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Metal-matrix composites have gained wide recognition owing to their superior tailorability, which surpasses that
of traditional alloys. The development of multicomponent metal-based high-entropy alloy (HEA) systems has
increased the potential for fabricating tunable composites for surface engineering applications. It has been
established that the intrinsic properties of the composites are determined by the phases present in their base
alloys, reinforcement types, and volumes. Herein, 5 wt% of vanadium carbide, titanium nitride, and a combi-
nation of both ceramics were added to Coggp 2Craz 2Nigg 2Cuga oNby1 2 HEA and fabricated via directed-energy
deposition. The investigation highlights the first-time use of both ceramics and their synergistic utilisation as
hybrid reinforcement in the directed-energy-deposited HEA. The candidate with the best hardness, tribological
properties, and corrosion resistance was identified after various characterisations. It was found that the com-
posite reinforced with a combination of both ceramics had the best microhardness value of 736 + 30.79 HV. The
titanium nitride-reinforced composite exhibited the highest wear resistance with 6.69 x 10° mm?® /Nm at 20 N
applied load. However, the synergy of both reinforcements offers enhanced lubricity, resulting in the lowest
coefficient of friction of 0.071. A worn track analysis revealed that the samples were characterised by a transition
from severe adhesive wear to cold-welded tribo-layer formation. The unreinforced HEA demonstrated the highest
corrosion resistance with 567.79 Q polarisation resistance and a corrosion rate of 0.6909 mm/year. It was
concluded that the developed HEA and its composites are promising candidates for surface engineering
application.

Introduction alloys (MHEASs) and the realisation that this class of alloy is suitable for

surface engineering applications. The composition of the alloy has been

The CoCrNi medium-entropy alloy exhibits promising mechanical
properties that are comparable to those of the best cryogenic steels. The
alloy’s superior properties to those of other low-, medium-, and HEA of
the Cantor alloy family have made it gain considerable research atten-
tion as a promising material for structural application. Many attempts to
enhance its overall mechanical properties using alloying strengthening
mechanisms have been reported [1-3]. The attempts have resulted in
the emergence of many other CoCrNi-based medium- and high-entropy
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tuned to achieve excellent tribological properties, outstanding corrosion
resistance, and high oxidative and radiation stabilities [2,4,5].

Surface science and engineering have made significant progress in
customising the surface properties of diverse materials for specific ap-
plications. It encompasses several processes for modifying a substrate
through the deposition of overlayers to tune the mechanical, thermal,
chemical, optical, and electrical properties [6]. Lattice distortion has
been reported to be a major factor that influences the properties of
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MHEAs. The addition of large atomic radii or interstitial atoms can
induce severe lattice distortion that often greatly impacts the structural
and functional properties of MHEAs, making them better candidates for
surface engineering applications than conventional alloys [5]. Moravcik
et al. [7] achieved interstitial solid solution and precipitation strength-
ening of a CoCrNi MEA by doping it with carbon, which led to the
enhancement of the alloy’s mechanical properties, achieving an ulti-
mate tensile strength of 1180 MPa and more than 60% elongation at
0.5 at% carbon doping. Jodi and Park [8] observed the transformation
from single FCC to dual Cu-rich and Cu-lean FCC phases upon the
addition of copper (Cu) to the CoCrNi MEA. The phase separation
resulted in an atomic-size misfit that affected atomic interaction in the
alloy system; hence, the Cu-rich phase exhibited lower microhardness
than its Cu-lean counterpart. Ren, et al. [9] reported that the
low-hardness Cu-rich phase in the CoCrNiCux alloy system formed
well-distributed nanoprecipitates after thermal annealing. The pre-
cipitates were found to be beneficial in preventing dry sliding wear
owing to their deformation into a tribolayer that led to subsurface
hardening and enhanced wear resistance. Lu et al. [10] studied the effect
of niobium (Nb) addition on the structure and mechanical properties of
CrCoNi MEA. The addition resulted in the formation of an ordered
Nb-rich Laves phase, which balanced the strength and ductility of the
alloy. Thereby reducing the fracture strain from 40.2% to 11.3% and
enhancing the compressive yield strength from 748 to 2080 MPa. The
hardness value of the alloy was also improved from 193 HV for CoCrNi
to 700 HV with a 0.5 Nb addition. Ding et al. [11] added aluminium (Al)
to CoCrNi MEA and achieved a dual phase separation that improved the
alloy’s oxidation resistance owing to the formation of spinel oxides. The
hardness value, yield and compressive strengths also increased to 646
HV, 2083 and 2498 MPa, respectively. Along the same line, Wu, et al.
[12] also investigated the impact of Nb variation on the phase evolution,
microstructural transformation, corrosion, and wear resistance of
CrCoNiFeNbx. The changes in phase and microstructure due to Nb
variation resulted in a coating with a hardness value of about 530 HV, a
44% improvement in wear resistance, and a superior corrosion resis-
tance compared to that of the stainless-steel substrate.

Riva et al. [13] remarked that "given the fact that attractive prop-
erties of metal matrix composites (MMCs) are achieved via composition
tuning, it is surprising that MHEA-based composites have not been
widely investigated. Since 2018, substantial advancements have been
made by researchers in the application of MHEA matrices within MMCs.
Various ceramics have been employed as reinforcements in numerous
MHEAs due to their role in enhancing properties [14-16]. The incor-
poration of ceramic particles has proved effective in improving both
mechanical and tribological properties of MHEAs. This improvement
happens because ceramic particles pin the grain boundaries, which stops
the grains from growing. This makes the grains stronger and more
refined. Additionally, dispersed ceramic particles can act as durable
reinforcing phases that obstruct dislocation slip and diminish plastic
deformation [17]. Wang et al. [18] introduced varying amounts of
tungsten carbide (WC) into FeCoCrNiMn HEA-based coatings, fabri-
cating the coatings via the plasma surfacing method. Investigations into
the microstructural evolution and the mechanical and fracture proper-
ties revealed that the inclusion of WC altered the coatings' texture from
coarse to fine grains. This transformation resulted in improvements in
hardness, strain, yield strength, and tensile strength, increasing to
514.9 + 48.1 HV, 2.7%, 457 MPa, and 517 MPa, respectively, from
initial values of 198.8 + 15.6 HV, 53.7%, 225 MPa, and 478 MPa, at a
40 wt% addition of WC. Liang et al. [19] selected titanium nitride (TiN)
as a reinforcement for AlCoCrCuNiTi HEA, highlighting its isotropy,
excellent chemical stability, high hardness, and modulus as properties
that could enhance the exceptional ductility of the base HEA. The
coherent interfacial interaction between the ceramic and the HEA was
identified as an additional advantage. Researchers also investigated the
hardness and wear properties of composite coatings on TC4 alloy,
discovering that the addition of TiN increased the hardness from 628 HV
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Table 1

Chemical Composition of the Cogp 2Cras oNiss 5Cuzs 5Nby7 2 HEA.
Element Cobalt Chromium Nickel Copper Niobium
Atomic % 22.2 22.2 22.2 22.2 11.2

to 737 HV, which signifies a notable increase from the 320 HV hardness
of the TC4 alloy base metal. This enhancement in hardness was also
associated with improved wear resistance of the coatings. Similarly, Han
et al. [17] examined the impact of double ceramic reinforcement on the
wear properties of FeCoCrNiAl HEA coating. The combined addition of
niobium carbide (NbC) and TiN led to a synergistic effect, resulting in
grain refinement that enhanced the microhardness of the coating by
55.08% and significantly reduced the wear rate by 88.38% when
compared to 17-4PH stainless steel. The authors noted that NbC had a
milder effect on grain refinement in the base HEA alloy in isolation
compared to the synergy observed with both NbC and TiN. Yu et al. [20]
developed TiC- and Mo-enhanced AlCoCrFeNiMox(TiC)x-2 HEA coat-
ings, with x values of 0.5, 1, 1.5, and 2. They studied the phase evolu-
tion, microstructure, hardness, corrosion resistance, and
high-temperature oxidation resistance of the alloys. The optimal
oxidation and corrosion resistance was found at x = 1, achieving
approximately 12% oxidative stability and 83% corrosion resistance
compared to the other coatings.

The performance of composite-based coatings derived from multi-
principal element MHEAs for surface engineering applications funda-
mentally depends on the phases present in the base MHEAs, as well as
the type and volume of the reinforcing particles added [21]. According
to the reports of the authors cited thus far, it has been established that
the properties of MHEAs and their composites can be tailored through
compositional or constitutional variations. In this study, a
directed-energy deposited Co022.2Cr22.2Niz2.2Cu22.2Nb11.2 HEA was rein-
forced with 5 wt% of VC, TiN, and a combination of both ceramics,
specifically 2.5 wt% VC and 2.5 wt% TiN. This represents the pioneering
first-time use of VC, TiN, and the synergies between VC and TiN in a
C022.2Cr22.2Ni22.2Cuz22.2Nb11.2 HEA via additive manufacturing. Directed
energy deposition additive manufacturing was selected due to its rapid
deposition rate for coatings on metal substrates, its capacity to form
superior metallurgical bonding between the coating and substrate while
minimising defects, its versatility in using multi-component powder
feedstock, and its suitability for repairing worn metallic surfaces [22].
The phase and microstructural evolution and hardness values, as well as
the wear and corrosion resistances, of the composites were evaluated
and compared to those of the base HEA. The candidates that demon-
strated superior performance across various tests were identified for
potential surface engineering applications, including cladding and sur-
face alloying.

Experiment and characterisation
Materials

All powders, apart from Nb, VC, and TiN, used in the fabrication of
the Co022.2Cr22.2Ni22.2Cu22.2Nb11.2 HEA and its composites were supplied
by Weartech, South Africa. These powders have a purity of 99.9% and a
particle size of 90 + 45 um. Nb, VC, and TiN, which have mesh sizes of
325, were supplied by Zhengzhou Alfa Chemical Company, Singapore.

Table 2
The Composition of the Coss 5Cras oNiso 2Cusa oNby1 5 HEA and its composites.

Based and Reinforcements Composites composition (wt%)

HEA-VC HEA-TiN HEA-VC-TiN
HEA 95 95 95
vC 5 - 2.5
TiN - 5 2.5
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Fig. 1. Elemental mapping of mixed powders.

Fabrication of the HEA and its composites

The C022.2Cr22.2Niz2.2Cuz2.2Nb11.2 HEA and its composites were fabri-
cated using directed-energy deposition additive manufacturing with an
IGP fibre laser. The chemical compositions of the HEA and its compos-
ites are detailed in Tables 1 and 2, respectively. Rectangular cuboid
samples, measuring 30 x 10 x 5 mm, were deposited on Ti-6Al-4V
baseplates. The baseplates were preheated to 400°C on a preheating
platform, and the samples were fabricated at this temperature.
Following fabrication, the samples were allowed to cool slowly on the
preheating stage to mitigate crack sensitivity associated with rapid
cooling.

The samples were produced with a constant beam diameter of
2.0 mm, a carrier gas flow rate of 2.0 1/min, and a central purge gas flow
rate of 20 1/min. The directed-energy deposition parameters included a
laser power of 1200 watts, a scanning speed of 1.2 m/min, and a powder
flow rate of 0.24 g/min, all at a 50% track overlap. The samples were
created using preprogrammed CAD files. The parameters were opti-
mised through parametric trials to achieve a densification of over 95%
(according to Archimedes' principle) and to minimise porosity, thus
ensuring a balance between melt pool stability, uniform reinforcement
distribution, and the retention of phases within the HEA matrix.

Characterisation method

The micrographs of the mixed powders and the directed-energy-
deposited HEA and its composites were obtained using a JEOL-JSM-
6010 PLUS/LAM scanning electron microscope as well as a JEM-2100
transmission electron microscope (TEM). All samples that were addi-
tively manufactured were sectioned and mounted for metallurgical
preparation using an automatic mounting press, facilitating handling
during the preparation process. A Struers TegraForce-5 auto/manual
polisher was employed to grind and polish the samples. Subsequently,
the samples were etched with a marble reagent prior to metallographic
examination. The X-ray diffraction (XRD) patterns of all samples were
determined using PANalytical Empyrean X-ray diffraction equipment,
operating at 20 mA and 40 kV and using a Cu-Ka source. The XRD peaks
were characterised with the aid of X’pert HighScore Plus software,
which is equipped with the ICDD Match 139 database. The crystallite
sizes, crystal lattice microstrains, and dislocation densities of the HEA
and its composites were analysed through Scherer’s analysis of the X-ray

diffraction data, utilising Eqs. 1-3.

0.894
ite si: = 1
Crystallite size (D) Jcos (€)]
Micro — strain (¢) = b (2)
4tanéd
. . . 1
Dislocation density (5) = o 3

Where A = The wavelength of the X-ray used

B = The full width at half maximum

0 = The peak position

The Archimedes principle was employed to determine the experi-
mental densities of the HEA and its composites using the Ohaus Explorer
densometer according to the ASTM B962 standard. An average of 3
readings was recorded for each sample. The theoretical densities of
samples were also calculated using the classical rule of mixture.
Thereafter, the relative densities of samples were then calculated as the
ratio of measured to calculated densities. The relative densities of the
samples denote their percentage of densification; hence, their deficit
from 100% was recorded as the percentage porosities of the samples.

The microhardness of the composites was determined using a Zwick/
Roell Indentec (ZHVp) Vickers hardness machine. The test was con-
ducted under a force load of 300 g, a dwell time of 10 s, and a spacing of
100 pm as per the ASTM E384 standard. An average of ten indentations
was recorded for each sample.

The wear rate and coefficient of friction of the HEA and its com-
posites were determined at room temperature using a TRB3 Anton Paar
tribometer attached to an S128 Surtronic profilometer in a ball-on-flat
rotating configuration. A 6 mm steel ball was used as the sliding coun-
terbody. The tests were conducted according to ASTM G99 under
varying loads of 10, 15 and 20 N and a sliding cycle of 6000 at a radius of
0.3 mm. The worn track analysis of the samples was performed using an
attached Surtronic profilometer.

Potentiodynamic polarisation tests per ASTM G57-97 were per-
formed using a three-electrode setup on an Autolab electrochemical
workstation PGSTAT 302 potentiostat/galvanostat. The evaluation
started with an open-circuit potential (OCP) test for 1 h at ambient
temperature. The HEA and its composites were used as the working
electrode with a 1 cm? surface of the samples exposed to the 0.5 M H2SOa
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Fig. 2. SEM/EDS images of the HEA.

electrolyte to simulate an acidic industrial environment and enable the
evaluation of the ability of the composites to form passive films owing to
the presence of niobium and chromium in the HEA matrix. An Ag/AgCl
electrode and a platinum rod were used as the reference and counter
electrodes, respectively. Prior to the corrosion tests, the samples were
washed with distilled water, degreased with acetone, and dried in a
desiccator. Thereafter, the samples were cold mounted in an epoxy resin.
The mounted samples were polished, cleaned, degreased again, and
washed with ethanol before the corrosion test.

Results and discussion
Elemental mapping of mixed powders

Fig. la—d present TEM/EDS images illustrating the elemental map-
ping of the Co022.2Cr22.2Niz2.2Cu22.2Nb11.2 HEA and its ceramic-doped
powders prior to fabrication. Fig. 1a indicates that the constituent ele-
ments were well dispersed, thereby confirming the even distribution of
the powders. Fig. 1b-d depict various ceramics that have been doped
with the HEA powder, with the mapping indicating a uniform distri-
bution of ceramics within the HEA matrix. The distinct distribution of
VG, TiN, and the combination of both ceramics further validates that the
HEA powder was effectively doped with different ceramics before the
additive manufacturing process.

Microstructural characterisation of the HEA and its composites

Fig. 2a and b illustrate the morphology and EDS elemental intensity
of the HEA. The alloy features a well-distributed Nb-Cr-rich network,
characterised by dendritic, lamellar, acicular, and coarse precipitate
solidification structures. The precipitates display a ring-like
morphology, with a dark core and bright peripheral fringes, poten-
tially due to topographic edge effects observed in scanning electron
microscopy (SEM). Wang et al. [23] and Hong et al. [24] have reported
that incorporating Nb into CoCrNi-based alloys leads to the formation of
an Nb-Cr-rich network. Additionally, the alloy exhibits significant
elemental copper (Cu) segregation, indicative of preferential
macro-segregation of Cu clusters, attributed to its immiscibility with the
melted bulk of the HEA constituent elements. The array of segregated Cu
clusters presents a bright contrast within the HEA matrix. Pan et al. [25]
noted the segregation of solute Cu in a CoCrNiCux alloy system, while
Cai et al. [26] documented a similar Cu segregation in a directed-energy
deposited FeCoCrNiCux HEA.

The addition of VC, TiN, and the combination of both ceramics to the

HEA resulted in notable morphological changes, as demonstrated in the
SEM/EDS images shown in Fig. 3a-f. The EDS peaks confirmed the
presence of the elemental constituents within the composites. Morpho-
logical alterations were observed across all composites due to the
dispersion effects of the various ceramics incorporated into the HEA
matrix. Adding these ceramics helps to refine the grains and stop den-
dritic growth during solidification. This is because the ceramic particles
act as heterogeneous nucleation sites, which speeds up the nucleation
rate of the solid phase from the melt pool [27,28]. This process leads to
more refined and compact structures while suppressing solidification
features such as lamellar, acicular, and coarse precipitates within the
HEA matrix.

Phase identification of the HEA and its composites

The XRD patterns of the HEA and its composites are presented in
Fig. 4. The diffractogram indicates the presence of both CoCrNi (FCC1)
and CugiNijg (FCC2) phases, alongside Cr (Co,Ni)Nb-type HCP Laves
phases within the HEA. Additionally, the diffraction peaks demonstrate
the emergence of new peaks following the incorporation of various ce-
ramics. Notably, the addition of VC resulted in a narrowing of the pri-
mary diffraction peak of the HEA, whereas the introduction of TiN led to
a slight broadening of the same peak. This observed narrowing and
broadening of the characteristic peak may be attributed to the doping
effects of the different ceramics on the HEA. Zhang et al. [29] observed a
carbide-induced lattice distortion in a TiC-reinforced Fe2CoNiCrAl
composite, and Chen et al. [30] reported a similar phenomenon related
to the reinforcement of CoCrFeMnNi with TiC.

Additionally, a noticeable increase in the peak intensity in the HEA
characteristic peak was observed when TiN was added, which is
attributable to the grain boundary pinning by the dispersed ceramic
particles. Li et al. [31] also observed a peak broadening in CoCrFeMnNi
reinforced with TiN nanoprecipitates; the authors attributed the obser-
vation to induced dislocation pinning in the lattice crystal due to the
grain refinement effect of the TiN. Along the same line, Table 3 showed a
decrease in crystallite size from 10.35 to 4.50 nm and increased severity
in dislocation density (0.012-2.500 nm™>) and micro-strain
(0.0017-0.0055%) of the TiN-reinforced HEA owing to the ceramic
dispersion effect. Similarly, Jin, et al. [32] noticed an increase in peak
intensity after adding TiN to AlCoCrFeNi. Moreover, the XRD peaks of
the HEA and all its composites indicated multi-phase systems with
distinct peaks and phase overlapping for CoCrNi-rich FCC1, Cu-Ni-rich
FCC2, Cr (Co, Ni) Nb-type Laves phases, VC, and TiN reinforcements
observed in the diffraction patterns, suggesting multiple strengthening
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Fig. 3. SEM/EDS images of the (a) HEA-5wt%VC (c) HEA-5wt%TiN (e) HEA-2.5 wt%VC-2.5 wt%TiN.
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Table 3

Crystallite size, lattice strain and dislocation density of the HEA and its
composites.

Samples Crystallite size Micro-strain Dislocation density
(nm) (%) (m™?)
HEA 10.35 0.0017 0.012
HEA-5%VC 7.64 0.0030 0.030
HEA-5%TiN 4.50 0.0055 2.500
HEA-2.5%VC- 0.07 0.0073 122.970
2.5%TiN

mechanisms in the composites. The observation agrees with the
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multi-structured microstructures presented in Figs. 2 and 3.

The diffraction pattern of the HEA-VC-TiN composite reveals an
overlap between the diffraction peaks of the HEA-VC and HEA-TiN
composites. The observed crystallite size is 0.07 nm, with a dislocation
density of 122.970 nm™ and a micro-strain of 0.0073%. These findings
suggest that the combination of both ceramics significantly enhanced
the composite’s grain refinement. However, this process resulted in a
geometric increase in dislocation density from 0.012 nm~2 for the HEA to
122.970 nm™2 for the HEA-VC-TiN composite, thereby inducing greater
micro-strain of 0.0073% in the composite’s lattice.

Fig. 5 illustrates the electron backscattered diffraction (EBSD) fea-
tures of the HEA and its VC- and TiN-reinforced composites. The colours
present in the HEA image confirmed that the alloy formed poly-
crystalline structures with different crystallographic orientations. The
added ceramic reinforcements are also well dispersed in the matrix of
the HEA.

The phase maps reveal the microstructural evolution upon the
incorporation of VC and TiN reinforcements into the HEA matrix. The
base alloy is dominated by CoCrNb, CoCrNi, Cug;Nijg and CrNb, phases.
The addition of VC resulted in a refined grain structure compared to the
unreinforced alloy. The VC particles, identified by their distinct crys-
tallographic signature in EBSD, act as nucleation sites and exert a
pinning effect on grain boundaries during solidification. The phenom-
enon suppressed grain growth and promoted a more equiaxed
morphology. The dispersion of carbides within the HEA matrix is
beneficial for enhancing hardness and yield strength via the Orowan
strengthening mechanism [33]. On the other hand, the addition of TiN
to the matrix contributed to a high density of dislocation accumulation
at the matrix-reinforcement interface. The black spots observed in the
phase maps represent non-indexing or zero solutions, demonstrating
that the electron beam could not collect reliable signals for indexing and
crystal structure identification, often due to lattice distortions or the
presence of pores or cracks. Fig. 5a reveals the occurrence of the black

Fig. 5. EBSD phase mapping of (a) HEA (b) HEA-VC and (c) HEA-TiN.
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Fig. 6. Grain distributions of (a) the HEA (b) HEA-VC and (c) HEA-TiN.

spots at the grain boundaries and constituent phases' interfaces, sug-
gesting that lattice mismatch and internal strains are highest at such
spots within the HEA matrix. The black spots increase around carbide
particles in the VC-reinforced HEA, as shown in Fig. 5b, probably due to
the mismatch in thermal expansion coefficients between the carbide and
the matrix during cooling, hence the increase in micro-strain presented
in Table 3.

The grain analysis revealed a random orientation of grain distribu-
tion within the particles, as illustrated in the orientation maps in Fig. 6.
The evolution of the maps presented in Figs. 6a and 6b indicates a
refined grain structure due to the addition of VC to the HEA matrix. The
significant reduction in average grain size shown in Fig. 6¢, in
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comparison to the matrix, suggests that the added TiN particles serve as
nucleation sites, while the VC particles contribute to a grain boundary
pinning effect [34,35]. Fig. 5¢c demonstrates that the TiN-reinforced HEA
exhibits larger black spots surrounding large particles or agglomerations
of TiN, which indicates strain accumulation. In contrast, regions with a
homogeneous distribution of TiN show a reduction in black spots,
attributed to a decrease in large-scale lattice distortions.

The map in Fig. 6¢c demonstrates a more heterogeneous microstruc-
ture with a high density of low-angle grain boundaries. The colour
gradients within individual grains suggest the accumulation of
geometrically necessary dislocations. The localised lattice distortions
are characteristics of HEAs and are further intensified by the stress fields
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generated around hard ceramic reinforcements. Such high-density
boundary networks are indicative of Hall-Petch strengthening and
contribute to superior hardness and wear resistance observed in HEA-
based composites [36]. Overall, the addition of VC and TiN to the
HEA matrix served the dual role of grain boundary pinning and acting as
nucleation sites. Han, et al. [17] reported a beneficial synergistic effect
of the combination of NbC and TiN on an HEA that resulted in grain
refinement and enhancement of the composite's hardness and tribolog-
ical properties.

Density and porosity of the HEA and its composites

Optimised directed-energy deposition parameters enhance densifi-
cation and minimise porosity in high-entropy alloys (HEAs) and their
composites, thereby promoting structural integrity and enhancing
properties [34,35]. Fig. 7a and b illustrate the measured and calculated
densities, relative densities, and porosities of the HEA and its compos-
ites. The samples exhibited lower measured densities compared to their
calculated values, indicating incomplete densification, as evidenced by
the relative densities. Contrary to expectations, the ceramic-reinforced
composites demonstrated higher densities than the unreinforced HEA.
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This trend may be attributed to the greater levels of porosity present in
the HEA compared to its composites. The porosity contributions were
specifically measured at 6.05%, 2.77%, 1.83%, and 4.50% for the HEA,
VC, TiN, and VC-TiN reinforced composites, respectively. The relative
densities indicate that the incorporation of various ceramics into the
HEA resulted in improved densification of the composites.

The TiN-doped composite achieved optimal densification with a
relative density of 98.17%, representing a significant enhancement over
the 93.95% relative density of the HEA matrix. The improved densifi-
cation in the composites is clearly linked to the grain refinement illus-
trated in Fig. 6, which leads to a more compact structure. Wang et al.
[36] reported a relative density of 99.72% in additively manufactured
CoCrFeMnNi HEA reinforced with 5% TiB-.

Microhardness and wear characteristics of the HEA and its composites

The graph presented in Fig. 8 illustrates the microhardness values of
the HEA and its composites.

The hardness value of the HEA was measured at 196 + 8.55 HV,
while the VC-reinforced composite demonstrated a significant
enhancement, recording a hardness value of 443 + 69.64 HV, more than
double that of the HEA. This improvement in hardness can be attributed
to the expected synergistic effects of solid solution and dispersion
strengthening provided by the HEA and VC reinforcement. Chen et al.
[37] identified combined strengthening mechanisms in the
TiC-reinforced FeCoCrNiCu HEA. In contrast, the composite reinforced
with TiN achieved a notable hardness of 721 + 22.28 HV, attributed to
multiple strengthening mechanisms, including the Hall-Petch effect, as
illustrated in Fig. 6c. Furthermore, Liang et al. [19] reported a
TiN-induced dispersion strengthening effect in the AlCoCrCuNiTi HEA,
which complemented other strengthening mechanisms, such as solid
solution and intermetallic phase strengthening.

An optimum hardness value of 736 + 30.79 HV was attained in the
composite reinforced with both VC and TiN, which can be attributed to
the synergistic effects of these ceramics. The reinforcements fulfil a dual
role as heterogeneous nucleation sites and as agents for grain boundary
pinning. This illustrates the synergistic advantage of achieving a higher
hardness value compared to instances where the ceramics are employed
as reinforcements individually.

Overall, the dispersion of both ceramic particles within the matrix of
the HEA significantly enhanced hardness through mechanisms of solu-
tion and dispersion strengthening. Furthermore, VC contributed to a
finer dispersion (Fig. 5b), which effectively pinned dislocation propa-
gation. This is evidenced by the increase in dislocation density from
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0.012 nm™ for the HEA matrix to 0.030 nm™ in the VC-reinforced
composite, as detailed in Table 3. In contrast, the coarser dispersion of
TiN particles, as shown in Fig. 5c, elevated the hardness value from 196
+8.55 HV to 721 +22.28 HV and hindered dislocation motion,
resulting in an increase in dislocation density from 0.012 nm™! for the
HEA matrix to 2.5 nm™ for the TiN-reinforced composite (Table 3). The
combination of VC and TiN synergistically improved grain boundary
pinning and obstructed dislocation motion through the creation of
multi-scale barriers, leading to a further increase in dislocation density
to 122.970 nm™ .

The wear rates (Fig. 9a) of the HEA and its composites, tested under
applied loads of 10, 15, and 20 N, indicated that all the composites
displayed superior wear resistance compared to the HEA.

This finding correlates with the microhardness results and agrees
with the Archard law, which states that wear rate is directly propor-
tional to the applied normal load and sliding distance and inversely
proportional to the hardness value of a material [38]. An increase in
wear resistance was observed for the HEA as the applied load increased,
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which may possibly be due to the formation of a plastically deformed
ductile CoCrNI and Cu-rich phase that formed compacted tribolayers
when reinforced by the hard Laves phase and hindered further fric-
tionally induced surface damage. Ren et al. [9] had earlier reported the
formation of tribolayers by segregated Cu-rich nanoprecipitates in the
CoCrNiCux alloy system, while Lu et al. [10] mentioned that the addi-
tion of Nb resulted in the formation of a hard Laves phase in the CoCr-
NiNbx MEA. Moreover, a different trend was observed when various
ceramics were added to the HEA. The incorporation of the ceramics
generally improved the wear resistances of the composites. The
improvement may be explained via the Orowan mechanism, where
non-shearable dispersed ceramic particles force dislocation pile-up to
bow around them. This process formed Orowan dislocation loops that
increased strain hardening and resisted plastic deformation during
sliding [39,40]. The VC addition minimised wear via Orowan looping
and carbide-wear debris compaction, while the TiN reinforcement
reduced abrasive ploughing owing to its high hardness, wear resistance
and excellent lubricating properties that greatly reduced direct contact
points during sliding. The synergy of both ceramics enabled the for-
mation of a tribo-film from compacted wear debris that acted as a
low-shear tribo-layer, which reduced friction coefficients and transi-
tioned wear from adhesive form to non-direct contact protective layer
mode. Conversely, the coefficient of friction (COF) of the HEA increased
from 0.377 to 0.439 and 0.542 at applied loads of 10, 15 and 20 N, as
shown in Fig. 9b, indicating an increase in friction between the con-
tacting surfaces as the sliding load increased owing to the higher fric-
tional contact force. However, a decrease in the COF was observed in the
composites as the applied load increased, which may be due to the wear
debris-reinforcement's ~ forming  protective  tribo-layer. = The
TiN-reinforced composite showed optimal wear performance with a
wear rate of 5.02 x 10® mm® /Nm at a 10 N applied load, which is a
considerable improvement compared with the HEA wear rate of
6.17 x 10™* mm?® /Nm at the same applied load. Along the same line, the
synergistic effect of both ceramics was found to be beneficial, resulting
in the lowest COF of 0.071 at 20 N applied load for the HEA-VC-TiN

Fig. 11. Micrographs of the worn tracks of (a) HEA (b) HEA-VC (c) HEA-TiN (d) HEA-VC-TiN.
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Table 4
Summary of corrosion test data for the HEA and its composites.
Samples Corrosion Corrosion Polarization Corrosion
Potential Current Density Resistance (Q) Rate (mm/
Ecorr (V) jeorr (A/cmz) year)
HEA —0.14618 5.90 x 107° 567.79 0.6909
HEA-VC —0.05481 1.81 x 107* 227.68 2.1051
HEA-TiN —-0.0819 1.38 x 10°* 256.98 1.5738
HEA-VC- —0.000691 6.27 x 107° 472 0.7291
TiN

composite. Hence, the samples' COF profiles at 20 N applied load was
presented in Fig. 10. The COF behaviour revealed that all curves
demonstrated initial run-in stages (0-2500 cycles) and final stabilisation
stages (2500-6000 cycles). The fluctuations observed in the initial
run-in stages could be attributed to frictional shear tearing between the
contacting surfaces [17].

Additionally, an intermittent spike was observed in the COF profile
of the HEA-VC composite at approximately 1500 cycles. This spike is
attributed to a transient adhesive scuffing regime, followed by a self-
healing stabilisation phase. The scuffing phenomenon in the compos-
ite arises from the mismatch at the interface between the hard VC
reinforcement and the relatively softer HEA matrix [41]. As sliding
progresses, strain accumulates at the particle-matrix interface. The spike
indicates the moment when this accumulated strain leads to a localised
breakdown of the mechanically mixed tribo-debris, resulting in micro-
welding between adjacent asperities. The trends observed in the matrix
and other composite profiles differ due to the more uniform deformation
of the HEA, which lacks the rigid ceramics that might anchor or disrupt
the tribo-film. Furthermore, the lower adhesive affinity of TiN for most
metallic sliding interfaces contrasts with that of VC.

The micrographs of the worn tracks of the HEA and its composites,
subjected to a 20 N applied load, are presented in Fig. 11. In the HEA
matrix worn track depicted in Fig. 11a, the metal-to-metal contact
resulted in the formation of loose wear debris due to initial abrasive
wear, which became trapped within the sliding interface. This debris
underwent forced aggregation and cold-welding processes under high-
pressure contact forces that induced mechanical stress during repeated
sliding. Consequently, this led to the deformation of the softer CoCrNi
and Cu-rich phases, which are reinforced by the hard Laves phases,
forming a strain-hardened protective tribo-layer that inhibits further
deformation of the HEA. This suggests that the matrix possesses the
capacity for strain hardening, although it initially exhibits wear from
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abrasive and adhesive mechanisms.

In Fig. 11 b and c, the VC and TiN particles dispersed within the HEA
matrix function as load-bearing sites, limiting the extent of deformation
in the softer phases of the matrix. Adding the ceramics makes the surface
harder, as shown by the hardness values of the composites. This, in turn,
reduces the volume of loose debris and makes deep ploughing less likely
than with the HEA matrix alone. The worn track images of the com-
posites also show a denser, more continuous, and uniform tribo-layer.
This suggests that the matrix-ceramic combination has improved the
tribo-layers that form within the composites. The synergistic effect of
incorporating both ceramics into the HEA promotes the development of
a stable glaze layer that serves as a protective shield, effectively shifting
the wear regime from severe adhesive wear to a milder wear loss and
more stable condition [42]. The tribo-layer has reduced the COF from
0.542 for the HEA matrix to 0.154, 0.192, and 0.071 for the VC-, TiN-,
and VC-TiN-reinforced composites, respectively.

Corrosion resistance of the HEA and its composites
The corrosion resistances of the HEA and its composites were

investigated, and the experimental results are presented in Table 4,
Figs. 12 and 13. The corrosion resistances of HEA and its composites
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Fig. 12. (a) OCP curves and (b) Potentiodynamic polarisation resistance of the HEA and its composites.
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were investigated over time in the 0.5 M H2SOs electrolyte via open
circuit potential (OCP) measurement. The samples underwent an hour-
long OCP test, and at zero applied current, their OCP values were noted.

The open circuit potential changes over time for the samples are
illustrated in the OCP curves presented in Fig. 12a. During the OCP
measurement period, a slight fluctuation in potential around 0.080 V
was observed in the OCP curve of the HEA, while the VC-TiN-reinforced
composite exhibited a more pronounced potential oscillation around
0.082 V. This behaviour indicates the breakdown of a localised passive
layer, followed by passivation regimes occurring on the surfaces of the
samples. The OCP profile for the VC-reinforced HEA began at a more
noble potential of approximately 0.17 V but experienced a sharp decline
within the first 500 s, stabilising around 0.084 V after the initial drop.
The rapid decrease prior to stabilisation suggests the breakdown of the
pre-existing surface layer before the composite achieved steady-state
equilibrium with the corrosive medium. Throughout the testing
period, the TiN-reinforced composite exhibited the lowest and most
stable OCP at 0.069 V. The long-term steady state observed is indicative
of a stable passive film that protects the bulk metal from rapid degra-
dation [43].

The potentiodynamic polarisation curves depicted in Fig. 12b illus-
trate that both the HEA and its composites display distinctive active-
passive transition regions; however, their passivation behaviour is
similar. The HEA demonstrated excellent corrosion resistance, quanti-
fied at 0.6909 mm/year, with a corrosion potential of —-0.14618 V, a
corrosion current of 5.90 x 107° A/cm?, and a polarisation resistance of
567.79 Q, likely due to the formation of a protective passive film. The
synergistic effect of the reinforcements in the HEA-VC-TiN composite
resulted in the lowest corrosion current density of 6.27 x 10~ A/cm?,
indicating good corrosion resistance. However, the composite exhibited
a slightly higher corrosion rate of 0.7291 mm/year compared to the
HEA, which is unexpected, given that lower current densities are typi-
cally associated with higher corrosion resistance. This anomaly may be
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attributed to the ceramic-metal interfaces introduced by the addition of
reinforcements, potentially leading to galvanic coupling that promotes
localised corrosion. This finding is supported by the higher corrosion
currents of 1.81 x 10 and 1.38 x 10™* A/cm? observed in the VC- and
TiN-reinforced composites, respectively.

On the other hand, the HEA demonstrated a more negative corrosion
potential of -0.14618 and a comparatively lower current density of
5.90 x 10° A/cm? as shown in Table 4, suggesting it as a better-
performing corrosion resistance candidate than the HEA-VC-TiN com-
posite. This is evidenced by its lower corrosion rate of 0.6909 mm/year
and higher polarisation resistance of 567.79 Q, as shown in Fig. 13 and
Table 4.

The observations from the potentiodynamic investigation are further
corroborated by the Nyquist and phase angle plots in Fig. 14a—c, which
revealed that the HEA and HEA-VC-TiN-reinforced composite had the
largest arch diameters, which signified their better resistance to charge
transfer compared to the other samples.

Furthermore, the highest phase angle exhibited by the HEA
confirmed that the well-formed passive film on its surface displayed a
double-layer capacitance and acted as a barrier to charge transfer,
indicating that the HEA possessed excellent corrosion resistance. The
findings align with the research of Tanji et al. [44] and Zhang et al. [16],
both of whom agreed that a larger Nyquist plot arch diameter is indic-
ative of superior corrosion resistance in samples. It is important to note
that capacitive loops of larger diameters can be ascribed to an increase in
passive film resistance, which is associated with better corrosion resis-
tance [45,46]. A higher loop diameter is inversely proportional to a
higher resistance to charge transfer and, hence, a lower corrosion rate
[47,48].

Finally, some literature data for the hardness value, COF and
corrosion current density of 316 L stainless steel are listed in Table 5 for
comparison. The hybrid composite in this work exhibited a superior
hardness value to the stainless steel and outperformed it tribological
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Table 5
Summary of the hardness value, coefficient of friction and corrosion resistance of
the HEA-VC-TiN composite.

Material Hardness Coefficient of Corrosion current Ref.
value (HV) Friction (n) density (A/cm?)
This hybrid 736 + 30.79 0.071 6.27 x 107 ° -
316 L 230 +£7 0.647 1.18 x 107 ° [12]
Stainless
Steel

performance. The hybrid also compares favourably with the steel’s
corrosion resistance in 0.5 M sulphuric acid.

Conclusion

In this study, high-entropy alloys (HEA) were successfully fabricated
using directed energy deposition, along with vanadium carbide (VC),
titanium nitride (TiN), and a combination of both ceramics. These ma-
terials were characterised for their potential applications in surface
engineering, specifically in cladding and laser surface alloying. The re-
sults led to the following conclusions.

1. The developed HEA resulted in the formation of multiple phases,
significantly influencing its structure-property characteristics. The
reinforcement of the HEA with ceramics, in both separate and
combined proportions, facilitated further enhancements in its prop-
erties. The modifications could markedly affect its performance in
specific surface engineering applications, particularly in terms of
improving wear and corrosion resistance in harsh environments.

2. Significant enhancements in hardness values and tribological prop-
erties were observed when reinforcing the HEA with various ce-
ramics. The composite exhibited a more than twofold increase in
hardness, rising from 196 + 8.55 HV to 443 + 69.64 HV with VC
reinforcement. The TiN- and VC-TiN-reinforced composites demon-
strated nearly a fourfold improvement in hardness values, achieving
721 +22.28 HV and 736 + 30.79 HV, respectively. The TiN-
reinforced composite also displayed optimal wear resistance,
reducing the wear rate of the HEA from approximately x 10™ to
x 10 mm?® /Nm under a 20 N applied load. However, the syner-
gistic effect of both ceramics led to a lower and more stable COF of
0.071, which represents a substantial reduction compared to the
0.542 and 0.192 COFs observed for the HEA and its TiN-reinforced
composite, respectively, at the same load.

3. The corrosion test revealed that the HEA exhibited the highest
polarisation resistance at 567.79 Q, alongside a corrosion rate of
0.6909 mm/year. This was closely followed by the combined
ceramic-reinforced composite, which demonstrated a polarisation
resistance of 472 Q and a corrosion rate of 0.7291 mm/year. These
results indicate that reinforcing the HEA with both ceramics provides
superior corrosion resistance compared to the individual ceramic-
reinforced composites.

Finally, the properties of Cogz2Craz oNigs 2Cugs oNbi1 o HEA were
successfully improved for surface engineering applications by reinforc-
ing it with different ceramics. The experimental results indicated that
the composites are suitable for surface engineering processes, including
cladding for surface protection against corrosion and wear, as well as
surface alloying for refurbishing worn surfaces.
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