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Abstract. High-entropy alloys (HEAs) have emerged as a promising class of materials due to their 
exceptional mechanical properties, thermal stability, and corrosion resistance. The application of 
HEAs in Wire Arc Additive Manufacturing (WAAM) presents new opportunities for large-scale 
component fabrication with customized material properties. This paper reviews recent 
developments in WAAM processing of HEAs, focusing on the influence of process parameters on 
microstructure evolution, mechanical performance, and potential industrial applications. 
Challenges such as segregation, porosity, and residual stresses are also discussed, along with 
strategies for optimizing HEA properties through alloy design and process control. Furthermore, 
the potential industrial applications of WAAM-fabricated HEAs in aerospace, marine, and energy 
sectors are highlighted, demonstrating their relevance in high-performance environments. The 
insights presented in this review contribute to a deeper understanding of WAAM-based HEAs, 
guiding future research toward process optimization and industrial adoption. 
Keywords: high-entropy alloys, wire arc additive manufacturing, microstructure evolution, 
mechanical properties, process optimization. 

1. Introduction 

Additive manufacturing (AM) has transformed material processing by allowing the fabrication 
of complex geometries [1]. Among the AM techniques, wire arc additive manufacturing (WAAM) 
presents superior deposition rates, material efficiency and low cost [2]. WAAM is one of the metal 
additive manufacturing techniques that uses an electric arc as a heat source and a metal wire as 
feedstock. On the other hand, selective laser melting (SLM) and electron beam melting (EBM) 
rely on powder-bed fusion where a laser or electron beam selectively melts metal powder with 
higher precision and finer finishes. Both SLM and EBM entail the utilization of powder-spreading 
equipment, which will lead to material loss and additional costs [3]. Compared to all other additive 
manufacturing techniques, the most distinctive advantages of WAAM are its extremely high 
deposition rate, much economic process and capability of treating a wide group of metals, while 
residual stresses, porosity and anisotropy in microstructures also characterize such processes. In 
addition, residual stress, porosity and microstructural inhomogeneities are some of the challenges 
presented via WAAM, impacting mechanical performances [4]. These need proper understanding 
of material behaviors and optimization of the process parameters. The principal difference also 
carries over into the developed microstructure and mechanical properties. WAAM parts tend to 
have coarse grain structures due to severe thermal gradients, often needing post-processing 
treatment to obtain enhanced mechanical properties. SLM is aided by rapid cooling rates, 
producing fine microstructure with enhanced strength, whereas EBM has coarse grains but 
maintains good mechanical properties, particularly well-suited for high-temperature applications. 
WAAM is ultimately the most effective at mass-producing large cost-effective parts, whereas 
SLM and EBM are best suited to precision-critical uses such as implants in the medical industry 
and avionics components. This is based on required part size, resolution, and costs of manufacture 
constraints [3-4]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/amr.2025.24828&domain=pdf&date_stamp=2025-05-06


HIGH-ENTROPY ALLOYS IN WIRE ARC ADDITIVE MANUFACTURING: A REVIEW.  
DORUK GÜRKAN, SAVAS DILIBAL 

 ADVANCED MANUFACTURING RESEARCH. JUNE 2025, VOLUME 3, ISSUE 1 15 

High entropy alloys (HEAs) have a special phase stability that enables them to retain their 
mechanical properties within a wide range of temperatures and under severe environmental 
conditions. The entropy-driven stability of solid solutions suppresses the tendency to form 
intermetallic compounds, which in turn may improve toughness and enhance structural integrity 
[5]. Due to their distinctive microstructures, HEAs also possess outstanding properties such as 
high strength and hardness, excellent corrosion and oxidation resistance, superior thermal stability 
and improved wear and creep resistance [6-8]. The properties described above result from lattice 
distortion because of the great variety of elements in HEAs, giving rise to solid solution 
strengthening. The excellent corrosion and oxidation characteristics arise from Cr, Al and other 
protective elements in metal alloys [9]. HEAs applications can be seen in Table 1. 

Table 1. Some HEA application areas [10-13] 
Industry Applications 

Aerospace and defense 
applications 

High-strength, lightweight HEAs for turbine blades and structural 
components 

Energy Wear-resistant coatings and heat-resistant components in nuclear and 
thermal power plants 

Biomedical Biocompatible HEAs for implants and prosthetics 
Additive manufacturing Custom-designed HEAs for complex and high-performance structures 
Extreme environment 

materials 
HEAs designed for high radiation, extreme temperatures, and harsh 

environments, maintaining structural integrity and stability. 
Electronics and magnetic 

applications 
HEAs with tunable electrical and magnetic properties for use in electronic 

components and magnetic devices. 

HEAs continue to be a rapidly growing research field, with ongoing studies focused on 
optimizing compositions, processing methods and applications in emerging technologies. The 
following paper discusses the synergy between HEAs and WAAM, establishing key developments 
and research gaps and covers aspects like processing techniques, microstructural characteristics, 
mechanical properties and potential applications, critically examining the latest advancements. By 
systematically reviewing current findings, this study provides a thorough understanding of the 
state-of-the-art developments in additive manufacturing and highlight areas that require further 
exploration. 

2. Fundamentals of HEAs 

HEAs can be one of the ways of enhancing the properties in WAAM-produced components 
[14]. Multicomponent composition is the hallmark of HEAs, characterized by their exceptional 
strength, good corrosion resistance and thermal stability. WAAM will unleash new frontiers of 
performance, reliability and applicability in critical industries such as aerospace, energy and 
defense through the judicious leveraging of HEAs.  

HEAs are unique due to the high-entropy effect of multi-principal element composition, hence 
their superior mechanical and functional properties. HEAs are special class of metallic materials 
that conventionally have been prepared with more than five principal elements in near-equal 
atomic proportions [15]. Contrary to conventional alloys which are based on one dominant 
element with small additions of other elements, HEAs use a high configurational entropy that is 
responsible for stabilizing single-phase solid solutions instead of intermetallic compounds, which 
makes their mechanical, thermal and chemical properties exceptional compared to those of 
conventional alloys [16]. However, the formation of simple solid solution phases with FCC, BCC 
or HCP discourages complicated intermetallic structures, lattice distortion and slow atomic 
diffusion [17]. Some of the commonly used elements in the preparation of HEAs are Fe, Ni, Co, 
Cr, Al, Ti, Mo, Mn, Cu and V [18]. In the case of HEAs, the increase in entropy of mixing due to 
the presence of multiple elements in near-equal atomic fractions stabilizes simple solid solution 
phases, such as FCC, BCC and dual-phase structures [19]. 
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Another key property of the HEAs is sluggish diffusion, a title given to the lowered atomic 
mobility in the alloy matrix [20]. This may be attributed to the variety of elements present with 
different atomic sizes and bonding energies that enhance the energy landscape in terms of 
complexity and retard the atomic mobility. Sluggish diffusion has several critical implications 
[21]. HEAs do not depict severe deformation under extremely high temperatures, hence their 
application in aerospace and power generation is very vital [22]. Conventional alloys have a 
problem with grain coarsening at high temperatures, whereas HEAs exhibit a more refined 
microstructure, which remains stable over relatively longer times. Many classical alloys undergo 
phase separation or precipitation after long-term annealing, HEAs very often retain their single-
phase structures which improve long-term performance. With these properties. HEAs become 
specifically attractive in those applications at high temperatures-for example, turbine blades, heat 
exchangers and nuclear reactor components [23]. 

HEAs have high lattice distortion owing to the size mismatch of different constituent elements 
atomic size. Lattices are usually uniform in conventional alloys [24]. HEAs possess a rather strong 
local strain hardening because the elements are distributed randomly with a different atomic 
radius. The unit irregular lattice acts like a barrier to dislocation movement, which should increase 
its yield strength and hardness [25]. Contrary to the conventional materials that usually suffer 
rapid softening right after initial deformation, HEAs have often demonstrated a continued strain-
hardening effect that extends their mechanical durability. The distorted lattice structure reduces 
friction and mechanically induced material loss, making the HEAs suitable for wear-resistant 
coatings and structural components [26]. This leads to the conjunction of these factors, hence 
leading HEAs to exhibit outstanding mechanical properties often beyond conventional alloys like 
stainless steel and superalloys. 

HEAs have garnered great interest due to their unique combination of mechanical strength, 
thermal stability and corrosion resistance. Such properties make HEAs useful in a wide range of 
industrial applications, from aerospace to biomedical engineering. Due to their complex 
composition and unique properties, the fabrication of HEAs requires advanced manufacturing 
techniques, each affecting the microstructure and performance of the alloy in different ways 
including casting-based methods [27], powder metallurgy [28], AM technologies [29]. 
Accordingly, HEAs have attracted much attention in additive manufacturing due to their ability 
to form stable microstructures under rapid solidification. Especially, WAAM offers high 
deposition rates and cost-effective HEA processing. 

Table 2. Key examples of cocktail effect [30-33] 
Effect Description 

Improved strength-
ductility trade-off 

The presence of both FCC and BCC phases in many HEAs allows an 
unusual combination of high strength and good ductility, overcoming the 

typical trade-off observed in conventional alloys 
Superior corrosion and 

oxidation resistance 
The synergistic interaction of elements such as Cr, Al and Ni in forming 

protective oxide layers greatly enhances corrosion resistance 

Magnetic and electrical 
properties 

Some of the HEAs are found with some unique magnetic behaviors, namely 
CoCrFeNi-based alloys, appropriate for electronic applications, such as 

sensors 

One of the strongest reasons that HEAs contain exceptional properties is the cocktail effect. 
This is caused by the complex atomic interactions between multiple significant elements, leading 
to higher strength, stability and wear and corrosion resistance. The cocktail effect results in better 
mechanical properties due to a superior solid solution strengthening, lattice strain, and stability of 
the phase [22]. All of these have extensive roles in controlling the hardness, tensile strength, and 
abrasion resistance of HEAs and are hence fully apt for harsh applications. In order to fully utilize 
the cocktail effect, fabrication methods must be properly selected. Techniques such as additive 
manufacturing, arc melting and mechanical alloying control the elemental distribution and phase 
stability, and therefore the occurrence of the cocktail effect in the final structure of the alloy. The 
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cocktail effect involves emergent properties in HEAs that cannot be predicted based solely on the 
contribution of each participating element, however their combined influence gives rise to the 
phenomenon through complex interactions at the atomic level with influence on phase stability, 
mechanical performance and resistance to corrosion [30]. Key examples of cocktail effect can be 
seen in Table 2.  

3. Wire arc additive manufacturing of HEAs, microstructure and mechanical properties 

WAAM is one of DED processes using an electric arc to melt and deposit metallic wire layer 
by layer [34]. Compared to the powder-based AM processes, WAAM features higher deposition 
rates and lower material costs, therefore enabling the fabrication of large-sized HEA components. 
Some key process parameters affecting the properties of HEAs in WAAM can be seen in Table 3. 

Table 3. Important process parameters of HEA-WAAM [35-36] 
Parameter Effect 

Wire composition Choice of elements controls phase stability and mechanical response 
Heat input Responsible for microstructural refinement and defect formation 

Interpass temperature Influences residual stress development and grain growth 
Deposition strategy Decides the texture and anisotropy of the component 

The rapid solidification and thermal cycling in WAAM processing greatly influence the 
microstructure of HEAs. Depending on the composition and cooling rate, the formation of phases 
in HEAs can be single-phase FCC, single-phase BCC or multi-phase. Columnar and equiaxed 
grains are normally encountered, controlled conditions during processing might affect grain size 
[37]. Non-equilibrium solidification can lead to elemental segregation, porosity and cracks; hence, 
post-processing treatments might be required [38]. High strength with accompanying ductility has 
resulted from grain refinement and work-hardening mechanisms. Resistance to wear and corrosion 
is related to the stable oxide layers formed along with solid solution strengthening. There is a 
realization that heat treatments, and thermomechanical processing could enhance mechanical 
behavior further, possibly through the homogenization of composition and residual stress relieving 
[39]. 

Within the extended research on WAAM of HEAs, different works have focused on various 
alloy systems and/or processing strategies that allow for the manufacturability and the 
optimization of microstructure and mechanical properties. Studies on HEA materials produced via 
WAAM are given in Table 4. Some ultimate tensile strength results of HEAs produced via WAAM 
can be seen in Fig. 1. 

Table 4. Studies on HEA materials produced via WAAM  
High-entropy alloy (HEA) Composition (at.%) Reference 

TaMoNbZrTi Ta (20), Mo (20), Nb (20), Zr (20), Ti (20) [40] 
AlCoCrNi Al (16–38.6), Co (21.7-38.6), Cr (21.7–22.7), Ni (22.7-39.2) [41] 

TaNbHfZrTi Ta (20), Nb (20), Hf (20), Zr (20), Ti (20) [42] 
AlCoCrFeNi Al (35.67), Co (4.99), Cr (8.28), Fe (17.28), Ni (33.79) [43] 
FeMnCrNi Fe (50), Mn (30), Cr (10), Ni (10) [44] 

SiCrMnFeCoNi Si (1.4), Cr (15), Mn (3.5), Fe (37.9), Co (25.4), Ni (16.8) [46] 
TiNbMoTaW Ti (20), Nb (20), Mo (20), Ta (20), W (20) [47] 

AlCoCrCuFeNi Al (16.6), Co (16.6), Cr (16.6), Cu (16.6), Fe (16.6), Ni (16.6) [48] 
MoNbHfZrTi Mo (20), Nb (20), Hf (20), Zr (20), Ti (20) [49] 

Fig. 1 shows the relationship between the ultimate tensile strength and fracture elongation of 
different additively manufactured HEAs according to Zhang et al. [50]. Different HEA 
compositions are marked by different symbols and colors. Solid, top half-solid, open and bottom 
half-solid symbols are used to represent HEAs fabricated using selective laser melting (SLM), 
laser melting deposition (LMD), electron beam melting (EBM) and WAAM, respectively. The 
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findings reveal that the mechanical properties of HEAs are very different depending on their 
composition and processing route. For instance, AlCoCrFeNi and AlCrCuFeNi alloys are ductile 
while CoCrFeMnNi and CoCrFeNi alloys have high strength. The effects of alloying elements 
such as carbon (C), silicon (Si) and nitrogen (N) on mechanical properties are also highlighted 
using the graph. Generally, this study demonstrates that HEAs exhibit a wide range of mechanical 
properties which might be tailored for specific applications. 

 
Fig. 1. The relationship between the ultimate tensile strength and fracture elongation of different additively 

manufactured HEAs. The solid, top half-solid, open and bottom half-solid symbols represent HEAs 
fabricated by SLM, LMD, EBM and WAAM, respectively (only considering the as-fabricated state) [50] 

The morphological analysis of the fracture provides important information regarding the 
fracture mechanisms of WAAM fabricated HEAs. Liu et al. [47] studied TiNbMoTaW HEAs at 
different temperatures. The fracture surface, at 500 °C, is largely covered with cleavage steps and 
visible cracks, implying a cleavage fracture mode with brittleness. This implies that the material 
undergoes little or no plastic deformation at low temperatures prior to failure, which can be 
attributed to restricted dislocation motion within the microstructure. As the temperature increases 
to 1000 °C, the fracture behavior is dramatically altered (Fig. 2). The presence of small dimples 
and tearing edges suggests a transition towards a composite mode of fracture, involving both 
ductile and quasi-cleavage fracture. This change is a result of enhanced plasticity and fracture 
toughness at elevated temperatures due to enhanced atomic mobility and dislocation activity 
which favors energy dissipation during deformation. The microstructural evolution indicated by 
the reduced cleavage steps and the acquisition of ductile nature highlights the 
temperature-sensitive mechanical behavior of the surfacing formed HEAs layers. 

Zhou et al. [40] developed a WAAM process to fabricate TaMoNbZrTi refractory HEA. For 
the first time, a pre-alloyed droplet transfer mode was developed, ensuring much better element 
diffusion and metallurgical bonding and explored the microstructure-property relationship of 
WAAM-fabricated refractory HEAs. Meanwhile, the authors obtain a dual-phase BCC structure 
characterized by TaMoNb-rich dendrites with ZrTi-rich interdendritic regions. Their work proves 
the possibility of using WAAM to fabricate refractory HEAs with better properties. Accordingly, 
the yield strength increased by ~158 % from 920 MPa to 2025 MPa as the strain rate rose from 
920 to 4100 s-1. Fracture strain also increased by ~72 %, showing enhanced ductility. High 
dislocation density in the Zr-Ti-rich region contributed to strain hardening.  

Based on the idea of multi-material HEA fabrication, a dual arc WAAM with a CMT system 
was applied to fabricate compositionally graded AlxCoCrNi HEAs by Lu et al. [41], The authors 
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observed a continuous FCC-to-FCC+B2 phase transformation due to the compositionally graded 
addition of Al. In the meantime, the microstructure evolved from columnar grains to dendrites as 
increasing the Al content and the AlNi-rich B2 precipitated in the interdendritic regions. This work 
highlights the capability of WAAM in controlling the properties of HEAs through compositional 
tailoring. Yield strength increased from 257 MPa to 640 MPa. Hardness increased from 170 HV 
to 450 HV. Fracture mode transitioned from ductile to brittle due to excessive B2 phase formation. 
In-situ alloying capability of WAAM was also demonstrated with this study. 

 
Fig. 2. Fracture morphology of compressive deformation for TiNbMoTaW HEA  

at high temperatures: a) 𝑇 = 500 °C and b) 𝑇 = 1000 °C [47] 

Hu et al. [42] identified very strong resistance in TaNbHfZrTi HEAs to adiabatic shear 
banding; this holds an important function especially for such an alloy with impact application 
requirements. Its unique properties are dependent not just on materials but also on advanced 
manufacturing processes such as WAAM. In this sense, alloys like TaNbHfZrTi are of crucial 
importance regarding mechanical properties and facility of production. Further, the application of 
such alloys is expected to make an important step in the elaboration of long-living materials 
especially in very aggressive environments. 

WAAM fabricated HEAs possess complex microstructures controlled by thermal gradients 
and solidification kinetics. Zhang et al. [44] demonstrated this by producing FeMnCrNi HEA 
where the microstructure is predominantly dendritic, with grain morphology varying from the 
bottom to the top of the build due to differences in heat dissipation due to variations in heat 
dissipation (Fig. 3). The fusion lines between layers show the layer-wise deposition process, and 
grain size reduces gradually towards the top. This deviation is closely related to critical 
solidification parameters such as temperature gradient (𝑇௚), solidification rate (𝑅), degree of 
subcooling (Δ𝑇), and diffusion coefficient (𝐷௅). The interaction among these parameters decides 
the columnar or equiaxed microstructure, which ultimately affects the mechanical properties of 
the final product. 

 
Fig. 3. Microstructure of different position of WAAM HEA: a) bottom, b) middle, c) top [44] 

Shen et al. [43] designed a combined cable wire for arc additive manufacturing of 
non-equiatomic AlCoCrFeNi HEA. BCC and FCC dual-phase structure reported with good 
interlayer bonding and defect-free microstructure. Therefore, their focus was more on optimizing 
wire feedstock design. It was concluded that custom-designed wire feedstocks have the potential 



HIGH-ENTROPY ALLOYS IN WIRE ARC ADDITIVE MANUFACTURING: A REVIEW.  
DORUK GÜRKAN, SAVAS DILIBAL 

20 ISSN ONLINE 2783-6738  

for better phase constituent control in the WAAM fabrication of HEAs. The obtained results also 
shed light on how different heat treatment temperatures alter the microstructure and mechanical 
properties of Al-Co-Cr-Fe-Ni HEAs. Thus, heat treatment at 600 °C provided improved strength 
and hardness due to precipitation strengthening, while 800 °C resulted in improved elongation and 
1000 °C yielded a softer material that is more ductile. These findings add to the understanding of 
how the properties of HEAs can be tailored for various applications by exploiting controlled heat 
treatments. 

While most of the above studies focused on their objectives with a controlled phase structure, 
Zhang et al. [44], developed an efficient and cost-effective WAAM method to fabricate a 
Fe50Mn30Cr10Ni10 high-entropy alloy. The main phase of the produced alloy consisted of a 
face-centered cubic single phase, with a minor amount of σ phase. It is mentioned that such 
formation of the σ phase in the alloy differs from those alloys prepared by other methods. The 
microstructure of the alloy exhibited mainly dendritic and inter-dendritic crystals. It was observed 
that the grain size increased from the bottom to the top of the sample, and this might relate to 
dissipation of heat. This study emphasizes the capability of WAAM as a possible process to 
fabricate complex structural parts made of HEAs rather than laser additive manufacturing 
processes which are expensive and time-consuming. The mechanical strength of the WAAM HEA 
reached as high as about 448 MPa with a high fracture elongation of 80 %. Corrosion tests showed 
that a protective layer formed on the alloy surface, hence offering better corrosion resistance 
compared to 45 steel material. Tensile testing showed a plastic fracture mechanism with lots of 
dimples. 

Further exploring the fabrication of non-equiatomic HEAs, Ivanov et al. [45], fabricated a 
non-equiatomic AlCoCrFeNi HEA using WAAM in an argon atmosphere. The SEM analysis 
revealed a dendritic structure with second-phase particles at grain boundaries. Grain interiors were 
enriched with Al and Ni, while the grain boundaries contained Cr and Fe; Co was distributed 
quasi-uniformly. This study further validated the capability of WAAM in tailoring microstructural 
characteristics through controlled elemental distribution. Tensile testing showed that the material 
had fractured as a result of an intragranular cleavage mechanism. The brittle cracks were 
propagating along the grain boundaries and their junctions, especially in those regions with 
second-phase inclusions. The authors believed that increased brittleness in the WAAM-
manufactured HEA could be associated with either an inhomogeneous elemental distribution, 
second-phase formation at the grain boundary and/or discontinuities (pores) within the material. 
The tensile testing also showed low strength and ductility for the alloy that could be associated 
with microcracking and embrittlement. Fracture surface analysis confirmed the intragranular 
cleavage mechanism, observing a grooved pattern inside the grains with second phase particles 
acting as local fracture initiators. 

Osintsev et al. [51], investigated the fabrication of a non-equiatomic CoCrFeMnNi HEA. They 
used cable-type wire as feedstock that consisted of a single pure Co wire and two wires containing 
Cr, Fe, Mn, and Ni (Fig. 4). CoCrFeMnNi HEA microstructure exhibited grain variations and 
dotted lines were specifically drawn based on the deposition sequence rather than grain 
boundaries, in figure 4. XRD analysis confirmed single-phase face-centered cubic (FCC) crystal 
structure with elemental homogeneous distribution. Microstructural examination showed a 
dendritic microstructure with heat propagation directions, typical of WAAM-made materials. 
Mechanical performance was similar to other HEAs, with compressive yield strength of  
~279 MPa, ultimate compressive strength of ~1689 MPa and tensile elongation of ~63 %. There 
were small non-metallic inclusions and porosity which may affect mechanical performance. In 
spite of such defects, the research pointed to the possible application of WAAM in the production 
of HEAs with acceptable mechanical properties at lower cost compared to powder-based additive 
manufacturing techniques.  

While WAAM has a wonderful advantage in deposition rate and material efficiency, it creates 
rough surface finishes and residual stresses due to rapid solidification and layer by layer 
deposition. To enhance the mechanical properties and surface finish of WAAM-fabricated 
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components, post-processing treatments undertaken. Ivanov et al. [52] highlights post-processing 
as vital in optimizing the microstructure and relieving the residual stresses, particularly in 
maintaining the structural integrity of WAAM-fabricated components via examining the structure 
and properties of AlCoCrFeNi high-entropy alloy and processing with electron–ion plasma. Fig. 5 
demonstrates how post-processing techniques influence the final properties of WAAM parts, 
validating the necessity of the treatments as a component of the manufacturing process rather than 
an isolated step. The study focused on surface treatment by deposition of a (B + Cr) film and 
irradiation of the samples with a pulsed electron beam (figure 5). XRD investigation confirmed a 
simple cubic crystal lattice, and microstructural analysis revealed a dendritic structure in the as-
manufactured state. The microhardness of the HEA nearly doubled after treatment, its wear 
resistance increased more than five times and the friction coefficient decreased by 1.3 times. All 
these properties were attributed to grain refinement, formation of borides and oxyborides. And 
dissolution of boron atoms in the crystal lattice. The results show that electron-ion plasma 
treatment can effectively improve the mechanical and tribological performance of 
WAAM-processed HEAs, rendering them better candidates for wear-resistant applications. 

 
a) 

 
b) 

Fig. 4. a) Cross-sectional view of the stranded wire and b) an optical micrograph of CoCrFeMnNi HEA 
sample produced via WAAM (right). The dotted lines indicate the boundaries between layers [51] 

 
Fig. 5. Electron microscopic image of the surface structure of the film (Cr + B)/(HEA) substrate  

system after irradiation with a pulsed electron beam at an electron beam energy density  
of a) 20 J/cm2, b) 30 J/cm2, and c) 40 J/cm2 [52] 

These studies bring evidence on the growth of WAAM interest in fabrication techniques, also 
the pronounced influences that processing condition, wire feedstock design and compositional 
control have effect on microstructure and mechanical properties. New WAAM techniques, 
including pre-alloyed droplet transfer, dual-wire deposition and compositionally graded 
approaches are expanding the additive manufacture of HEAs into new territory. 

4. Challenges and future directions 

The application of high-entropy alloys to wire arc additive manufacturing brings in a 
transformation possibility for the fabrication of high-performance and customized components. 
Yet, several important challenges exist that need to be overcome for the full exploitation of the 
integration benefits of HEAs with WAAM material selection, control of processing, refinement 
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of microstructure, optimization of mechanical properties and industrialization of the process [53]. 
Overcoming these limitations requires further study in feedstock development, process 
monitoring, computational modeling and techniques for post-processing. 

The general problem with fabricating HEAs via WAAM is the very limited availability of 
commercial HEA wire feedstock. Unlike conventional alloys where established methods of wire 
production have been developed, the preparation of HEA feedstock requires strict control of 
elemental composition and homogenization. Most research on HEAs has thus far depended on 
customized wires, which are costly to fabricate and difficult to produce in large amounts. 
Variations in the quality of wire feedstocks may introduce compositional inconsistencies which 
can influence microstructural evolution and mechanical properties. Further efforts are needed to 
develop cost-effective and commercially viable HEA wire feedstocks with compositions designed 
for WAAM processing. 

Different bimetallic parts can also be manufactured via WAAM process using solid and 
metal-cored wires [54-56]. In addition to welding wire type, several welding parameters, including 
heat input, interpass temperature and deposition strategy should be taken into consideration for 
the final properties. High thermal input and cyclic heating/cooling cycles in WAAM lead to some 
challenges such as residual stress, anisotropic grain structures and undesirable phase formations 
[57]. Without precise process control, porosity, cracking and compositional segregation are 
possible defects that may arise. Real-time monitoring and adaptive control strategies will be 
necessary to assure process stability and reproducibility, possibly mediated by machine learning 
algorithms. HEAs gain their unique properties from the multicomponent nature which encourages 
single-phase solid solutions. Rapid solidification via WAAM and nonuniform thermal gradients 
induce element segregation increase localized phase transformations [58]. Most of these 
heterogeneities are related to brittle phases, compromising structural integrity. Advanced 
solidification modeling and subsequent thermomechanical treatments hold the potential for 
suppressing these and offering a uniform microstructure. 

Anisotropy is one of the general problems in WAAM, because the directional heat flow 
influences grain growth [59]. Mechanical properties are anisotropic for columnar and dendritic 
microstructures aligned along the build direction, showing strength and ductility different in 
different orientations [60]. Besides, high residual stresses induced via WAAM can result in 
distortion of the component and crack formation. In-situ stress-relief techniques, optimized 
deposition strategies, and post-deposition heat treatments shall be developed to enhance isotropic 
mechanical performance. 

The increasing research on HEAs in WAAM has yet to see much industrial adoption due to 
the absence of standardized testing protocols and certification frameworks. Most mechanical and 
corrosion resistance studies are carried out in idealistic ways under laboratory conditions. 
Extensive testing under realistic service conditions will be necessary to enable the introduction of 
HEA-WAAM components into critical applications such as aerospace, energy and biomedical. 
This will involve fatigue testing, long-term oxidation/corrosion studies and impact resistance 
evaluations. The establishment of industrial standards regarding processing and performance 
validation will be necessary for the wider commercialization of HEA-WAAM. 

Future studies should focus more on the formulation of HEA compositions for WAAM 
processing. Most of the available HEA formulations have been borrowed from research into 
casting or powder metallurgy, probably not best suited to the thermal environment of WAAM. 
Computationally intensive thermodynamic calculations and high-throughput screening are potent 
approaches to identifying new compositions with improved printability, phase stability and 
mechanical properties [61]. Further, alloying strategies are required which could provide 
minimum segregation tendency and optimize solid solution strengthening. Real-time monitoring 
with infrared thermal imaging, high-speed cameras and acoustic sensors integrated into WAAM 
can derive valuable insight into the WAAM process dynamics [62]. In this regard, AI and machine 
learning algorithms will be able to optimize processing parameters and enable active control to 
avoid defects, further improving part quality [63]. Digital twins can be virtual models mimicking 
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the processes involved in WAAM and may possess predictive capabilities to avoid defects and 
enhance processes [64]. These will be pursued in the direction of hybrid approaches, such as 
WAAM combined with post-processing treatments which would bring an improved mechanical 
performance of the WAAM-processed HEAs. Thermomechanical processing, HIP and surface 
treatments like laser shock peening or ultrasonic impact treatment will be adopted to reduce 
porosity, homogenize the microstructure and release residual stresses; these will contribute to 
structural integrity [65]. WAAM will be combined with other additive/subtractive manufacturing 
techniques, enabling multi material fabrication and functionally graded structures. 

Computational tools, such as finite element modeling and phase-field simulations will enhance 
the understanding of WAAM-induced microstructural evolution. These models predict thermal 
gradient, stress distribution and phase transformation, hence offering better optimization of the 
process [66]. Experimental validation coupled with computational approaches will hasten the 
development of WAAM-processed HEAs with tailored properties. Future research should be 
directed toward the design of application-specific HEA-based WAAM components and 
assessment of their performance for long-term operational conditions. For instance, lightweight, 
high-strength HEA structures could be used in the next generation of aircraft and space crafts, 
while corrosion-resistant HEA coatings might extend the life of offshore and nuclear power 
components. Another exciting direction of the research relates to biomedical applications: 
patient-specific HEA implants, with much-improved biocompatibility [67]. 

5. Conclusions 

High-entropy alloys represent an innovative category of materials characterized by outstanding 
mechanical, thermal, and chemical capabilities. When combined with WAAM, HEAs provide 
exceptional prospects for producing high-performance components characterized by improved 
structural integrity, customized compositions, and increased mechanical properties. HEAs have 
great mechanical strength, corrosion resistance, and thermal stability, while WAAM provides 
cost-effective and scalable processing. Compositional segregation, anisotropy, and residual 
stresses are some of the challenges that need to be overcome through process optimization, 
advanced monitoring, and post-processing techniques for perfect functionality. 

Future research should concentrate on optimizing the composition of high-entropy alloys for 
WAAM process, improving real-time process control, and expanding hybrid manufacturing 
techniques. Ongoing advancements in these areas will broaden applications within the aerospace, 
energy, and medical sectors. Addressing these challenges will realize the whole potential of 
WAAM-based HEAs, driving advancements in next-generation manufacturing methods. 
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