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Abstract

A tungsten modified Fe-rich Cantor-type high-entropy alloy was fabricated by wire arc additive
manufacturing using a metal powder cored wire feedstock. Thermodynamic calculations
predicted the formation of a stable solid-solution structure without pronounced secondary phase
precipitation, while differential scanning calorimetry revealed multi-stage crystallization
associated with the refractory nature of W. X-ray diffraction analysis confirmed the formation of
a single BCC solid-solution phase after deposition, indicating effective dissolution of W within the
alloy matrix. The deposited walls exhibited elongated columnar grains with pronounced

microstructural variation along the build direction due to differences in local cooling conditions



during WAAM processing. SEM-EDS analysis demonstrated a homogeneous distribution of
alloying elements without visible macrosegregation. The obtained results demonstrate that W
addition effectively modifies the structural state and mechanical response of Fe-rich Cantor-type
HEAs and confirms the potential of metal powder cored wire technology for the development of

compositionally complex alloys for large-scale additive manufacturing applications.

Key words: Fe-rich high-entropy alloy; tungsten microalloying; wire arc additive manufacturing;
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1. Introduction

High-entropy alloys (HEAs) have significant scientific and industrial attention due to their unique
combination of mechanical properties, thermal stability, and corrosion resistance [1-4]. In
contrast to conventional alloys based on one principal element, HEAs consist of multiple
elements components mixed in near-equiatomic concentrations. It promotes the formation of
simple solid-solution phases stabilized by high configurational entropy [1]. Among the various
HEA systems, the equiatomic Cantor alloy (Feo.2Mno.2Nio.2C00.2Cro.2) is considered one of the most
extensively investigated compositions due to it high ductility, fracture toughness, and structural
stability in a wide temperature range [5]. These properties make Cantor-type alloys promising
candidates for advanced engineering applications operating under extreme loading and thermal
conditions.

The additive manufacturing technologies to produce high-entropy alloys one of the most
discussed topics [2,6—8]. Additive manufacturing enables the fabrication of components with
reduced material consumption, high deposition efficiency, and flexible control of chemical
composition and geometry. The wire arc additive manufacturing (WAAM) is one of the most
promising methods for large-scale metallic components due to its high deposition rate, low

equipment cost, and high material utilization efficiency [9—-16]. In comparison with powder-bed



technologies, WAAM provides a significantly higher productivity, which is particularly important
for structural applications and large-sized parts. Despite these advantages, the WAAM processing
of high-entropy alloys remains challenging. The fabrication of compositionally complex HEAs
using conventional solid wires is technologically limited due to difficulties associated with alloy
preparation and wire production. Therefore, the development of alternative feedstock
approaches for WAAM of HEAs is an important scientific and technological task[17-19].

One promising solution is the application of metal powder cored wire, which enables
flexible adjustment of alloy composition through the controlled filling of elemental powders into
a metallic sheath. This approach significantly simplifies the fabrication of compositionally
complex alloys and provides the possibility of introducing refractory elements into the system.
In particular, tungsten is of considerable interest due to its high melting temperature, high
hardness, and strong solid-solution strengthening effect [17,19]. The addition of tungsten (W)
into Cantor-type HEAs can potentially improve physical and mechanical properties. Therefore,
understanding the phase formation and microstructure evolution of W-containing HEAs
produced by WAAM is essential. In the present work, a W-containing FeMnNiCoCr high-entropy
alloy was fabricated by wire arc additive manufacturing using a metal powder cored wire
feedstock. The phase composition, microstructure evolution, elemental distribution, and tensile
properties of the deposited alloy were systematically investigated. Special attention was devoted
to the dissolution behavior of tungsten in the Cantor alloy matrix and its influence on the

structural homogeneity and mechanical response of the WAAM-fabricated material.

2. Materials and methods

2.1. Metal powder cored wire (MPCW) manufacturing

For the production of the MPCW feedstock material used in this work, an ultra-low carbon steel
(C0.05, Si0.05, Mn 0.35, Ni <£0.30,S<0.04, P<0.035, Fe balance, wt.% ) stripe with a size of 0.4

x 10 mm was used [17]. The filling coefficient was set at 60%. The steel strip was placed into



forming rolls and eventually the raw powders were added onto the surface of the steel after
which enveloping rolls were used to create the wire-shaped feedstock composed of an outer
layer of the steel strip and within by the raw powder mixing Ni, Mn, Cr, Co and W. After the
enveloping stage, wire drawing until a final diameter of 2.4 mm was obtained was implemented.
Here, it should be mentioned that multiple drawing steps were performed to avoid diameter
reductions above 23 % . Hence, the MPCW wire drawing route was performed as follows: ® = 3.8
to 3.4, 3.0,2.75 and finally to 2.4 mm (with associated partial reductions of 20, 22, 16 and 23%,
respectively). The average composition of the wire core was determined to be 24,75% Cr, 24,75%
Mn, 24,75% Co, 24,75% Ni, 1%W wt%. A schematic representation of the MPCW feedstock is

detailed in figure 1.
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Figure 1. Schematic representation of the MPCW feedstock material used for WAAM in this work.

A VDU-506 power supply was used for melting and deposit the MPCW feedstock material. The
deposition parameters metal deposition, the deposition conditions included a current ranging
from 280 to 350A and an arc voltage between 32 and 34V. The depositions of each layer were
performed with the previously deposited layer was between 200 and 250EC. To achieve stable

deposition conditions the wire feed speed was varied between 77 and 90 mm/s.



A WAAM all with a total of ten layers was deposited. The monolithic sample measured 150x35x20
mm. The deposition was made on the high strength low alloy steel substrate with a width 50 mm

and thickness of 14 mm.

2.1 Material characterization

An X-ray diffractometer Rigaku Ultima IV (Japan), with CuKa radiation, step size 26=0.02°,

and acquisition time T =2 s was used to identify the crystalline phases in the wall

The microstructure of the wall and cross section of the wall was analyzed using a scanning
electron microscope, MIRA 3 (Tescan Co., Czech Republic). The chemical composition was
measured using an energy dispersive X-ray microanalyzer Oxford X-Max 80 with an active crystal
area of 80 mm? (INCA X-Max, Oxford Instruments, Abingdon-on- Thames, UK). The local chemical
composition was performed with an acceleration voltage of 10 kV. The exposure time for
chemical analysis was 30 s. Indexing of the Energy-dispersive X-ray spectrum was carried out

through the commercial software INCA (Oxford Instruments, Abingdon-on-Thames, UK).

The tests were performed on the universal servo-hydraulic test set MTS 318.25 with a
maximum force of 250 kN. This complex ensures rigid loading of the sample, which is especially
relevant when determining the modulus of elasticity and yield strength. Control of parameters
during tests was carried out using the standard software TestWorks 4 of the MTS 318.25 system.
This specialized licensed software makes it possible to monitor the selected parameters of the
experiment in real time and to receive in electronic format the values of the standard
characteristics describing the behavior of the material during the deformation process. The tests
were carried out in a rigid mode with a loading speed in accordance with ISO 6892-1:2019
standart. The load speed was controlled by the movement of the active gripper of the testing
machine. For a more accurate determination of the conventional yield strength of the base metal,
the speed of movement of the gripper on the linear section of the "stress-strain" diagram and in

the zone of elastic-plastic deformation was 2 mm/min. The measurement accuracy was 0.001



mm, the measurement base was 30 mm. In the future, the rate of loading until the sample broke

was 10 mm/min.

Thermodynamic calculations were performed using Thermo-Calc software employing the
TCHEA thermodynamic database. The equilibrium phase stability and non-equilibrium
solidification behavior of the investigated alloy were evaluated based on the experimentally
determined chemical composition. Equilibrium calculations were carried out using the
Equilibrium Calculator module to predict the phase constitution as a function of temperature.
The solidification path was simulated using the Scheil-Gulliver model, assuming complete mixing
in the liquid phase and negligible diffusion in the solid state. The calculations were performed

over the temperature range from 1600 to 25 °C.

3. Results and discussion

The raw powders had the angular shape for Cr, Mn and spherical shape for Ni, Co, and W
Fig. 2. The average particle size was in the range of 100 - 150 um for Ni, Mn and Cr, respectively
Fig. 2 b, d. c. While, the particle size for Co and W was 10-20 um. The small particle size of the
tungsten was chosen to have uniform distribution throughout the entire volume in the core-wire,

Fig. 2 g.
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Fig. 2 — Raw materials that were used for production core-wire: a) Fe wire; b) Cr, c) Ni, d) Mn, e)

Co, f) W, g) cross-section of crimped wire

The core-wire was filled more than 70 %, Fig. 3. It should be mentioned that all powders
particles were located in the core wire according to the EDS map analysis, Fig. 3. This led to

uniform distribution of elements in the wall after deposition.
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Fig. 3 - Cross section of the core-wire with EDS map elements distribution



The calculation according to the Scheil-Gulliver equation indicates the formation of
homogeneous solid solution without precipitation, Fig. 4 a. The DSC analysis results of the core
wire HEA-W show that melting had a single peak, Fig. 4 b. The melting started at 1377°C, the
peak of melting was 1408°C and the end of melting at 1414°C. This indicates that all components

of the wire melted at the same time as was predicted by calculation, Fig. 4 a.
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Fig. 4 — Calculation of the Scheil-Gulliver (a), and DSC of the heating and cooling of W-HEA (b)

However, the crystallization process had two peaks, Fig. 4 b. The first peak began at
1385°C and the maximum was 1370°C. The highest crystallization peak is observed at 1360°C,
and the end of crystallization at 1350°C. The presence of two peaks during cooling indicates that
some components crystallize first, and then the others. In our case, the most refractory
component is W (3422°C). Therefore, this element acts as a center for crystallization of the HEA,

followed by the release of other elements.

XRD of the as-deposed W-HEA is shown on Fig. 5. The formation of a single BBC crystalline phase
was observed. The lattice constant of W-HEA was 0.3593 nm. It should be noted that the lattice

parameter of pure HEA is 0,32205. This indicates that the dissolution of W affects the lattice.
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Fig. 5 - XRD of W-HEA after deposition

The microstructure of the W-HEA is shown in Fig. 6. The grains in the material have an
elongated shape though the all sample, Fig. 6. However, the grain size after the deposition
depends on the part of the wall, Fig. 6 a. In the bottom region of the deposit (Fig. 6a), a finer
grain structure with well-defined grain boundaries was observed. The formation of this
microstructure is associated with the high cooling rates resulting from efficient heat extraction
through the substrate during the initial stages of deposition. Several small pores and inclusions
were detected within the matrix; however, their distribution was sparse and no indications of

secondary phase formation or pronounced segregation were identified.

The microstructure of the middle part of the wall (Fig. 6b) was characterized by a slight
increase in grain size compared with the bottom region. The repeated thermal cycling associated
with the deposition of subsequent layers reduced the cooling rate and promoted grain growth.

Nevertheless, the alloy retained a homogeneous appearance, and no dendritic morphology or



distinct compositional heterogeneities were observed. The density of pores remained low and

comparable to that of the lower section of the wall.

Further grain coarsening was detected in the upper part of the deposit (Fig. 6¢), where
the grains became larger and locally elongated. This behavior can be attributed to the reduced
heat dissipation efficiency and prolonged thermal exposure experienced by the upper layers
during WAAM processing. Despite these changes, the microstructure remained relatively
uniform across the investigated area. No evidence of secondary phase precipitation or
segregation zones was found, while the amount and distribution of pores and inclusions did not

differ significantly from those observed in the lower regions of the wall.

Overall, the W-containing Fe-rich Cantor-type alloy exhibited a structurally homogeneous
microstructure along the entire build height. The main microstructural feature associated with
the WAAM process was the gradual increase in grain size from the bottom towards the top of
the wall, reflecting the evolution of the thermal conditions during deposition. The absence of
visible segregation and secondary phases is in good agreement with the XRD and EDS results,

confirming the formation of a chemically homogeneous solid-solution matrix.

This grain size in the alloy is primarily dependent on the deposition method. With WAAM
technology, the cooling process occurs fast at the substrate, allowing for a fine grain size in the
bottom and center part. The slow cooling in the upper part led to large grains in the material due

to the low heat transfer.

The SEM-EDS map indicates a homogeneous element distribution in the material after WAAM,
Fig. 7. W has a high absorption capacity, which made it possible to detect a separate peak on the

EDS spectrum, Fig. 7.
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Fig. 6 — Microstructure of W-HEA: a) bottom part of the wall, b) middle part of the wall, c) upper

part of the wall

The atomic radius of Fe, Co, Ni, Cr, Mn and W is 140, 135, 135, 140, 140 and 135, respectively. It

means that W can be easily dissolved in W-HEA lattice.
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Fig. 7 - SEM and map element distribution at the grain boundaries of W-HEA

Table 1. Chemical composition of the WAAMed W-containing Fe-rich Cantor type HEA

Cr Mn Fe Co Ni W
Top 11.42 8.39 56.39 8.51 14.89 0.40
Middle 11.18 7.19 58.05 8.45 14.66 0.48
Bottom 11.08 7.55 58.75 8.15 14.16 0.32

Overall, the W-containing Fe-rich Cantor-type alloy exhibited a structurally homogeneous
microstructure along the entire build height. The main microstructural feature associated with
the WAAM process was the gradual increase in grain size from the bottom towards the top of
the wall, reflecting the evolution of the thermal conditions during deposition. The absence of
visible segregation and secondary phases is in good agreement with the XRD and EDS results,

confirming the formation of a chemically homogeneous solid-solution matrix.

EDS analysis performed along the build height revealed only minor variations in chemical
composition (Table 1). The Fe content increased slightly towards the bottom region of the wall
(56.39-58.75 at.%), whereas Ni, Mn, and W exhibited a tendency for marginal enrichment in the
upper layers. Cr and Co concentrations remained nearly constant throughout the deposit. The
observed fluctuations did not exceed approximately 2 at.% and no evidence of pronounced
macrosegregation was detected, indicating good chemical homogeneity of the W-containing Fe-

rich Cantor-type alloy produced by WAAM using metal powder cored wire feedstock.

The engineering stress—strain curves obtained from the middle and upper regions of the
deposited wall are presented in Fig. 7. Both specimens exhibited a typical ductile deformation

behavior characterized by a short elastic region followed by extensive strain hardening prior to

13



fracture. The absence of abrupt stress drops indicates stable plastic deformation throughout

tensile loading.

The specimen extracted from the middle part of the wall demonstrated a slightly higher
work-hardening rate during the initial stages of deformation, reaching an ultimate tensile
strength of approximately 500 MPa with a total elongation of about 48%. In contrast, the
specimen obtained from the upper region exhibited a comparable ultimate tensile strength but

a noticeably higher ductility, with elongation exceeding 55%.

The difference in deformation behavior can be attributed to the microstructural evolution
occurring along the build direction. As demonstrated by SEM observations, the upper layers
experienced a lower cooling rate and prolonged thermal exposure, promoting grain coarsening.
According to the Hall-Petch relationship, an increase in grain size reduces the resistance to
dislocation motion, thereby facilitating plastic deformation. Consequently, the upper region
exhibited enhanced ductility while maintaining a strength level comparable to that of the middle

section.

The obtained combination of tensile strength and elongation indicates that the W-
containing Fe-rich Cantor-type alloy retains a favorable balance between strength and ductility
after WAAM processing. Furthermore, the similarity of the tensile curves suggests a relatively
homogeneous mechanical response throughout the deposited wall despite the thermal gradients

inherent to the WAAM process.

14
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Fig. 7 Engineering stress—strain curves of WAAM W-HEA specimens extracted from the middle

(black) and top (red) regions of the deposited wall.
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Fig. 8 — Vickers hardness (HV) profiles along the build direction from top to bottom. 1 — Fe-rish

Cantor type alloy [17], 2- W-containing Fe-rish Cantor type alloy

The hardness profiles measured along the build direction are shown in Fig. 8. The Fe-rich
Cantor alloy (sample 1) exhibited a relatively stable hardness distribution, with values ranging
from approximately 149 to 159 HV and an average hardness of about 154 HV. Only minor
fluctuations were observed, indicating a high degree of microstructural uniformity throughout

the deposited wall.

In contrast, the W-containing alloy (sample 2) demonstrated significantly higher hardness
values, varying between approximately 165 and 213 HV. The average hardness increased to

about 188 HV, corresponding to an enhancement of nearly 22% compared with the W-free alloy.

16



Despite the larger scatter, the overall hardness level remained consistently higher across the

investigated regions.

The increase in hardness can be associated with the solid-solution strengthening effect
induced by W addition. Owing to its large atomic radius and high elastic modulus, W promotes
local lattice distortion, thereby increasing the resistance to dislocation motion. The increased
scatter in hardness values observed in the W-containing alloy may reflect local variations in grain

size and the heterogeneous thermal conditions experienced during WAAM deposition.

Interestingly, although W alloying resulted in a pronounced increase in hardness, it did
not lead to a corresponding improvement in tensile strength. This observation suggests that the
overall mechanical response is governed not only by local strengthening mechanisms but also by
the combined influence of grain structure, solidification behavior, and deformation mechanisms

operating during tensile loading.

17
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Fig. 9 — SEM fractographs of the tensile fracture surfaces
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The fracture surfaces of the tensile specimens are presented in Fig. 9. Regardless of the
sampling location, the fracture morphology was predominantly ductile in nature and was

characterized by the presence of numerous dimples distributed across the fracture surface.

The dimples exhibited variations in size and shape, indicating that fracture proceeded
through the nucleation, growth, and coalescence of microvoids during plastic deformation. Fine
dimples were frequently observed together with larger voids associated with pores or non-
metallic inclusions present in the deposited material. The absence of extensive cleavage facets
orintergranular fracture regions suggests that brittle failure mechanisms did not play a significant

role in the investigated alloy.

The pronounced plastic deformation evident from the fracture morphology is in good
agreement with the tensile test results, which revealed elongation values approaching 50-55%.
These findings confirm that the W-containing Fe-rich Cantor-type alloy preserves substantial

ductility after WAAM processing despite the increased hardness associated with W addition.

Overall, the fractographic observations indicate that failure of the deposited alloy occurs
predominantly by a microvoid coalescence mechanism, reflecting the stable plastic deformation

behavior characteristic of compositionally complex Fe-rich Cantor-type alloys.

The combined analysis of tensile properties, hardness measurements, and fracture
morphology suggests that W alloying modifies the deformation behavior of the Fe-rich Cantor-
type alloy rather than simply increasing its strength. While W addition enhanced hardness
through solid-solution strengthening, the simultaneous evolution of the microstructure during
WAAM processing, particularly grain coarsening in the upper regions of the wall, contributed to
the preservation of excellent ductility. As a result, the deposited alloy exhibited a favorable
combination of moderate strength, high plasticity, and homogeneous mechanical performance
throughout the build height, which is advantageous for large-scale structural applications

produced by WAAM.
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4, Conclusions

The present study demonstrated the feasibility of producing a W-alloyed Fe-rich Cantor-
type compositionally complex alloy by wire arc additive manufacturing using a metal powder
cored wire feedstock. Thermodynamic calculations and DSC analysis revealed that W addition
influences the solidification behavior of the alloy, resulting in a multi-stage crystallization process
while maintaining a stable solid-solution structure. XRD analysis confirmed the formation of a
single BCC phase, whereas SEM-EDS investigations showed a homogeneous distribution of
alloying elements without pronounced segregation or secondary phase precipitation. The
deposited material exhibited a relatively uniform microstructure throughout the build height,
with progressive grain coarsening from the bottom to the top of the wall due to the evolution of
thermal conditions during WAAM processing. Mechanical testing revealed a favorable
combination of strength and ductility, with ultimate tensile strength reaching approximately 500
MPa and elongation ranging from 48 to 56%, depending on the sampling location. Although W
alloying increased the average hardness from approximately 154 HV to 188 HV, no corresponding
increase in tensile strength was observed, indicating that the mechanical response is controlled
by the interplay between solid-solution strengthening, grain structure evolution, and the thermal
history of the deposition process. Fractographic analysis confirmed a predominantly ductile
fracture mechanism governed by microvoid nucleation, growth, and coalescence. Overall, the
results demonstrate that W alloying provides an effective approach for tailoring the
microstructural evolution and local strengthening of Fe-rich Cantor-type alloys fabricated by
WAAM, while the use of metal powder cored wire expands the possibilities for compositional
design of advanced compositionally complex alloys intended for large-scale structural

applications.
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