, which restricts grain growth in the fusion zone of the joint [74].

In a follow-up work, Kashaev et al. [54] addressed the impact of laser welding on the mechanical
performance of the welded joints. Due to the coarse grain structure of the base material, with a grain
size ranging from 250–500 µm, a refined structure in the fusion zone was observed (100–300 µm).
Of special relevance in this work is the fact that the welding process did not impair the mechanical
properties of the HEA joints, and the tensile and fatigue behavior of both base material and welded
joints were similar (refer to Figure 3). Fracture of the welded joints occurred in the BM, which can be
explained by the lower hardness of this region, which promoted strain accumulation.
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Other researchers have also used laser welding for similar joining of CoCrFeNiMn HEAs.
Jo et al. [55] also found that the hardness of the fusion zone of the joint was higher than in the base
materials and also that the FCC structure was preserved. These results show the good reproducibility
in terms of mechanical properties in laser welded CoCrFeMnNi HEAs obtained by different research
groups. The higher hardness of the fusion zone was attributed to fine dendritic arm spacing and
composition inhomogeneity. However, it must be noticed that the BM hardness was that of an
as-annealed CoCrFeNiMn HEA [75]. It is known that CoCrFeNiMn alloys can exhibit higher hardness
under appropriate heat treatment conditions, which would lead to a lower hardness region in the
FZ if the BM was heat treated prior to welding. Obviously, the condition of the BM will impact the
microstructural evolution of the welded joints, especially in what concerns strain accumulation upon
mechanical testing.

A study on laser welding of as-cast and as-rolled CoCrFeNiMn HEA, was a performed by
Nam et al. [56,57] in order to assess their viability for cryogenic applications. On a similar laser
welding case, increasing the welding speed, which varied between 6, 8, and 10 m/min, and corresponds
to a decrease in the heat input, revealed that the density of shrinkage voids, primary dendrite
arm spacing, and dendrite packet size decreased. It should be noted that shrinkage avoids can be
avoided/minimized upon careful optimization of the process parameters [76]. The microhardness
profiles showed that, on the casted samples, the FZ presented higher values than the BM, which
was attributed to the differences in grain size between both regions. Nevertheless, on the as-rolled
specimens, no pronounced variation in hardness was observed, due to the existence of similar grain
size in both the BM and FZ.
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As depicted in Figure 4, the tensile properties of the as-cast specimens were similar to those of the
BMs. However, the same did not occur in the as-rolled condition, where the welded region showed
lower tensile strength values when compared to the BM, which resulted from the larger grain size on
the FZ than in the BM. For the as-cast samples, at a testing temperature of 298 K, fracture occurred near
the HAZ/BM interface. The same did not occur on the rolled samples, where fracture occurred in the
FZ, which was attributed to higher grain size of this region. Nevertheless, in both cases, the tensile
properties of the samples tested at 77 K were superior to those observed as 298 K, which was attributed
to the existence of deformation twinning that tends to occur at cryogenic temperatures.
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In [57], an as-cast and an as-rolled CoCrFeNiMn HEA were welded together, and evident
differences of the microstructure were observed between both sides of the joint, as depicted in Figure 5.
This phenomenon was attributed to the distinct epitaxial dendritic growth that initiated from the
different grain sizes and morphologies in the BMs.
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Figure 5. Microstructure of the dissimilar welds: (a,b) Dendritic growth nucleated from the fusion
boundary on the cast HEA (high entropy alloy) side; (c) dendrites from near the centerline on the
cast WM side; (d,e) dendritic growth nucleated from the fusion boundary on the rolled HEA side;
(f) Dendrites from near the centerline on the rolled WM side. BM—Base material; WM—Weld metal
(Reproduced from [57], with permission from Taylor & Francis, 2019).

The microhardness increased on the as-cast BM/HAZ interface, but still, no significant change
could be observed in the weld/rolled BM interface (refer to Figure 6). Overall, the tensile properties
were enhanced when the material was tested in cryogenic conditions due to deformation twinning.
During tensile testing, the dissimilar welds fractured on the as-cast BM, exhibiting a comparable
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behavior to that of the as-cast alloy. In both cases, the viability of the laser welded CoCrFeNiMn HEAs
joints for applications in cryogenic environments was evidenced.
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In another work on welding of the CoCrFeNiMn system, Chen et al. [58] showed that their laser
welded samples had superior properties than that of the BM, since fracture of the joints occurred in
that region rather than in the FZ. This could be attributed to the higher hardness of the fusion zone
(≈193 HV) when compared to the base material (≈177 HV). The microstructural analysis of the weld
region and BM revealed a single FCC phase with several Cr-Mn rich precipitates. In the fusion zone,
the average size of the existing precipitates ranged from 0.41 to 0.49 µm, dispersed within the grains
and at the grain boundaries. These, owing to their small size, have a pinning effect on dislocations [77],
granting the welded region a superior mechanical performance than the BM.

Often, the resultant microstructures in fusion-based welded joints must be modified in order to
improve the part mechanical properties. These microstructural modifications are often performed by
post-weld heat treatments, which can induce dissolution or formation of new phases/precipitates or
promote stress relieving [78–81].

The influence of post-weld heat treatments on laser welded CoCrFeNiMn HEAs was also reported
in the literature. Nam et al. [59] studied the effect of post-weld heat treatments on a temperature
range of 800 and 1000◦C for one hour, on laser beam welds of a cold-rolled CoCrFeNiMn HEA. Before
the heat-treatment, the welded region exhibited a larger grain size and inferior tensile strength and
hardness than the BM. After being heat-treated, the welds showed superior hardness than the BM, with
the FZ preserving the original BM FCC crystal structure and a decrease in the size and fraction of Cr-Mn
oxide inclusions. With the increase of temperature of the heat treatment to 1000 ◦C, the variation in grain
size between the weld metal and heat-affected zone decreased, which resulted in approximately the
same tensile properties between the welded joint and the BM. This initial work shows the fundamental
role of critically selecting the base material initial condition and subsequent post-weld heat treatments.
These are fundamental to improve the joint microstructure and consequently its mechanical properties.

Concerning other fusion-based welding techniques, Wu et al. [60,61] investigated Electron Beam
Welding and Gas Tungsten Arc Welding (GTAW) on a CoCrFeMnNi HEA. For this purpose, ingots
were produced via arc-melting and then thermomechanically processed to achieve a homogeneous
equiaxed microstructure. After welding, microstructure characterization evidenced that no major
defects existed in the joints, and that the microstructure was mainly composed of dendrites and large
columnar grains. Overall, the yield strength of both welded joints was higher than that of the BM.
Differences between both welding methods resided on the dendrite arm spacing and on the amount of
elemental segregation, which were less evident on the electron beam welds. This can be attributed
to the fast cooling rate of the process, which can decrease grain growth and elemental segregation
when compared to arc-based techniques [47,48]. The tensile strength of the GTAW samples exhibited,
approximately, 80% of the tensile strength and 50% of the ductility of the BM, while the electron
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beam-welded samples presented a similar behavior to that of the BM. Though sound joints were
achieved in both cases, the ability of electron beam welding to localize the heat in a restrict region can
be considered an advantage and a potential justification on the superior mechanical properties when
compared to arc-based welding of the same alloy.

More recently, Oliveira et al. [62] performed a comprehensive study on GTAW of as-rolled
CoCrFeNiMn HEA. Using synchrotron X-ray diffraction analysis, the authors observed that the
extension of the HAZ was larger than that determined based on electron microscopy and hardness
measurements techniques. In fact, due to the large deformation imposed by cold rolling of the starting
BM, recovery phenomenon was seen to occur far away from the weld centerline. This phenomenon
translated into a decrease of the residual stresses of the material in that region, though no variations in
grain size and hardness were observed.

The use of filler materials during fusion-based welding is often used to control and adjust the
chemical composition and resulting microstructures [82,83]. Moreover, in hard-to-join dissimilar pairs,
careful selection of the filler material can aid in the inhibition of solidification cracking or other defects
than can occur upon solidification [84,85].

Nam et al. [63] evaluated the use of two different filler materials during similar GTAW of an
CoCrFeMnNi HEA. The selected filler materials were a 308 L stainless steel, while the other had the
same composition as the BM. The results evidenced that both types of welds exhibited a single FCC
phase, nevertheless the elemental percentage of Fe increased with the proximity to the weld centerline
when the stainless steel filler was used. Regarding the mechanical properties, both welds exhibited
superior values than the original BM. The joint obtained using the CoCrFeMnNi filler presented the
higher values for the microhardness (≈165 ± 1 HV), as depicted in Figure 7a. The tensile properties
were also assessed at room and cryogenic temperatures, exhibiting a comparable behavior to that
of the cast BM, as presented in Figure 7b. Overall, the tensile testing provided an insight for the
possibility to use stainless steel 308 L as a filler metal to guarantee the applicability of these HEAs in
cryogenic environments.

Metals 2019, 9, x FOR PEER REVIEW 9 of 21 

 

columnar grains. Overall, the yield strength of both welded joints was higher than that of the BM. 
Differences between both welding methods resided on the dendrite arm spacing and on the amount 
of elemental segregation, which were less evident on the electron beam welds. This can be attributed 
to the fast cooling rate of the process, which can decrease grain growth and elemental segregation 
when compared to arc-based techniques [47,48]. The tensile strength of the GTAW samples exhibited, 
approximately, 80% of the tensile strength and 50% of the ductility of the BM, while the electron 
beam-welded samples presented a similar behavior to that of the BM. Though sound joints were 
achieved in both cases, the ability of electron beam welding to localize the heat in a restrict region 
can be considered an advantage and a potential justification on the superior mechanical properties 
when compared to arc-based welding of the same alloy. 

More recently, Oliveira et al. [62] performed a comprehensive study on GTAW of as-rolled 
CoCrFeNiMn HEA. Using synchrotron X-ray diffraction analysis, the authors observed that the 
extension of the HAZ was larger than that determined based on electron microscopy and hardness 
measurements techniques. In fact, due to the large deformation imposed by cold rolling of the starting 
BM, recovery phenomenon was seen to occur far away from the weld centerline. This phenomenon 
translated into a decrease of the residual stresses of the material in that region, though no variations 
in grain size and hardness were observed. 

The use of filler materials during fusion-based welding is often used to control and adjust the 
chemical composition and resulting microstructures [82,83]. Moreover, in hard-to-join dissimilar 
pairs, careful selection of the filler material can aid in the inhibition of solidification cracking or other 
defects than can occur upon solidification [84,85]. 

Nam et al. [63] evaluated the use of two different filler materials during similar GTAW of an 
CoCrFeMnNi HEA. The selected filler materials were a 308 L stainless steel, while the other had the 
same composition as the BM. The results evidenced that both types of welds exhibited a single FCC 
phase, nevertheless the elemental percentage of Fe increased with the proximity to the weld 
centerline when the stainless steel filler was used. Regarding the mechanical properties, both welds 
exhibited superior values than the original BM. The joint obtained using the CoCrFeMnNi filler 
presented the higher values for the microhardness (≈165 ± 1 HV), as depicted in Figure 7a. The tensile 
properties were also assessed at room and cryogenic temperatures, exhibiting a comparable behavior 
to that of the cast BM, as presented in Figure 7b. Overall, the tensile testing provided an insight for 
the possibility to use stainless steel 308 L as a filler metal to guarantee the applicability of these HEAs 
in cryogenic environments. 

 

Figure 7. Mechanical behavior of the welded joints: (a) Tensile testing; (b) microhardness distribution 
(Adapted from [63], with permission from Elsevier, 2020). 

Due to the possibility to control the composition, and therefore the resulting microstructures 
using filler materials, we hypothesize that in the future, dedicated filler materials can be developed 
to control and tune the HEA joints properties. 
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(Adapted from [63], with permission from Elsevier, 2020).

Due to the possibility to control the composition, and therefore the resulting microstructures
using filler materials, we hypothesize that in the future, dedicated filler materials can be developed to
control and tune the HEA joints properties.

2.1.2. Other HEA Systems

Most of the works on welding of HEAs currently focus on the CoCrFeNiMn system, as exemplified
above. However, some researchers started to pay attention to the weldability of other HEA compositions.
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The use of GTAW for welding of an Al0.5CoCrFeNi HEA was attempted by Sokkalingam et al. [66].
The BM was composed by a near-equiaxed microstructure and, after welding, the HAZ exhibited a
microstructure with a size, approximately, double of that of the BM. This is explained by the weld
thermal cycle, that is known to induce grain growth in the HAZ, especially closer to the fusion
boundary. Additionally, the FZ was characterized by dendritic growth, and near the weld centerline, a
fine equiaxed microstructure could be observed. Both the BM and the FZ exhibit a mixed FCC and
BCC structure. However, the volumetric fraction of the BCC phase was reduced due to the thermal
history experienced by the material during the welding procedure. Mechanical testing showed that the
weld region exhibited an inferior microhardness, and the tensile properties experienced a reduction of
6.4% in strength and 16.5% in ductility, when compared to the BM.

The same authors also performed dissimilar welding of Al0.1CoCrFeNi HEA to AISI304 stainless
steel by GTAW [65]. As depicted in Figure 8, microstructural characterization revealed that the HEA
side of the weld was characterized by epitaxial grain growth, while the AISI304 stainless steel side
exhibited non-epitaxial grain growth. Nevertheless, towards the weld centerline, the joint tends
to exhibit an equiaxed dendritic grain structure. During tensile testing, fracture occurred in the
fusion zone, which was attributed to the heterogeneous distribution of the microstructure and lower
hardness of the weld. Overall, the applicability of these dissimilar joints for structural applications
was confirmed by means of mechanical testing, where the dissimilar joint exhibited superior values for
the yield strength and ultimate tensile strength (≈265 and ≈590 MPa, respectively) than that of the
HEA side of the BM (≈148 and ≈327 MPa, respectively).

Metals 2019, 9, x FOR PEER REVIEW 10 of 21 

 

2.1.2. Other HEA Systems 

Most of the works on welding of HEAs currently focus on the CoCrFeNiMn system, as 
exemplified above. However, some researchers started to pay attention to the weldability of other 
HEA compositions. 

The use of GTAW for welding of an Al0.5CoCrFeNi HEA was attempted by Sokkalingam et al. 
[66]. The BM was composed by a near-equiaxed microstructure and, after welding, the HAZ exhibited 
a microstructure with a size, approximately, double of that of the BM. This is explained by the weld 
thermal cycle, that is known to induce grain growth in the HAZ, especially closer to the fusion 
boundary. Additionally, the FZ was characterized by dendritic growth, and near the weld centerline, 
a fine equiaxed microstructure could be observed. Both the BM and the FZ exhibit a mixed FCC and 
BCC structure. However, the volumetric fraction of the BCC phase was reduced due to the thermal 
history experienced by the material during the welding procedure. Mechanical testing showed that 
the weld region exhibited an inferior microhardness, and the tensile properties experienced a 
reduction of 6.4% in strength and 16.5% in ductility, when compared to the BM. 

The same authors also performed dissimilar welding of Al0.1CoCrFeNi HEA to AISI304 stainless 
steel by GTAW [65]. As depicted in Figure 8, microstructural characterization revealed that the HEA 
side of the weld was characterized by epitaxial grain growth, while the AISI304 stainless steel side 
exhibited non-epitaxial grain growth. Nevertheless, towards the weld centerline, the joint tends to 
exhibit an equiaxed dendritic grain structure. During tensile testing, fracture occurred in the fusion 
zone, which was attributed to the heterogeneous distribution of the microstructure and lower 
hardness of the weld. Overall, the applicability of these dissimilar joints for structural applications 
was confirmed by means of mechanical testing, where the dissimilar joint exhibited superior values 
for the yield strength and ultimate tensile strength (≈265 and ≈590 MPa, respectively) than that of the 
HEA side of the BM (≈148 and ≈327 MPa, respectively). 

 

Figure 8. Microstructural characterization by means of EBSD (Electron Backscatter Diffraction) 
inverse pole figure analysis of the dissimilar welds. BM-1: Al0.1CoCrFeNi HEA; BM-2: AISI304 
stainless steel (Reproduced from [65] with permission from Cambridge University Press, 2019). 

The corrosion behavior of laser welded Al0.5CoCrFeNi HEA was studied by Sokkalingam et al. 
[64], by evaluating the corrosion potential and corrosion current density obtained by 
potentiodynamic polarization tests. The BM was composed by an equiaxed microstructure composed 
by Cr-Fe and Al-Ni rich phases and Al-rich particles. During welding, the dissolution of the Al-Ni 
rich and Al-rich compounds into the CoCrFeNi matrix occurred, resulting in a microstructure 
exhibiting Cr-Fe rich columnar dendrites with an Al-Ni rich interdendritic region. Overall, the results 
from the corrosion resistance tests evidenced that the welded joints exhibited a higher corrosion 
resistance than the BM alone, when exposed to aqueous corrosion environments. This was attributed 
to the solubility of the Al in the alloy matrix during welding that causes an increase of its corrosion 
potential, resulting on the reduction of the galvanic circuit in the joint. 

More recently, weldability studies on AlxCoCrCuyFeNi HEAs have been performed by Martin 
et al. [67,68]. Cu segregation was seen to promote solidification cracking in the fusion zone of the 
GTAW joints. By changing the alloy composition, it was possible to mitigate the cracking 

Figure 8. Microstructural characterization by means of EBSD (Electron Backscatter Diffraction) inverse
pole figure analysis of the dissimilar welds. BM-1: Al0.1CoCrFeNi HEA; BM-2: AISI304 stainless steel
(Reproduced from [65] with permission from Cambridge University Press, 2019).

The corrosion behavior of laser welded Al0.5CoCrFeNi HEA was studied by Sokkalingam et al. [64],
by evaluating the corrosion potential and corrosion current density obtained by potentiodynamic
polarization tests. The BM was composed by an equiaxed microstructure composed by Cr-Fe and
Al-Ni rich phases and Al-rich particles. During welding, the dissolution of the Al-Ni rich and Al-rich
compounds into the CoCrFeNi matrix occurred, resulting in a microstructure exhibiting Cr-Fe rich
columnar dendrites with an Al-Ni rich interdendritic region. Overall, the results from the corrosion
resistance tests evidenced that the welded joints exhibited a higher corrosion resistance than the BM
alone, when exposed to aqueous corrosion environments. This was attributed to the solubility of the
Al in the alloy matrix during welding that causes an increase of its corrosion potential, resulting on the
reduction of the galvanic circuit in the joint.

More recently, weldability studies on AlxCoCrCuyFeNi HEAs have been performed by
Martin et al. [67,68]. Cu segregation was seen to promote solidification cracking in the fusion zone
of the GTAW joints. By changing the alloy composition, it was possible to mitigate the cracking
susceptibility of this HEA class. These works, which were supported by thermodynamic calculations
to predict the existing phases on the FZ as function of the alloy composition, show the importance of
optimizing the BM starting composition when cracking phenomena, such as hot cracking and liquation
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cracking, are prone to occur in the materials to be welded. Though this was only observed in the
AlCoCrCuFeNi HEA system, it is likely that other HEA compositions may exhibit the problems. If that
is the case, the addition of filler materials [48] can also be a potential solution to adjust and improve
the chemical composition of the fusion zone.

Panina et al. [69] reported the effects of pre-heating temperature (400, 600, and 800 ◦C) on the
laser weldability of a Ti1.89NbCrV0.56 refractory high entropy alloy. Initially, the BM microstructure
was mainly composed by BCC grains presenting also small C15 Laves phase particles. Hot cracking
occurred when welding was performed with the BM at room temperature and at 400 ◦C, which was
attributed to the low ductility of the alloy. Since during welding thermal stresses are generated,
materials with poor ductility can suffer cracking if those stresses are not relieved. Using pre-heating
temperatures of 600 ◦C and 800 ◦C, however, resulted in defect-free joints. The microstructure of the
welds was characterized by columnar grains, where the grain size tended to increase with the increase
of pre-heating temperatures. This can be explained based on the effect of changing the pre-heating
temperature before welding: Higher pre-heating temperature leads to a slower cooling rate, which
promotes more significant grain growth. Due to these slower cooling rates, the grain size was larger
in the different FZ. As such, the microhardness of the FZ tended to decrease with the increase of
the selected pre-heating temperatures. The mechanical performance of the welds was also assessed
through tensile testing at 750 ◦C, and enhanced tensile properties were observed when pre-heating
at 800 ◦C (ductility of ≈10%, yield strength of 265 MPa and ultimate tensile strength of 285 MPa vs.
the 250 MPa maximum stress obtained when fracture occurred in the elastic region on the as-cast
specimens). Overall, the results obtained in this study highlight the need for optimizing the welding
parameters, such as the pre-heating temperatures, in order to obtain high performing joints.

Currently, it is clear that welding of HEAs is a growing research topic. However, most of the
work is focused on the CoCrFeNiMn alloy system using high power beams (laser and electron beam).
Though some recent studies have addressed the weldability of other HEA systems, the existence of a
significant research gap regarding the weldability of these materials is highly noticeable.

2.2. Solid-State Welding of HEAs

As previously mentioned, welding materials in the solid state can be a reliable and advantageous
way to achieve sound joints. The current information regarding welding HEAs using solid-state
techniques shows that most studies are focused on friction stir welding (FSW) [55,86–92]. Nevertheless,
other possibilities for joining these materials are rotary friction welding [91] and diffusion bonding [92].

Concerning FSW, the literature shows that an effort for the development and comprehension of
the microstructural evolution of FSWed HEAs joints is underway. For instance, FSW of a CoCrFeNiMn
HEA manufactured by vacuum induction melting, followed by thermomechanical processing was
conducted by Jo et al. [55]. After the welding process, the tensile strength and the ductility of the
samples exhibited a similar behavior to that of the BM. Ductile fracture occurred in the BM, indicating
that the microstructure evolution in the processed region promoted a higher joint strength. The welding
process was characterized by inducing dynamic recrystallization, which resulted in grain refinement
aided by the temperature increase, coupled with the massive deformation imposed during the process.
The microhardness distribution on the welds exhibited higher values than the BM. An EBSD (Electron
Backscatter Diffraction) inverse pole analysis on the cross section of the weld exhibited significant
grain refinement and a lower proportion of twins at the center of the weld, indicating also that the
fraction of low angle grain boundaries tends to decrease with the increase of distance from the weld
center. These boundaries have an important role on the mechanical performance of the material acting
as barriers to plastic deformation and inhibiting the grain growth mechanisms induced by the increase
of temperature.

Typically, it is often preferred that failure of a welded joint occurs in the BM. This is an evidence
of the higher resistance of the welded region, which implies that, for structural parts, the main limiting
aspect will be the BM mechanical properties. Provided that those properties are ensured to be constant
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over time, and since FSW is known to be a very reliable process, unlike some arc-based welding
processes, the welded joints can be safely used as structural parts in key engineering applications.

A step further into the investigation of the FSW process applied to the CoCrFeNiMn HEA was
taken by Xu et al. [86]. In this work, forced cooling was applied to the processed material, aiming
at improving the joint properties. The mechanical results showed that it is possible to enhance the
mechanical properties of the welds without a ductility loss through the fast cooling of the joint. This
enhancement of the material mechanical properties was explained by the inhibition of the static
recovery and selected grain growth that can occur during post-annealing.

Zhu et al. [87] performed FSW on cast CoCrFeNiAl0.3. Defect-free welds were obtained using two
different speeds, 30 and 50 mm/min. In both cases, apart from the original FCC matrix, the results
from X-ray diffraction analysis showed that no phase changes occurred. The morphology of the welds
exhibited four typical thermomechanically affected areas after FSW: (i) SZ, the stir zone, where refined
equiaxed grains resultant from recrystallization were observed; (ii) TMAZ, the thermomechanically
affected zone, which exhibited both coarse and fine grains; (iii) HAZ, where columnar grains were
observed with an average size of 132 µm; (iv) BM, characterized by columnar grains resultant from the
casting process, preferentially oriented in the solidification direction. Because of these microstructural
differences, the microhardness was higher at the center of the weld, decreasing with the distance
from the center. Additionally, reducing the speed of the tool, which increases the heat input, resulted
in slightly a larger grain size on the SZ, which is in good agreement with the effect of FSW process
parameters on other materials [93].

In another study, Zhu et al. [88] studied a quaternary HEA composition, Co16Cr28Fe28Ni28, in
order to study the effects of the reduced Co content on the material mechanical performance. Their
work showed that after recrystallization, through thermomechanical processing, the tensile properties
were superior to that of common HEAs, as depicted in Figure 9a. Such evidenced the possibility for the
enhancement of the alloy mechanical properties through precipitation hardening, given the reduced
proportion of Co. By performing FSW on this HEA, varying only the welding speed (ranging between
30 and 50 mm/min), a refined microstructure composed of equiaxed grains was obtained in the SZ,
which remained with its original FCC crystal structure. However, at the higher level of welding speed,
the formation of a kissing bond [94], which is characterized by the partial penetration of the weld, was
inevitable, due to low heat input. In both cases, the formation of a white band was evidenced. Further
analysis of this feature revealed the presence of W-rich and Cr-rich particles. The presence of W-rich
particles can be explained by the welding tool wear, which is a common occurrence during FSW [95].
The presence of the Cr-rich particles was not explained, requiring further experimental work to justify
its presence. Regarding the hardness of the joints, the SZ exhibited a relatively higher hardness than
the BM, which was attributed to the distorted crystalline network, high fraction of deformation twins,
and refined grain structure (see Figure 9b regarding the hardness profile obtained across the joint).Metals 2019, 9, x FOR PEER REVIEW 13 of 21 
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During FSW, tool wear can occur, and debris can be incorporated in the processed material.
The influence of tungsten and chromium carbide particles, caused by the tool deterioration during
FSW of a CoCrFeNiMn HEA was accessed by Park et al. [89]. The process parameters comprised a
welding speed of 30 mm/min, while the tool rotation varied between 400, 600, 800, and 1000 rpm.
The results showed that both the welds and the BM exhibited a single FCC crystal structure. No
cracks or voids were found on the welds, although the increase of tool rotation resulted in thinning
near the center line, which corresponds to an inferior thickness of the weld when compared to the
BM. The formation of a tornado-shaped region on the SZ was also evidenced when performing FSW
with rotations speeds higher than 600 rpm (refer to Figure 10a). This tornado-shaped region was
characterized by the formation of a secondary phase correspondent to W- and Cr-rich carbides, aided
by the tool wear. Overall, superior characteristics regarding the hardness, tensile strength, and joint
efficiency were obtained with a rotation speed of 800 rpm, where the grain size was at its lowest value.
This was attributed to the different heat inputs that govern the solid-state transformation during the
process. As depicted in Figure 10b, a comparison on the carbide size and concentration can be observed
between a lower heat input (800 rpm) and a higher heat input sample (1000 rpm). These results show
that higher rotation speeds lead to more severe wear of the FSW tool.
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800 rpm and 1000 rpm (Adapted from [89], with permission from Elsevier, 2019).

On another perspective, Shaysultanov et al. [90] performed FSW on a carbon-doped CoCrFeNiMn
HEA, with the intent of studying the influence this controlled C addition on the welded joints mechanical
performance. After being produced via thermite-type self-propagating high-temperature synthesis,
the samples were cold-rolled and annealed at 900 ◦C for 1 h, to obtain an equiaxed microstructure.
The welds resultant from the FSW process were defect-free, while microstructural differences were
observed on the grain size on the BM and the SZ, with a change from 9.2 to 4.6 µm, respectively. With
this joining process the proportion of M23C6 carbides increased, which was attributed to the rise in
temperature triggered by intense plastic deformation, aiding in the precipitation of this phase. Overall,
the mechanical performance of the welds exhibited higher values than the BM in both the microhardness
(an increase of ≈40 HV) and tensile properties (an increase of ≈80 MPa on the ultimate tensile strength
and of ≈200 MPa on the yield strength), which can be attributed to the carbides’ precipitation.

As described above, most of the research work on solid-state welding of HEA focuses on FSW.
However, other solid-state techniques have also started to be used to join this class of advanced materials.

Rotary friction welding was conducted in a eutectic AlCoCrFeNi2.1 HEA by Li et al. [91].
As depicted in Figure 11a–c, similarly shaped joints were obtained with friction pressures of 80 and
120 MPa, while welding at 200 MPa resulted in an increase of the burn-off length and on the size of the
resulting flash. Microstructurally, at the center of the weld, on the dynamic recrystallization zone (DRZ),
the grains exhibited a refined and equiaxed structure. Additionally, on the TMAZ, the microstructure is
composed of bent and elongated grains, while the HAZ exhibited fewer eutectic cells when compared
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to the BM. An EBSD analysis of the samples produced under the friction pressure of 120 MPa, revealed
both an FCC phase, composed mainly by Fe, Co, and Cr, and a B2 phase, composed of AlNi intermetallic
compounds and BCC structured-type CrFe precipitates. The tensile properties were superior when
the friction pressure was of 200 MPa, where fracture of the joints occurred in the BM. As depicted in
Figure 11d–f, the rough fractured surface is the result of the diferent ductility of the hard B2 phase and
the soft FCC phase. Nevertheless, the specimens welded with 80 and 120 MPa of friction pressure
yielded inferior tensile performance, fracturing at the joint interface, which is due to the the existence
of a weld interface and discontinuous distribuition of the B2 phase on the DRZ region.
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Another possibility for welding materials in the solid state is through diffusion bonding. Unlike
other solid-state welding processes, this technique proves its purpose when joining materials with
a high susceptibility to cracking, as in the case of refractory metals [96–98]. Lei et al. [92] studied
vacuum diffusion bonding between the single-phase FCC Al0.85CoCrFeNi HEA and a TiAl alloy.
For this purpose, an axial pressure of 30 MPa, a temperature range of 750 to 1050 ◦C, and a holding
time of 30 to 120 min were used. Given the sluggish diffusion effect, characteristic of HEA systems,
the atomic diffusion from the TiAl substrate into the HEA substrate was drastically inferior, when
compared to the diffusion resultant from the HEA side. As depicted in Figure 12, the obtained bonds
were characterized by having three distinct regions, which could be divided according with their
microstructural composition: Region I, composed by α2-Ti3Al + solid strengthened γ-TiAl; region II,
which can be expressed as Al(Co, Ni)2Ti; and region III, characterized by an Cr(Fe, Co) solid solution
phase. The formation of voids was noticeable in the interlayer between regions II and III, which was
caused by the atomic flux imbalance provided by the process parameters in use. Overall, the optimal
results yielded a maximum microhardness of 923 HV in region I, and a maximum shear strength of
71 MPa (at 850 ◦C and after 90 min of holding time).
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As it can be inferred from this work, multiple welding works on HEA currently exist, and
increasing attention to these alloys’ weldability is emerging. Table 2 compiles the existing studies on
welding of different HEA, while Figure 13 details the relative importance of each welding technique
already applied to HEAs. As it can be noted, most studies concern the CoCrFeNiMn HEA, showing
the need to further extend these research works to other alloys systems.

Table 2. Summary of the welding techniques currently used on HEAs.

Welding Technique Alloy System Refs.

Brazing CoCrFeNiMn [52]
CoCrFeNi

Laser Welding CoCrFeNiMn [53–59]
TiNbCrV [69]

Gas Tungsten Arc Welding
AlCoCrFeNi [64–66]

AlCoCrCuFeNi [67,68]
CoCrFeNiMn [61–63]

Electron Beam Welding CoCrFeNiMn [60,61]

Friction Stir Welding
CoCrFeNiMn [55,86,89,90]
AlCoCrFeNi [87]

CoCrFeNi [88]

Rotary Friction Welding AlCoCrFeNi [91]

Diffusion Bonding AlCoCrFeNi [92]
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3. Summary and Conclusions

The present article offers an overview on the current status and progress on welding of high
entropy alloys. The literature reveals that the main developments on this topic are mainly focused on
fusion-based process by means of laser welding, whereas solid-state ones focus on being put on friction
stir welding. Nevertheless, it is highly noticeable that the improvement of the welding processes
regarding the feasibility of structural and functional applications of HEAs is at its beginning stage.

Regarding fusion-based processes, the current developments show that a step towards the
optimization of laser-based methods is being taken. Nevertheless, a need for research on the joining
of HEAs through other fusion-based techniques, that are economically more viable than laser-based
approaches, is of great interest. Additionally, beyond the welding process, the initial condition of the
alloy affects the weld microstructure and its behavior. Such a matter is important to study the four core
effects characteristic of HEAs and their impact on the microstructural transformations on the molten
pool and mechanical performance of the welds.

Concerning solid-state processes, the literature shows that success on joining CoCrFeNiMn HEAs
has been achieved, although there is still a need for the optimization of the process parameters
to accomplish high performing joints. Regarding their mechanical behavior, the joints show good
mechanical properties, although there is still a need to enhance such solid-state processes into what
that makes HEAs competitive, e.g., their outstanding behavior in extreme conditions.

Currently, special emphasis is being put on the most studied CoCrFeNiMn system. However, to
further expand the potential applications of HEAs, other alloy systems need to be explored. No major
work on dissimilar joints exists yet. This is another key area of interest where the need to couple the
properties of different materials is of great interest.

Currently, it is well-known that HEAs can incorporate impurities during their casting. These
impurities can lead to the formation on unexpected phases, especially under the non-equilibrium
solidification of fusion-based processes. These unexpected phases were already observed for the
CoCrFeMnNi system, and were seen to improve the joint mechanical properties. However, it is
not necessarily true that these impurities will always be beneficial for the joint microstructure and
performance, and as such, efforts should be made to improve the chemical homogeneity of the starting
BMs, but also address the potential formation of these phases and propose methods to mitigate them.

All in all, the future of welding of HEA is at its early stages with the potential to further expand
the potential applications of these advanced engineering materials.
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