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a b s t r a c t 

In the current contribution, the wire arc additive manufacturing of non-equimolar Co-Cr-Fe-Mn-Ni high-entropy 

alloy using gas metal arc welding (GMAW) with metal powder-cored wire (MPCW) is proposed. The powder’s 

filler of designed wire feedstock contains Co-Cr-Mn-Ni components in equal atomic amounts relative to each 

other with Fe metal stripe as a shield. The proposed method provides the possibility to build bulk high-entropy 

alloy samples with the desired characteristics. The current work approach is superior in a number of indicators 

to such alternative methods of obtaining bulk HEAs as melting in vacuum, plasma arc melting, selective laser 

melting, or electron beam melting. 
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. Introduction 

High entropy alloys (HEAs) are defined as those composed of five or

ore principal elements with the elemental content typically ranging

etween 5 and 35 at. %. Several alloy systems have been developed with

imple crystal structures and remarkable properties [1] and HEAs are be-

oming recognized for being composed of a variety of microstructures:

ingle-phase FCC, BCC, or HCP [2–4] , or even more complex multi-phase

icrostructures [5] . Consequently, these alloys have attracted signifi-

ant research interest owing to their promising properties observed over

ide temperature ranges and chemical environments. For instance, the

uinary equimolar CrMnFeCoNi Cantor HEA possesses an exceptional

racture toughness of more than 200 MPa m 

1/2 at cryogenic tempera-
Abbreviations: AM, additive manufacturing; BCC, body-centred cubic; BSE, backsca

DX, energy dispersive X-Ray analysis; FCC, face-centred cubic; GB, grain boundar

ackage; HEA, high entropy alloy; HV, Vickers hardness; MPCW, metal powder-core

rain boundary; UTS, ultimate tensile stress; WAAM, wire arc additive manufacturing
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ures, rendering the alloy an ideal material for low-temperature appli-

ations. The standard methods to process HEAs include powder metal-

urgy [6] , conventional casting [ 2 , 7 ], and additive manufacture (AM)

8–12] . Currently, there are a number of HEA utilized by various AM

rocesses with different processing parameters, including CrMnFeCoNi

 13 , 14 ], C-containing CrCoNiFe [15] , YGdTbDyLu and AlCo x Cr 1–x FeNi

 3 , 16–19 ] HEAs. 

The most recent widespread fusion-based AM methods can be classi-

ed as: electron-beam [ 8 , 11 , 12 , 19–21 ] and laser-based [22–24] powder

ed fusion as well as wire arc additive manufacturing (WAAM) [ 25 , 26 ].

he advantages of the electron-beam and laser-based powder bed fusion

nclude the smaller grain size of the fabricated parts which is explained
ttered elecrtons; E, Young’s modulus; EBSD, electron backscattered diffraction; 

y; GMAW, gas metal arc welding; H, Meyer hardness; HCP, hexagonal close 

d wire; SE, secondary electrons; SEM, scanning electron microscopy; SGB, sub 

; WTC, welding thermal cycle; YS, yield stress. 

eev) . 
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Table 1 

Chemical composition of the metal stripe used for wire feedstock 

fabrication (in wt.%). 

C Si Mn Ni S P Fe 

0.05 0.05 0.35 ≤ 0.30 ≤ 0.04 ≤ 0.035 balance 
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Fig. 1. The metal powder-cored wire manufacturing details: initial powders 

(a), manufacturing route (b), SEM and X-Ray maps of the manufactured MPCW 

cross-section (c). 
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y the smaller heat source dimensions and associated faster cooling rate.

 disadvantage of powder bed fusion in the case of HEAs is the prob-

em of getting powders with high entropy alloy composition i.e. sep-

rate powder should already have the HEA composition for achieving

omogeneous phase composition in the final product. One of the most

romising directed energy deposition AM methods is WAAM [ 25 , 26 ], a

ost-effective process in which melting of the feedstock material is in-

uced by an electric arc. Commercially available welding wires can be

sed as feedstock for WAAM, circumventing the high costs and potential

afety concerns associated with metal powders. Directed energy deposi-

ion, in which the WAAM process is subsumed, is attracting substantial

ndustrial attention for large and complex structures. The powder wire

s beneficial in comparison with solid wire [25] due to difficulties of

he production of last. Either drawing of the solid wire or combining

everal thin wires in one cord [26] . The main disadvantages of these

ethods are the limitation of the production of wires of a certain chem-

cal composition for the creation of cord wires, which allows obtaining

he required chemical composition of the WAAM metal. 

Thus, in the current work, it is proposed a new innovative approach

or bulk HEAs fabrication using WAAM where, as a feedstock, the de-

igned metal powder-cored wire is used. It is shown that the developed

PCW feedstock allows for obtaining HEA composition in the WAAM

ulk sample. A successful attempt has been made for Fe-rich bulk non-

quimolar CoCrFeMnNi high entropy alloy sample fabrication. The eval-

ation of microstructure and mechanical properties is performed high-

ighting the potential for WAAM to be used for the creation of large

tructural components composed of these promising HEAs. And finally

t has been shown the way for cost-effective production of the bulk HEAs

f complex alloying systems. 

. Experimental procedure 

.2. Metal powder cored wire (MPCW) manufacturing 

For the production of the MPCW feedstock material used in this

ork, an ultra-low carbon steel (composition detailed in Table 1 ) stripe

ith a size of 0.4 × 10 mm was used with a filling coefficient set to

0%. The metals powders used for the MPCW wires had the following

eatures: Ni - ball-shaped particles with a size of ≈ 100 𝜇m and purity of

8% (refer to Fig. 1 a); Mn and Cr – sharped bricks-like particles having

 size distribution of 100-300 𝜇m and a purity of 94 and 98%, respec-

ively ( Fig. 1 a); Co – leaf-like morphology with an average size of 20

m and purity of 98% ( Fig. 1 a). 

The steel strip was placed into forming rolls and eventually the raw

owders were added onto the surface of the steel after which envelop-

ng rolls were used to create the wire-shaped feedstock composed of an

uter layer of the steel strip and within by raw powder including Ni,

n, Cr and Co. After the enveloping stage, wire drawing until a final

iameter of 2.4 mm was obtained. Here, it should be mentioned that

ultiple drawing steps were performed to avoid diameter reductions of

ver 23 % in a single draw [27] . Hence, the MPCW wire drawing route

as performed as follows: diameter = 3.8 to 3.4, 3.0,2.75 and finally

o 2.4 mm (with associated partial reductions of 20, 22, 16 and 23%,

espectively). The average composition of the wire core filler powder

ixture was determined to be 25% Cr, 25% Mn, 25% Co, and 25% Ni

t.%. A schematic representation of the MPCW feedstock manufacturing

oute as well as a cross-section view is detailed in Fig. 1 b, c. 
2 
The final MPCW was analysed by energy dispersive spectroscopy

EDS) over the cross section as detailed in Fig. 1 c. Although mixing

f the raw powders is not homogenous, this is not expected to be an

ssues for WAAM since both the inner and outer regions of the wire are

ltimately melted and then mixed within the melt pool. 
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Table 2 

Deposition parameters used in this work. 

Welding mode Wire diameter 

(mm) 

Current (A) Voltage (V) Welding speed 

(mm/s) 

Tip to work 

distance (mm) 

Gas flow 

(Ar + 18%CO 2 ) (l/min) 

Interpass 

temperature (°C) 

GMAW 2.4 280-350 32-34 4 24 20-25 200-250 

Fig. 2. Bulk WAAM fabricated non-equimolar CoCrFeMnNi HEA: (a) top view; 

(b) side view. 
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.2. Manufacturing of non-equimolar CoCrFeMnNi by WAAM 

A directed energy deposition tool encompassing a welding power

upply VDU-506 was used for melting and depositing the MPCW feed-

tock material. The deposition parameters for metal deposition included

 current ranging from 280 to 350 A and an arc voltage between 32

nd 34 V. The depositions for each layer were performed when the pre-

iously deposited layer temperature was between 200 and 250°С . To

chieve stable deposition conditions, the wire feed speed was varied

etween 77 and 90 mm/s. The full list of the deposition parameters is

etailed in Table 2 . 

A WAAM wall with a total of ten layers was deposited. The mono-

ithic sample measured 150 × 35 × 20 mm ( Fig. 2 ). The deposition was

ade on the high strength low alloy steel substrate with a width of 50

m and thickness of 14 mm. According to the Archimedes method, the

ensity of the alloy was measured at 7.771 ± 0.072 g/cm 

3 

As can be seen, WAAM using developed MPCW is beneficial from

he analogous technique of additive manufacturing and conventional

asting process. From the point of view of WAAM with solid wire or

ord wire, MPCW increases the compositional working window allow-

ng wider governing of the alloying. Concerning conventional casting,

he designed technology based on MPCW during WAAM, gives the op-

ortunity to fabricate bulk billets at lower cost and time limits. 

.3. Material characterization 

The preparation of metallographic specimens for microstructural

tudies was implemented according to standard methods using grind-

ng papers of various roughness. Final polishing was performed on a

iamond suspension with an average polishing particle size of 1 𝜇m. To

eveal and identify the morphology of the macrostructure of the WAAM

arts, etching with a 15 ml HCl 3 + 5 ml HNO 3 solution was performed.

he exposure time of these specimens was 40-60 s, followed by wash-

ng and drying. For EBSD, the final surface was prepared by electro-
3 
olishing in a 65% orthophosphoric acid + 15% sulphuric acid + 6%

hromic anhydride + 14% water solution [28] . The electro-polishing pa-

ameters were: temperature 70-90 °C, anodic current density, 1 А/cm 

2 ,

oltage 23 V and exposure time 19 s. 

For microstructural analysis, several methods were used: scanning

lectron microscopy (SEM) using a Tscan Mira 3 LMU facility, and en-

rgy dispersive X-Ray spectroscopy (EDS). EBSD analysis was conducted

sing a Zeiss SUPRA 55 VP scanning-electron microscope (FEG-SEM) op-

rating at 20 kV. The EBSD data acquisition and analysis was undertaken

sing EDAX-TSL Orientation Imaging Microscopy with OIM 

TM software.

To support the microstructure characterization Thermo-Calc soft-

are version with TCHEA5 High-Entropy Alloy database was used

or thermodynamic calculations, which were performed in order to

redict phase formation and partitioning under equilibrium and non-

quilibrium solidification conditions, associated solidification path, so-

idification temperature range, and constituent phases at the end of so-

idification [ 29 , 30 ]. Solidification calculations were performed for the

xperimentally-prepared alloy compositions. 

Mechanical properties characterization was performed using inden-

ation. Indentation is the most accurate, theoretically and experimen-

ally confirmed standardized method for determining the physical and

echanical properties at the micro and nanometre levels for materi-

ls consisting of fine structure and local gradient of material proper-

ies [31] . Nanoindentation is a test based on the method of Oliver and

arr [32] to determine the hardness and modulus of elasticity from in-

entation diagrams that are recorded by continuous penetration of a

erkovich diamond indenter [33] . The ratio of a material’s hardness, H,

o its Young’s modulus, E (H/E), is useful to assess the degree of hard-

ning quickly and efficiently in engineering materials. The H/E ratio

haracterizes the ability of a material to change shape and size during

eformation and can also serve as a qualitative comparative characteris-

ic of the resistance of materials to deformation under mechanical load-

ng and thus reflect its structural state. The Vickers hardness technique

as also performed. Tensile testing was utilized on an universal servo-

ydraulic complex MTS 318.25 with a maximum force of 250 kN. The

amples for testing were cuted from the middle part of the bulk billet

long the scanning direction. 

. Results and discussion 

The essential part of the additively manufactured HEA billet is

tructure-properties characterization [ 34 , 35 ]. In the current study, the

hole billet is considered from the middle zone, as it reflects a repre-

entative volume, and the thermal cycle effect is more homogeneous in

his part. But for clarity, the chemical composition measurements were

ade in all zones, namely the bottom, middle, and top of the billet. EDX

pectroscopy, X-Ray maps of the distribution of the principal elements

re presented in Fig. 3 a,d. The uniform formation of a single-phase al-

oy and the uniform distribution of chemical elements are also observed.

he liquation of manganese is insignificant, which is conditioned by so-

idification kinetics, namely the element with a relatively low melting

oint (1250 °C for Mn) is segregating into the interdendritic regions.

he slight segregation of nickel is caused by the nonequilibrium solid-

fication process i.e. relatively higher cooling speed compared to con-

entional melting processes. Chemical composition analysis made from

he bottom middle and top part of the WAAM HEA billet ( Table 3 ) has

hown uniform distribution through the height of the sample. 
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Fig. 3. Microstructure characterization of the WAAMed HEA billet: X-Ray maps for the selected area from the middle part of the billet (a), EBSD IPF and phase maps 

(b), EBSD phase map for interface substrate-deposition (c), EDX spectra for 1000 mm 

2 area of the middle part zone (d). 

Table 3 

Chemical composition of WAAM HEA billet, at%. 

Zone Cr Mn Fe Co Ni 

Bottom 13.80 11.69 49.38 12.40 12.73 

Middle 13.82 11.64 49.33 12.44 12.77 

Top 13.85 11.93 49.20 12.17 12.85 

 

m  

b  

d  

d

 

t  

m  

t  

n  

t

 

w  

s  

i  

d  

e  

m  

m

 

E  

t  

f  

i  

a  

t

 

l  

t  

h  

o  

r  

l  

r

 

s  

e  
There is a slight deviation of the chromium and nikel-allying ele-

ents but at the error limit, its values are quite stable. The difference

etween the volume fraction of Cr compared to Ni and Co could be con-

itioned by its content in the welding wire due to possible dispersion

uring filler powder mixture preparation. 

A cross-sectional EBSD map of the fabricated WAAM HEA is de-

ailed in ( Fig. 3 b). A defect-free component was obtained (in means

icro/macro pores voids cracks hot cracks etc.). The microstructure of

he WAAM part changed from a mixed of equiaxed and columnar grains

ear the steel substrate to a fully columnar grain structure, highlighting

he typical texture of WAAM-fabricated parts. 

The WAAM part is composed of an FCC phase along the entire height

ith the exception of the first deposited layer. Here, the dilution with the

ubstrate lead to the formation of trace amounts of BCC phase, as shown
4 
n ( Fig. 3 c). The presence of the substrate metal with BCC lattice in

eposited metal and vice versa are commonly known phenomena. This

ffect is explained by the ‘Marangoni effect’ [36–38] which describes

ixing metal in the welding bath due to the convection flow of the

olten metal under the arc pressure. 

Considering the chemical composition of the alloy, as obtained by

DX, the predicted solidification path based on the Scheil-Gulliver equa-

ion was obtained. The solidification temperature range is calculated as

ollows: liquidus T = 1410 °C, solidus T = 1390 °C. A fully FCC structure

s predicted, which is in good agreement with the EBSD data obtained

cross the WAAM part, except for the first layer due ro the dilution with

he substrate. 

Further SEM investigation reveals interesting microstructure pecu-

iarities ( Fig. 4 ). In SE mode (this mode reveals morphological contrast)

here are grain- and subgrain-structures which are visible. The grains

ave a columnar structure characteristic for the deposited metal and are

riented toward the building direction. While in BSE mode (this mode

eveals phase contrast) there is no microstructural contrast. This is re-

ated to the homogenous composition of the fabricated material, which

enders the formation of a single FCC solid solution. 

According to the performed mechanical testing ( Fig. 5 a), the con-

idered bulk billet of the HEA possesses the following mechanical prop-

rties: YS = 275 ± 15 MPa, UTS = 500 ± 10 MPa, with 1.81 plasticity
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Fig. 4. SEM analysis of the WAAMed HEA bulk 

sample, middle part: SE-mode (a, c), BSE mode 

(b,d). GB – grain boundary, SBG – sub-grain 

baundary. 

Fig. 5. Mechanical properties of the WAAM HEA: Tensile test (a), Meyer hardness (b), Young’s modulus (c). 
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esource determined as the ratio between UTS and YS. The elongation

o failure reveals an extremely high level exceeding 100%, which is well

orrelated with the value of plasticity resource. The Vickers hardness of

he deposited HEA at the middle part of the billet is equal to 160 ± 8

V. Uniform distribution of the mechanical properties (Meyer hardness)

s well as Young’s modulus ( E ) within 10% error is observed ( Fig. 5 b,

). The low dispersions of the Meyer hardness are evidence of the ho-

ogeneity of grain structure across the WAAM part. While higher dis-

ersion of the Young’s modulus E could be caused by minor chemical

uctuations, which would render slight changes in this property. 
5 
. SWOT analysis of research results 

.1. Strengths 

The positive effect of the present research consists of the develop-

ent methodology for the fabrication of a dedicated HEA wire feed-

tock to be used for WAAM. The proposed methodology enables the

ossibility of the fabrication of large structural components based on

EAs and fabricated with WAAM using inexpensive and safer wire

eedstock. 
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.2. Weaknesses 

WAAM of HEAs is still very insipient. Thus, significant research ef-

orts are necessary to unveil potential alloy compositions and to deter-

ine the microstructure evolution during arc-based AM processes. 

.3. Opportunities 

From the above mentioned, it follows that the prospects for further

esearch consist in establishing the details of the physical and mechani-

al properties of the WAAM HEA produced with MPCW (changing pro-

essing conditions and/or feedstock material condition), which will re-

uce the adjustment time of the technology when it is incorporated into

pscaled production. 

.4. Threats 

To obtain an economic effect, it is needed to go through the stage of

mplementation and testing of the MPCW technology in real production

onditions. 

. Conclusions 

Metal powder cored wire arc additive manufacturing of HEA was

uccessfully performed. The proposed technical solution can be used for

dditive manufacturing of HEA using GMAW as the heat source. The fill-

ng materials used for the wire feedstock include components in equal

olar fraction of cobalt, manganese, chromium, nickel, while the re-

aining is an Fe shell. Defect-free parts were obtained with a single FCC

tructure developing along the height of the wall. The mechanical prop-

rties were seen to be homogenous along the height of the fabricated

aterial. This work opens the door for the implementation of WAAM

or the production of structural components based on HEAs. 
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