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Mechanical alloying in a high-carbon medium (petroleum) is used to fabricate
a W, ;FeCoNi medium-entropy alloy (MEA) in situ reinforced by tungsten
carbide (WC). During high-energy ball milling of a mixture of elemental met-
al powders (W, Fe, Co and Ni) for 20 hours, a b.c.c. solid solution and dis-
persed WC particles with a grain size from 0.5 pm to 1 ym are formed. The
carbide-phase formation involves the decomposition of petrol, the generation
of carbon radicals, and a subsequent reaction with tungsten that leads to the
formation of WC by both direct reaction with W particles and diffusion into
the b.c.c. lattice. XRD and SEM analyses reveal gradual alloying, crystallite
refinement, and homogenization of a b.c.c. solid-solution matrix. DSC meas-
urements show two endothermic peaks at 885°C and 1040°C, corresponding
to short-range ordering, sintering of the powder, secondary WC precipita-
tion, and randomization of a solid solution with possible b.c.c.—f.c.c. trans-
formations. The in situ carbide reinforcement and uniform microstructure
are expected to enhance significantly the mechanical properties and thermal
stability of the MEA, demonstrating the feasibility of this approach for high-
performance carbide-strengthened alloys.
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Merony MexaHiUYHOTO JIeTyBaHHS ¥ BUCOKOKapOOHOBOMY cepemoBuUIlli (OeH3mHi)
6yJI0O BUKOPHMCTAHO MIJISI OJleP:KaHHsa CTOIIY cepenHboi euTpomii (MEA) ckaany
W, ;FeCoNi, aminaenoro kapb6igom Boasdpamy (WC) 6e3mocepesHBO B IPoIle-
ci cunaresu (in situ). Ilig yac BUCOKOEHEPTETUYHOTO KYJIHLOBOTO ITIOMEJTY CyMirri
ejleMeHTHUX MeTajeBux mopoiikiB (W, Fe, Co i Ni) ynpomos:k 20 rogus yTBo-
puauca TBepauii podunH i3 OIIK-cTpyKTypoio Ta aucnepcHi yacTuaku WC i3
poamipom 3epeH Bix 0,5 o 1 mxMm. IIpomec yrBopenusa xapOigHol ¢asu BKJIIO-
yae po3KJANaHHA OeH3WHY, T'eHepallilo BYIJelleBUX PATUKAJTIB i MOJAJBIIY
peaxiriio 3 Boab(ppaMoM, 1110 IPUBOAUTE A0 hopmyBauua WC, AK IIIIX0M 0e3-
mocepenHbOI B3aeMomii 3 wacTunkamMu W, Tak i BHacaimok audysii B OILTK-
rpatauirio. Meroau peHTrenodasoBoi ananisu (XRD) Ta ckanyBaJIbHOI €JIeKT-
pouHoi Mikpockonii (SEM) BuSBUIM IIOCTYIIOBE JeI'yBaHHSA, IIOAPiOHeHHS
KpucTasiTiB i romorenisariio maTpuili rBepgoro posunny 3 OIIK-cTpykTypoio.
PesynbraTu nudepeniiinoi ckanysanabHoi Kasopumerpii (DSC) nmokasanu Ha-
ABHiCTH ABOX eHpoTepMmiunmx mikiB mpu 885°C i 1040°C, mro BiamoBigaoTh
mpoliecaM 6JIM3bKOTO BIOPANKYBAHHSA, CIIIKAHHS IIOPOIIKY, BTOPUHHOTO BUIi-
geuud WC i po3ynmopAIKyBaHHSA TBEPAOTO PO3UNHY 3 MOMKJINBUMEI (ha30BUMU
neperBopeHHAMu Ty OIIK-TIIK. OuikyeTrbca, 1mo 3milmiHeHHA KapOigamu
(in situ) Ta GopMyBaHHA OMHOPiMHOI MiKPOCTPYKTYPHU 3HAYHO MOJIIIIIATL Me-
XaHiuHi BJIaCTUBOCTi Ta TepMiuHy cTabiJIbHiCTh IILOT'O CTOMY, IO HiATBEPAKYE
IOIJMBHICTL 3aCTOCYBAaHHS TAKOTO IiAXOAY MIJS CTBOPEHHS BUCOKOE(EKTHUB-
HUX CTOIIiB, 3MiITHeHUX KapoOizamu.

KarouoBi coBa: BUCOKOEHTPOIIi fiHI MaTepianu, MexaHiuHe JieTyBaHHA, KapOif
Boasdpamy.

(Received 14 September, 2026, in final version, 18 September, 2026 )

1. INTRODUCTION

High-entropy alloys (HEAs) represent a novel class of metallic materi-
als that exhibit an exceptional balance of high hardness and strength,
along with sufficient ductility and outstanding resistance to wear,
corrosion, and oxidation [1-3]. Due to their high configurational en-
tropy, HEAs typically form single, two-phase, or multiphase solid so-
lutions rather than intermetallic compounds. This distinctive charac-
teristic opens new opportunities for the application of these alloys in
many fields, particularly in environments with high temperatures [4,
5]. The extraordinary properties of HEAs are provided for their appli-
cation as a binder in metal—ceramic composites strengthened with re-
fractory compounds [6—9]. The concept of strengthening high-entropy
alloys through the formation of composite structures can be realized
either ex situ, by adding ceramic reinforcements (oxides, borides, car-
bides) [7, 8, 10], or in situ, during thermal ageing [11] or through
chemical reactions with non-metallic doping such as B[12, 13], [14], C
[15, 16], N [17, 18], and O [19, 20]. Bharat Gwalani et al. [21] found
that ex situ adding of 3 vol.% Y,0; to Al, ;CoCrFeMnNi resulted in a
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significant increase in compressive yield strength from 979 MPa to
1759 MPa. In the study [22], the effect of the amount of SiC) on phase
composition and mechanical properties of f.c.c. CoCrFeNi was shown.
Incorporation of SiC particles led not only to a substantial increase in
the yield strength but also to the preservation of considerable ductili-
ty. The HEA composite with 6 wt.% SiC reached yield strength of
=~ 1200 MPa, over eight times which of the base alloy (200 MPa), while
maintaining an elongation of 37% . Compared to ex situ methods, the
in situ formation of reinforcing phases is preferable because it ensures
a cleaner interface and stronger bonding between the matrix and the
formed phase, leading to improved mechanical and thermal properties.
It is well known that the appropriate addition of interstitial elements
with small atomic radii in traditional alloys, such as steels and superal-
loys, is beneficial to their structure and properties. The interstitial at-
oms cause evident lattice distortion in HEAs, which affects signifi-
cantly the interaction between dislocations and other crystal defects
and in addition, if the solubility of non-metal atoms in the HEA matrix
is exceeded, carbides, nitrides, borides can form, which will lead to
greater microstructure refinement (and dispersion strengthening of
alloys [23—26]. Among known refractory compounds, tungsten carbide
is one of the most promising strengthening phases, because it combines
high hardness and thermal stability with good chemical resistance,
providing effective strengthened of the matrix even at high tempera-
tures and in aggressive environments [27].

In this study, we proposed a new method to fabricate in situ carbide-
strengthened W, ;FeCoNi medium-entropy alloy (MEA) by mechanical
alloying in a high-carbon medium (petrol). The use of iron-group met-
als for MEA preparation is due to the low solubility of carbon, low
price, and solid-solution stabilization.

2. MATERIALS AND METHODS

The initial powders were commercially available, which was W (2—-6
nm, >99.95% purity, Vimaterial), Fe (ASC100.29, 20-45 um,
>99.91% purity, Héganis), Co (2—4 pum, > 99.8% purity, ChemPur),
Ni(2-4 pym, > 99.7% purity ChemPur). A portion of powder was placed
in the cemented carbide jar and mechanically alloyed (MA) at a speed of
400 rpm/min for duration of 20 h. To prevent the oxidation of powders
during high-energy milling, high-purity argon was introduced into the
ball mill jar. The ball-to-powder mass ratio was 10:1. Petrol was used
as a carbon source to form in situ WC-carbide particles and as a pro-
cessing controlling agent to avoid excessive cold welding. The evolu-
tion of phase composition and powder microstructure was investigated
after 1, 2, 10, 15 and 20 h of MA. The structure and phase transfor-
mations were investigated by x-ray diffractometer Ultima IV (Rigaku
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Corp., Tokyo, Japan) at 30 kV and 15/20 mA in the range 26 = 20-90°.
Structural parameters were refined by the Rietveld method using the
PDXL software. A scanning electron microscope (SEM) Axia Chemi-
SEM LoVac was used to obtain basic information concerning micro-
structure of the powder particles. The chemical composition of the al-
loy was determined, using energy dispersive x-ray (EDX) microanaly-
sis in a SEM equipped with an energy-dispersive detector TrueSight X.
Differential scanning calorimeter (DSC, DSC PT 1600 — Linseis, Ger-
many) was used to analyse the thermal stability of W, ;FeCoNi alloy
under flowing argon atmosphere. The scanning ranges were 25—
1250°C at a heating rate of 10°C/min in the Al,O; crucible.

3. RESULTS AND DISCUSSION

The XRD results (Fig. 1, a) indicate that the b.c.c. solid solution and
WC phase and were formed after 20 h of MA. At the initial stage of
MA, after 1-2 h, a clear broadening and a significant decrease in the
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Fig. 1. XRD patterns of W, ;FeCoNi ball-milled powder vs. milling time (a),
(b). (¢) Lattice parameter, crystallite size and lattice strain of W-based b.c.c.
solid solution of milled W, ;FeCoNi powders. (d) Excessive binary enthalpies
of mixing estimated using Miedema’s model [28—30].
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intensity of the diffraction peaks, can be observed (Fig. 1, b), which is
associated with an increase in microstress level and refinement of the
structure of powder particles (Fig. 1, ¢). The decrease in diffraction
intensity and the disappearance of some diffraction peaks of Co, Ni,
and Fe with the simultaneous slight shift of W peaks towards smaller
20 angles due to the increase in lattice parameters (Fig. 1, c¢) can be
considered as the beginning of alloying, dissolution of components,
and the formation of solid solution. It should be noted that the dissolu-
tion of Fe, Co, and Ni atoms, which radii are smaller than that of W at-
om, should cause a decrease in the lattice parameter and a shift of
peaks to larger angles. Yet, since the opposite is observed, it can be as-
sumed that the dissolution of carbon atoms occurs and causes a slight
increase in the lattice parameter of W.

Increasing the MA time to 10 h promotes the obtaining of b.c.c. solid
solution. The positions of the f-phase peaks are close to those of W
(Fig. 1, a, b), which suggests that the b.c.c. solid solution is formed,
apparently, based on W crystal lattice. A significant shift of the -
phase peaks towards smaller 20 angles and an increase in the lattice pa-
rameter due to the dissolution of carbon atoms are observed.

Further increase in MA time to 15 h does not change the phase com-
position of the alloy, but change the lattice parameter of b.c.c. solid
solution. Compared to the previous MA stage, the lattice parameter
decreased from 0.319 nm to 0.3184 nm (Fig. 1, c¢), which may be due to
the beginning of the interaction of carbon atoms with tungsten. The
significant decrement of diffraction intensity and peak broadening are
observed (Fig. 1, a, b).

After 20 h of MA, significant changes are observed in the x-ray dif-
fraction spectrum (Fig. 1, a). In addition to the reflections of the b.c.c.
solid solution (B-phase), the diffraction lines corresponding to tung-
sten carbide are observed. This indicates that the MA process results in
the in situ formation of WC phase which content in the alloy is 28.7
wt.% . The lattice parameter of b.c.c. solid solution decreases to 0.3169
nm, which is related to its depletion on W and C atoms owing to in situ
formation of WC (Fig. 1, ¢). According to the binary enthalpy of mix-
ing [28—-30], W exhibits the most negative AH ;, values (Fig. 1, d) with
carbon (-84 kJ-mol™), indicating the strongest chemical affinity and
the highest tendency to form carbides. In contrast, the Fe—Co—Ni sub-
system shows relatively small negative enthalpies of mixing, suggest-
ing good mutual solubility and the formation of a homogeneous solid
solution.

The SEM image of the ground and polisher powder surface is shown
in Fig. 2. After 10 h of MA, the W, .FeCoNi alloy consists of a b.c.c.
solid solution and the W particles (Fig. 2, a, e, points 1-2). Tungsten
has one of the largest atomic radii in the W—Fe—Co—Ni system (139
pm) and the highest melting point; due to this, its dissolution can take
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Points Atomic, %

Fe [Co[Ni|W]|]C]|]oO
1 1.1 32 25 77.7 5.4 10.1
2 20.0 20.5 20.1 85.5 1.5 2.4
3 18.5 22.4 22.1 86.1 0.2 0.7
4 34 6.0 54 73.6 3.2 84
5 0.5 0.8 0.2 48.4 50.0 0.1
6 16.7 22.2 21.8 38.0 0.5 0.8

e

Fig. 2. SEM image of cross-section of W, ;FeCoNi powder after mechanical
allying at: (a) 10 h, (b) 15 h, (c) 20 h with (d) elemental mapping analysis for
the in situ reacted W, ;FeCoNi + C and local point analysis for different alloy-
ing time (e).

the longest time. Increasing MA time to 15 h promotes homogenization
of the microstructure and a decrease of quantity the amount and size of
W particles. At final stage of MA (20 h), the powder microstructure
consists of b.c.c. solid solution and WC particles (Fig. 2, c—e) with an
average size of 0.75 pm.

During MA process, carbon atoms contained in the petrol were dis-
solved in the metal powder mixture, which resulting in a high carbon
concentration in W, ;FeCoNi alloy. The carbides were formed by W in-
teracting with the carbon in the petrol after long-time high-energy ball
milling. A similar observation of carbide formation was reported,
when fabricating the AlFeMgTiZn [31] and MoNbTaW [25] alloys by
ball milling, and the carbides were formed due to the presence of stea-
ric acid as processing controlling agent.
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Based on the XRD patterns (Fig. 1) and SEM images (Fig. 2) of MA
powder, the mechanism of WC formation was suggested (Fig. 3). The
initial portion of powder on Stage 1 (near 1-2 hours of MA) undergoes
dynamic solid-state interaction processes under high local deformation
and heating. At this stage, in addition to grinding and reducing the
average size of crystallites (Fig. 1, ¢), the processes of cold welding and
overlapping of powder particles occur [32]. During MA, the organic
components of petrol undergo gradual decomposition due to the in-
tense mechanical energy input. In the initial 1-5 hours of milling, gas-
oline largely retains its molecular structure, with minimal bond break-
age. At Stage 2 (MA, 10h), the powder alloy, in addition to b.c.c.
phase, contains non-reacted W particles. The organic component can
homolytically cleave C—C and C—H bonds, generating free radicals and
small-unsaturated hydrocarbons such as alkenes [33]. The transfor-
mation in petrol associated with the intensive mechanical impact dur-
ing MA, especially by the high-energy collisions between milling media
and powder particles, creates localized extreme conditions (high pres-
sure, shear stress, and transient temperature spikes), which are suffi-
cient to break chemical bonds [34]. Under these conditions, some part
of carbon can be dissolved in the b.c.c. lattice. At Stage 3 (MA, 15 h),
the final phase of breaking the C—C bonds and the formation of graph-
ite nanolayers in the form of coke may occur.

Since during mechanical alloying W particles can remain in a dis-
persed state in the matrix of the b.c.c. solid solution, the in situ for-
mation of WC at Stage 4 can have two paths. First way, it is a reaction
of carbon with a W-based b.c.c. solid solution. The C diffuses into the
b.c.c. lattice and reacts with W, forming dispersed WC particles (less

Overlapping of
powder particles Cold welding W BBC solid solution
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Fig. 3. The mechanism of WC in situ formation during mechanical alloying of
W, ;FeCoNi in the petrol medium.



980 S. Yu. TESLIA, O. I. YURKOVA, D. S. LEONOV, and P. I. LOBODA

Texo

Phase transformation I

=1]
g
~
% [/ Phase transformation IT/|
. Taf
E -1
G
w27
T
-3 T
wt
800 1000 1200

Temperature, °C

Fig. 4. DSC curves of 20 h mechanically alloyed W, ;FeCoNi alloy.

than 0.5 pm in size). Second, it is the direct reaction between carbon
and the residual W. In this way, the particle size of WC is of around 1
nm.

In order to investigate the phase transformations and melting point
of W, ;FeCoNi alloy, DSC analysis was carried out, and the results are
presented in Fig. 4. During heating, two pairs of endothermic (885°C
and 1040°C) peaks were indicated. At 885°C, the endothermic reaction
is associated with a short-range ordering effect [35], sintering of alloy
powder during heating, and secondary WC precipitation by carbon dis-
solution from the b.c.c. lattice. The next endothermic effect started at
1028°C indicates the randomization of the solid solution, segregation
and particular b.c.c.—f.c.c. transformation. The b.c.c. lattice has more
open structure; the elements, especially with small atomic radii dif-
fused more easily as compared to f.c.c. structure [36]. The melting
point of the W, ;FeCoNi alloy is of 1250°C. Increasing the temperature
promotes the thermal degradation of MEH (T, point, Fig. 4), because
the melt reacts with the crucible and the moisture in argon.

4. CONCLUSIONS

In summary, an in situ WC-reinforced W, ;FeCoNi medium-entropy
alloy was successfully fabricated by mechanical alloying in a high-
carbon (petrol) medium. The process led to the formation of a b.c.c. sol-
id solution matrix and dispersed WC particles, with particle sizes
ranging from 0.5 to 1 ym. The WC formation occurs via two mecha-
nisms: diffusion of carbon into the b.c.c. lattice and reaction with re-
sidual W atoms. XRD and SEM analyses confirmed progressive alloy-
ing, crystallite refinement and homogenization of the structure over
20 h of milling. DSC analysis revealed two endothermic peaks at 885°C
and 1040°C, attributed to short-range atomic ordering, powder sinter-
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ing, secondary WC precipitation, and randomization of the solid solu-
tion including partial b.c.c.—f.c.c. transformations. The study demon-
strates that high-energy mechanical alloying in a carbon-rich envi-
ronment is an effective strategy to produce MEAs multicomponent al-
loys with in situ carbide reinforcement, offering potential for im-
proved mechanical properties and high-temperature performance.
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