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ARTICLE INFO ABSTRACT

Keywords: The extension of service life of Ni-based superalloys requires repair materials capable of operating in wear and
MMC corrosive environments, where conventional filler alloys often lack sufficient robustness. This work evaluates

Tungsten carbide Alloy 718 reinforced with WC nanoparticles as candidates for such applications. Ex-situ composites containing

1718 \ 1.25-5.0% WC were produced by suction casting, and their microstructure, phase composition, tribological and
ncone; . . . s P . . .
Superalloy corrosion behavior were characterized. A dendritic structure consisting of a y-matrix was observed in all variants.

In the unreinforced alloy, segregation to interdendritic regions led to precipitation (Nb,Mo)C carbides and Laves
phase. Synchrotron-based analyses, coupled with electron microscopy, confirmed partial dissolution of WC
during solidification, leading to complex (Nb,Mo,W)C carbides and a marked reduction in the Laves phase. Steam
oxidation at 704 °C for 1000 h showed that all WC-modified variants exhibited lower mass gain compared with
Alloy 718. Exposure in Ar+ 0.25% SO: revealed that increasing WC content suppressed NisSz formation and
reduced mass gain to 1.144 mg-cm™ at 5% WC. Hardness increased from 198HV10 to 221HV10 with 5% WC,
accompanied by a modest improvement in dry-sliding wear resistance. These results demonstrate that WC-
reinforced Alloy 718 offer enhanced environmental resistance and improved mechanical response, making
them promising repair materials for Ni-based superalloys.

foreign-object damage. From an industrial perspective, extending the
lifespans of such high-value components is not only technologically
desirable but also economically imperative for sustainability, circular

1. Introduction

Ni-based superalloys are indispensable materials in aerospace, power

generation, and petrochemical industries due to their excellent strength,
oxidation resistance, and phase stability at elevated temperatures [1].
Components manufactured from these alloys, particularly turbine
blades, vanes, shrouds, and combustor hardware, operate in environ-
ments characterized by steep thermal gradients, cyclic mechanical
loading, particulate erosion, and corrosive atmospheres [2]. These
demanding conditions inevitably lead to degradation mechanisms,
including tip wear, hot corrosion, sulfidation, microcracking, and
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manufacturing, and life-cycle cost reduction. Consequently, selecting
filler materials with specific properties-such as high weldability, crack
resistance, and thermal compatibility-is essential for successful repair
[3]. Recent findings indicate that the stress field at the squealer tip is
relatively low, suggesting that modern Ni-based superalloys may not be
necessary there [4]. Kang et al. [5] calculated that the stress near the
blade root for root and tip radii of 0.55 m and 0.53 m is roughly 61 MPa.
Precipitation-strengthened Ni-based superalloys often exhibit a high
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fraction of y' phase, which, while beneficial for creep resistance, in-
creases susceptibility to liquation and solidification cracking during
fusion-based repair processes [6]. Alloys that exhibit high weldability
and comparatively lower fractions of strengthening precipitates are
therefore preferred as repair fillers, with Alloy 718 (Inconel 718) being
widely recognized for this purpose due to its favorable combination of
weldability, corrosion resistance, and service strength up to approxi-
mately 650 °C. However, despite these advantages, conventional Alloy
718 still exhibits insufficient hardness and wear resistance in applica-
tions involving intense abrasion or impact at elevated temperatures,
conditions typically experienced by blade tips and seal segments [7].

This performance limitation has catalyzed interest in Ni-alloy-based
metal matrix composites (MMCs). In these systems, ceramic re-
inforcements are added to enhance wear and corrosion resistance, as
well as high-temperature strength. Ceramic particles such as carbides
(TiC [8], NbC [9]), oxides (Al5O3 [10], Y203 [11]), and borides (TiBy
[12]) have been incorporated into various Ni-based matrices. These ef-
forts have shown improvements in hardness and tribological behavior.
Among the reinforcing phases, tungsten carbide (WC) is particularly
attractive due to its exceptional hardness of nearly 26 GPa and fracture
toughness (~5.9 MPa-m'/?). It also offers moderate thermal conduc-
tivity (~130 W/m-- K), outstanding wear resistance, and good me-
chanical strength up to 1000 °C [13]. Its high melting point (2870 °C)
and stiffness make it suitable for severe-service applications where
conventional Ni-alloys degrade rapidly. Tungsten carbides exhibit
favorable wettability and chemical compatibility with metallic matrices,
mainly due to their relatively low thermal expansion. This enhances
confidence in their bonding and overall performance. WC has a hexag-
onal crystal structure (a =b = 2.9290 A, c=2.8400 10\), whereas y-Ni has
a cubic structure (a=b=c=3.4800 A). The lattice mismatch between WC
and y-Ni, which lies between 6% and 12%, allows WC to act as a highly
effective nucleation site for y-Ni [14]. This limited interfacial disregistry
helps develop semi-coherent interfaces. As a result, WC is widely
recognized as a promising reinforcement for Ni-based alloys by
enhancing interfacial bonding and stabilizing the matrix through
controlled interfacial reactions [15].

Previous studies on Ni-based alloy+WC systems have demonstrated
that WC forms effective metallurgical bonding with Alloy 718, providing
nucleation sites that increase both hardness and wear resistance
[16-18]. According to Lu Xu et al. [19], who laser-cladded IN718
composite coatings with different WC-Co particle sizes and concentra-
tions, increasing WC-Co addition led to the simultaneous formation of
various carbides, pronounced grain refinement, and superior hardness
and wear resistance, accompanied by an increased tendency toward
cracking. Deschuyteneer et al. [20] reported that NiCrBSi/WC coatings
produced by laser cladding exhibited contrasting behavior depending on
the carbide morphology. Coarse WC promoted superior wear resistance
under rolling contact, whereas finer carbides were more beneficial in
sliding wear regimes. Garcia et al. [21] further showed that the
improvement in wear resistance is strongly dependent on WC content.
The wear rate decreases rapidly with increasing reinforcement fraction
up to approximately 27 wt%, beyond which additional WC produces
only marginal benefits. Increasing WC levels also alters the dominant
wear mechanisms, leading to a transition from adhesive/oxidative to
predominantly abrasive wear. Paul et al. [22] investigated Ni+WC
composite clads fabricated by laser cladding, focusing on solid particle
erosion. The study indicated that greater WC additions were associated
with improved hardness and superior erosion resistance. Investigations
by Tian et al. [23] on multilayer Inconel 625/WC claddings revealed an
important trade-off, although higher WC contents enhance wear per-
formance, they may simultaneously deteriorate corrosion resistance.
Consequently, corrosion behavior must be assessed alongside tribolog-
ical evaluation, particularly given the service environment. Liu et al.
[24] showed that, for HVOF-sprayed coatings, the decline in corrosion
resistance arises mainly from partial dissolution of WC and the associ-
ated formation of secondary carbides.
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Yet, achieving the desired synergy between the metallic matrix and
ceramic reinforcement remains far from trivial. The beneficial effect of
WC additions depends strongly on processing route, interfacial re-
actions, particle stability, degree of dissolution, and spatial distribution
within the matrix. Partial dissolution of WC during high-temperature
processing can release W and C into the melt. This release promotes
the formation of secondary carbides or complex intermetallics. Micro-
structural changes induced by its dissolution represent key challenges
limiting the reliable use of Ni-based alloy/WC composites in harsh
operating environments [25]. Such changes may either strengthen or
provoke embrittlement and corrosion susceptibility, depending on the
resulting chemistry and morphology. Moreover, the large density dif-
ference between WC (15.63 g/cm® and Ni-based superalloys
(8.19-8.22 gm/cm® for Alloy 718) can promote particle segregation,
agglomeration, or sedimentation. This difference can lead to local
compositional heterogeneity and nonuniform mechanical response [26].
Understanding and controlling these phenomena requires a detailed
analysis of the as-cast microstructure and early-stage phase stability of
the composite system. Another crucial aspect is corrosion behavior
because repaired components frequently operate in oxidizing or
sulfur-containing environments at intermediate to high temperatures.
The incorporation of WC can influence passivation kinetics, change local
galvanic interactions, and modify diffusion pathways at grain bound-
aries [27]. Secondary carbides or W-rich phases formed via WC disso-
lution may either stabilize or destabilize the passive film, depending on
the extent of microstructural degradation [28]. Hence, any new com-
posite filler material intended for the repair of Ni-based superalloys must
be evaluated not only in terms of hardness or wear behavior but also for
corrosion resistance, which is directly linked to service durability.
Among various fabrication routes, suction casting presents a compelling
method for producing small-diameter rods and laboratory-scale billets
for welding or cladding applications. The rapid solidification inherent to
suction casting can refine dendritic structures, suppress porosity, and
reduce segregation compared with conventional casting. These features
are beneficial for fabricating composite filler rods, where microstruc-
tural uniformity and low defect content are essential for stable deposi-
tion during repair.

Existing studies on Ni-based alloy + WC systems primarily focus on
performance improvements, such as hardness and wear resistance. At
the same time, the underlying mechanisms of phase evolution and car-
bide transformation remain unclear. There is consensus that WC addi-
tions can enhance tribological performance. However, significant
discrepancies remain regarding the stability of WC particles and the
extent of their dissolution during high-temperature processing. In
particular, the interaction between dissolved W and C and the formation
of MC carbides in Nb-containing superalloys, such as Alloy 718, has not
yet been systematically elucidated. Furthermore, most previous research
has focused on coatings produced by laser cladding or thermal spraying.
The microstructure and properties of WC-modified Alloy 718 processed
under suction-casting conditions remain insufficiently explored, partic-
ularly with respect to WC dissolution kinetics and their combined
impact on wear and corrosion performance. The current research ad-
dresses this knowledge gap by investigating the relationship among
processing, microstructure, and properties. It first focuses on the evo-
lution of the as-cast microstructure of WC-modified Alloy 718, including
phase transformation temperatures, phase composition, and, finally, the
resulting tribological and corrosion behavior. In a broader sense, the
work advances repair and remanufacturing technologies for Ni-based
superalloys, consistent with industrial trends toward sustainability,
resource efficiency, and extended component life.

2. Materials and methodology
2.1. Fabrication of materials

The Alloy 718 atomised powder (Ni-19.8Cr-18.55Fe-5.2Nb-2.98Mo-
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0.56A1-0.1Si-0.005 C, wt%) with a spherical particle size distribution of
20-45 pm served as the matrix of the composite. As the ex-situ rein-
forcing phase, tungsten carbides (NPs- nanoparticles) with a purity of
99.5% and an average particle size below 100 nm were employed.
Subsequently, they were blended in the Fritsch Pulverisette 6 planetary
mill to homogenize Alloy 718 with WC (+1.25, 2.5, 3.75, and 5.0%).
Each variant served as the feedstock for fabricating cylindrical rods
(¢5 x50 mm) via suction casting with an arc-melting system (Edmund
Biihler GmbH). The assembly comprised a water-cooled copper base and
a two-part mold, which enabled rapid suction of the liquid material into
the mold's cavity. The protective atmosphere was achieved using Ar
(5.0) via three successive cycles of evacuation and backfilling, while a
titanium getter was used to remove residual oxygen. Melting of powders
was carried out using an electric arc generated between a tungsten
electrode and a copper base. Upon opening the drain valve, the molten
material was rapidly drawn into the mold due to the pressure gradient
between the chamber and the vacuum reservoir. Suction-cast rods with a
5 mm diameter exhibit cooling rates of about 100 °C/s [29]. It leads to
solidification within a few seconds. Both ends of the cast rods were
machined, and the resultant specimens were prepared for the subse-
quent characterization procedures described in the following section.

2.2. Methodology of experiments

2.2.1. Thermodynamical modelling with Thermo-Calc® software
Thermodynamic simulations were performed with Thermo-Calc®
software (TCNL:10 database, 2024b) to assess phase stability and so-
lidification for tungsten and carbon enrichment. The simulations
assumed complete dissolution of WC particles in the Alloy 718 matrix.
The Scheil-Gulliver approximation was used to model non-equilibrium
solidification, identifying both primary solidification phases and segre-
gation tendencies. Equilibrium calculations complemented this by
determining the stability ranges of secondary phases over 600-1400 °C.

2.2.2. Dilatometry and differential scanning calorimetry

Thermal expansion behavior was investigated using a non-contact
optical dilatometer (TA Instruments DIL 806). This instrument mea-
sures changes in the length of a sample without physical contact as it is
heated. Cylindrical specimens (¢p4.5 mmx20 mm), were heated from
room temperature to 1240 °C at a steady rate of 0.08 °C/s. The measured
change in sample length at different temperatures was used to determine
the linear coefficient of thermal expansion (CTE). Differential scanning
calorimetry (DSC) was performed with a Netzsch STA 449F3 Jupiter
thermal analyzer. In this method, about 0.1 g of material was placed in
covered crucibles made of aluminum oxide (Al20s). The DSC involves
controlled heating from room temperature to 1400 °C at 20 °C/min,
holding the sample at 1400 °C for 3 min to allow the temperature to
stabilize, and then cooling to 1000 °C at the same rate.

2.2.3. High-energy synchrotron X-ray diffraction

Phase identification and quantitative phase analysis were performed
at room temperature using high-energy synchrotron X-ray diffraction at
the PETRA III facility (DESY, Hamburg, Germany). Polished disc-shaped
specimens (5 x 2 mm) were examined using monochromatic radiation
(A = 0.142342 ;\). Two-dimensional diffraction data were processed
using the Fit2D software. To improve statistical reliability and achieve
accurate Rietveld refinement, samples were continuously rotated by 90°
around the w-axis during data acquisition, enabling the collection of
complete diffraction rings within a single detector exposure, thereby
improving the precision of volume fraction measurements [30,31].

2.2.4. Scanning- and scanning-transmission electron microscopy
Suction-cast rods for SEM analysis were cut into slides, mechanically
ground with SiC papers, and polished with diamond suspensions, fol-
lowed by final polishing with OP-S colloidal silica. Electrochemical
etching was performed in a 10% oxalic acid solution for 5 s to reveal
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microstructural features. Observations were conducted using a Thermo
Fisher Scientific Phenom XL microscope equipped with an Energy-
Dispersive X-ray spectroscopy (EDX) detector, operated at an acceler-
ating voltage of 20 kV. Distribution maps were acquired to assess solute
partitioning. The partitioning coefficient k' for individual alloying ele-
ments was calculated using Eq. (1):

_S%

ki =-D
Co

@

Where: Cicorresponds to the concentration of element measured in

dendrite cores via point analysis, and C. represents the average con-
centration in region encompassing both dendritic and interdendritic
areas, at.%

The crystallographic orientation of the microstructural regions was
determined by electron backscatter diffraction (EBSD). Measurements
were performed using a field-emission scanning electron microscope
(FE-SEM, FEI VERSA 3D) equipped with an Oxford Instruments Sym-
metry S2 CMOS EBSD detector, enabling the acquisition of diffraction
patterns and the generation of crystallographic orientation maps. EBSD
data were acquired at an accelerating voltage of 20 kV, a probe current
of approximately 26 nA, and a specimen tilt angle of 70°, using a step
size of 100 nm. Diffraction patterns were stored and subsequently
reprocessed using dynamic template matching implemented in AZtec
Crystal MapSweeper software. This approach was employed to over-
come limitations of conventional Hough-based indexing in distinguish-
ing crystallographically similar phases, thereby improving phase
discrimination between NbC precipitates and the FCC matrix and
enhancing the reliability of Laves-phase indexing.

The Alloy 718 + 5.0 wt% WC variant was selected as a representa-
tive material for scanning-transmission electron microscopy (STEM).
Electron-transparent lamellae were prepared from targeted regions
using Ga* focused ion beam milling in a Zeiss Crossbeam 350 system.
STEM investigations were performed using a Cs-corrected FEI Titan
Cubed G2 60-300 microscope operating at 300 kV and equipped with a
ChemiSTEM detector system. Imaging was conducted in bright-field
TEM and high-angle annular dark-field (STEM-HAADF) modes. Crys-
tallographic and phase identification analyses were performed using
selected area electron diffraction (SAED) and atomic-resolution imag-
ing, with fast Fourier transform (FFT) analysis indexed using JEMS
software.

2.2.5. Oxidation resistance tests in steam and Ar+ 0.25% SO2 gas mixture

The oxidation behaviour of the materials was evaluated using disc-
shaped specimens (¢5 x 2 mm) that were ground on sandpaper (final
grit size 2000) and then ultrasonically cleaned in isopropanol in an ul-
trasonic bath for 15 min at 40 °C. After drying, the specimens have been
carefully weighed using an analytical balance (accuracy 10> g). Steam
oxidation tests were conducted at 704 °C in a steam with an oxygen
partial pressure of 10°® under a total pressure of 0.1 MPa, following
procedures described in Ref. [32]. High-temperature corrosion experi-
ments in a more aggressive environment were carried out at 704 °C in an
Ar + 0.25 vol% SO: gas mixture, creating a reduced-oxygen environ-
ment. The experimental setup and exposure protocol followed meth-
odologies reported elsewhere [33]. Mass gain measurements in both
tests were recorded after exposure durations of 10, 25, 100, 250, 500,
750, and 1000 h. Oxidation kinetics were evaluated using the time
exponent approach according to Eq. (2):

log <%V> =logk+ nlogt 2

Where: AW is the mass change, mg; A is the exposed surface area, cm% k
is the rate constant, t is time, h; and n is the kinetic exponent.

After 1000 h of exposure, the surface and cross-sectional morphol-
ogies of the oxide scales were examined by SEM. Phase identification of
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the corrosion products was performed by X-ray diffraction using a
Panalytical Empyrean diffractometer equipped with CuKa radiation (A =
1.5405 A) and X'Pert HighScore software.

2.2.6. Hardness and wear resistance tests

Vickers hardness (10 kgf) measurements were performed using a
Zwick/Roell hardness tester. For each material variant, 10 indentations
were made to obtain statistically representative average hardness values
and standard deviations. Dry-sliding wear resistance was evaluated
using a T-05 roller block tribometer in accordance with the requirement
of ASTM G77 standard [34]. Rectangular specimens (4 x 4 x 20 mm)
were tested against a hardened 100Cr6 steel ring (55 HRC, 949.5 x
8 mm). The contact surfaces of the countersamples were prepared by
grinding and polishing to obtain an average surface roughness of
R,= 0.3 um. The tribological tests were carried out under controlled
laboratory conditions at 21 °C and 43% relative humidity. The test
configuration ensured perpendicular contact between the specimen and
the rotating counterpart. Testing parameters included a rotational speed
of 200 rpm, an applied load of 100 N, and a sliding distance of 500 m.
Wear rates were calculated using Eq. (3):

Am

where Am is the mass loss, mg; L is the applied load, N; Syis the sliding
distance.

Post-test wear surfaces were analyzed using SEM in both secondary
electron (SE) and backscattered electron (BSE) imaging modes to
elucidate dominant wear mechanisms.

3. Results and discussion

3.1. Scheil solidification modeling and equilibrium phase stability
predicted by Thermo-Calc

In the ThermoCalc modelling, it is assumed that the ex-situ-
introduced WC nanoparticles completely dissolve during suction cast-
ing, resulting in local enrichment of Alloy 718 with W and C. The Scheil
solidification simulations, together with equilibrium phase stability
predictions, indicate how dissolution of WC may modify the alloy's so-
lidification path and phase stability (Table 1, Fig. 1). For the reference
Alloy 718, the model predicts solidification to start with the formation of
a Ni-rich y matrix, followed by precipitation of MC-type carbides and the
Laves (C14) phase. Owing to compositional segregation, the interme-
tallic 8-NisNb (DOa) phase may also form. However, its formation re-
quires pronounced segregation and extended time, conditions more
typical of large industrial castings than of rapidly solidified suction-cast
rods. When the alloy composition is enriched in W and C, corresponding
to additions of 1.25% WC and 2.5% WC, the simulations forecast the
same principal phases: y matrix, Laves phase, MC carbide, and the
possible appearance of the & phase. Notably, the & phase is not predicted
to form in the 3.75% and 5.0% WC-containing variants, implying that
Nb is preferentially tied up through MC carbide formation due to the
additional carbon supplied by dissolved WC. This suggests that partial
dissolution of WC NPs is more likely to promote the reprecipitation of
complex MC carbides rather than the regeneration of stoichiometric WC.

Equilibrium phase fraction vs temperature diagrams for the Alloy
718 and for its compositions enriched in W and C are shown in Fig. 1.
The simulations for the reference alloy predict the presence of § and y'
intermetallic phases together with MC and M23Cs carbides. In heat-
treated Alloy 718, ' and y" precipitates are the key strengthening con-
stituents. They typically occur as nanoscale particles within the y matrix
and maintain coherent or semi-coherent interfaces with it [35]. The y"
phase is metastable and may transform into 8 during extended ageing, a
transformation pathway that is also reflected in the simulation results.
The calculated phase stability limits indicate that y' persists up to
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Table 1

Summary of Scheil solidification results (primary phases), transformation tem-
peratures, and equilibrium phase fractions at 704 °C for Alloy 718 and variants
with W and C.

Addition of 0 1.25 2.5 3.75 5.0
wcC

to Alloy 718,

%wt

Phases and phase transformation temperature predicted by
Scheil solidification modelling

Phase ¥, Laves, v, Laves, Y, Laves, Y, Laves, ¥, Laves,
MC, § MC, § MC, & MC MC
Solidus/ 1252/ 1261/ 1269/ 1280/ 1287/
Liquidus 1336 1331 1327 1327 1330
Solvus temperature of phase in equilibrium conditions, °C
M23Ce 736 739 728 729 733
Laves - 631 739 820 890
8 1000 980 948 929 900
Y 780 761 751 740 730
MC 1185 1300 1320 1390 < 1400
Volume fraction of phase in 704°C in equilibrium conditions
M3Ce 0.0009 0.0206 0.0405 0.0595 0.0654
Laves 0 0 0.0054 0.0177 0.0324
8 0.161 0.162 0.160 0.157 0.152
Y 0.0246 0.0254 0.0243 0.0264 0.0218
MC 0 0 0 0
Solidus-liquidus temperature range in equilibrium conditions,
°C
Solidus 1259 1270 1279 1280 1290
Liquidus 1329 1329 1325 1320 1319

approximately 781 °C, while & remains stable up to about 1034 °C. MC
carbides exhibit a high solvus temperature, close to 1184 °C, and
therefore tend to coexist with the y matrix throughout solution treat-
ment. Below roughly 736 °C, M2sCs carbides become thermodynamically
favoured through the reaction MC + y — M2sCes + y'. Enrichment in W
and C associated with dissolution of WC NPs markedly modifies the
stability ranges and relative fractions of these phases in the Alloy 718
matrix. In Alloy 718 and the modified variants, the model predicts that
under equilibrium conditions, the main strengthening phase is -NigNb,
which is a stable phase formed from the phase transformation of meta-
stable y"-NigNb precipitates. However, modification of the chemical
composition decreases its stability, and the solvus temperature of the &
phase drops to approximately 900°C in the Alloy 718 4+ 5.0% WC
variant. A similar trend is also evident in the §-phase volume fractions
determined at 704°C across variants. Due to the presence of Al and Ti in
the chemical composition of Alloy 718, the model predicts the presence
of the intermetallic y' phase under equilibrium conditions. As in the case
of the & phase, a decrease in the y' solvus temperature is observed with
chemical composition modification from 780°C to 730°C. The Scheil
model did not predict the y’ intermetallic phase because it precipitates
from the supersaturated y solution after the material has solidified. The
Scheil solidification model predicted that the main primary strength-
ening phase is MC carbides, which is known for its very high stability at
high temperatures, as shown in the graph under equilibrium conditions.
The solvus temperature of the MC carbides increases with the initial
amounts of W and C in Alloy 718, thus, in the Alloy 718 + 5.0% WC
variant, it dissolves in the liquid above 1400 °C. At intermediate tem-
peratures, the model predicts that My3Cg carbides will be more stable.
This behaviour indicates a potential MC+ y—Ma3Ce+ 7' phase trans-
formation. However, this transformation occurs very slowly, and even
after long service, MC carbides remain in the microstructure. The scale
of this phase transformation is illustrated by the example of the
heat-treated René 108 Ni-based superalloy casting [36]. Ageing led to
the formation of a 10 nm-thick My3Cg layer via phase transformation.
Similarly, such a transformation can occur during the service of Alloy
718 +WC. The solvus temperature of M33Ce carbides does not change
significantly with increasing W and C concentrations in the Alloy 718,
probably because the main carbide-forming element in the crystal
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Fig. 1. Equilibrium phase stability of Alloy 718 and W- and C-modified compositions.

structure is Cr. It can only be seen that increasing C concentration causes
it to theoretically be bound by Cr from the y solid solution at interme-
diate temperatures, which translates into an increase in the volume
fraction at 704 °C from 0.0009 in the Alloy 718 superalloy to 0.0654 in
the Alloy 718 + 5.0% WC variant. Because the model predicts the
transformation of the Nb-rich MC carbide into a carbide composed pri-
marily of Cr, the excess Nb is bound by Ni to the Laves phase. Therefore,
the phase equilibrium diagram shows an increase in the volume fraction
of this phase with increasing W and C concentrations. Because of their
pronounced thermodynamic stability, MC carbides are expected to make
an important contribution to strengthening at both room and elevated
temperatures. The simulations further show that the solidus temperature
rises from about 1270 °C (+1.25% WC) to approximately 1290 °C as the
WC content increases to 5.0%. In contrast, the liquidus temperature
decreases slightly with increasing W and C additions, from 1329 °C to
1319 °C. These trends indicate that the dissolution of WC NPs into Alloy
718 can modify its solidification behaviour and, consequently, its

3.0

Q

T, 1362°C
_______________________________ =4

i Dissolution of

H PreHItH Nb-rich MC carbides |
'
bl 1259°C |

: of eutectic Laves +y |

10

1125 1150 1175 1200 1225 1250 1275

Heat Flow,mW/mg
-
w
T

05 Ts1277°C 1553/
A
0.0 [ ——
T T T T T
1100 1150 1200 1250 1300 1350

Temperature,”C

1400

microstructure and properties. This observation forms the basis for the
experimental investigations discussed in the following subsections.
The DSC heating curves of the reference Alloy 718 and the four WC-
modified variants, along with corresponding data on phase trans-
formation temperatures, are presented in Fig. 2 and Table 2. A sequence
of closely spaced endothermic effects is observed between 1150 and
1275 °C during heating of the unmodified Alloy 718. These endothermic
effects are interpreted as manifestations of incipient melting occurring
ahead of the principal melting peak. The first peak in the sequence,
observed at around 1186 °C, is assigned to the dissolution of the Laves
phase. Comparable endothermic effect between 1162 °C and 1190 °C
was reported in as-cast Alloy 718 [37], linking it to a Laves/y eutectic
reaction. After melting begins, the degree of liquation rises sharply with
temperature. Sohrabi et al. [38] observed that, during annealing of
Inconel 718, the Laves phase begins to dissolve at temperatures slightly
above 1150 °C and disappears as the temperature approaches 1200 °C.
This evidence strongly supports attributing the initial DSC endothermic
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Fig. 2. DSC on-heating thermograms obtained for: a) Alloy 718; b) Alloy 718 with WC.
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Table 2
DSC-determined phase transformation temperatures of Alloy 718 + WC
nanocomposites.

WC addition to Alloy 718, 0 1.25 2.5 3.75 5

°C

Upon Heating at 20 °C/min

Max. rate of Laves phase 1186 1190 1182 1195 1206
dissolution, °C

Max. rate of carbides 1259 1288 1312 1326 1335
dissolution, °C

Solidus 1277 1273 1277 1267 1276

Liquidus, °C 1362 1364 1358 1358 1354

Upon cooling at 20 °C/min

Liquidus, °C 1344 1315 1309 1302 1308

Solidus, °C 1256 1257 1257 1256 1258

Max. rate of carbides/ - 1252/ 1283/ 1289/ 1296/
Laves phase /1156 1072 1089 1109 1129

precipitation, °C

signals to Laves-phase dissolution. The next endothermic peak, centered
near 1259 °G, is likely related to NbC carbides dissolution and exhibits a
lower intensity, implying a reduced phase fraction. The extrapolated
onset of melting (Solidus) was found at 1277 °C, while the liquidus
temperature is recorded at 1362 °C. Accordingly, the melting range of
the reference Alloy 718 is about 85 °C. The total melting enthalpy,
evaluated by integrating the area under all discernible endothermic
peaks, is approximately 155 J/g. The DSC heating curve of the Alloy
718 + 1.25% WC composite exhibits a shape and endothermic features
very similar to those of the reference variant. The first endothermic ef-
fect, observed at 1190 °C, is most likely associated with the dissolution
of the intermetallic Laves phase. The addition of 1.25% WC therefore
slightly raises the solvus temperature of the Laves phase, however, the
reduced intensity of this effect suggests its lower initial volume fraction.
Further support for this interpretation is provided by the more pro-
nounced endothermic peak detected at 1288 °C, which is attributed to
the dissolution of MC carbides. Notably, this solvus temperature is 29 °C
higher than that of the reference alloy, indicating a modification of the
carbides' chemical composition. Further increasing the WC content in
Alloy 718 results in pronounced changes in the shape of the DSC curve.
Within the temperature range of 1125-1225 °C, only very small endo-
thermic effects attributable to the dissolution of the Laves phase are
detected. Compared with the two previously analysed samples, this
observation suggests a further reduction in the Laves phase's volume
fraction due to WC addition. The most prominent change is the splitting
of the melting peak from a single event into two connected endothermic
peaks. In addition, increasing WC content alters the relative intensities
of these peaks, with the lower-temperature peak becoming progressively
more pronounced compared to the higher-temperature one. The
lower-temperature peak is most likely associated with the dissolution of
the MC carbides. A systematic shift of this peak toward higher temper-
ature with increasing WC content is evident, indicating both more MC
carbides in the microstructure and their enhanced thermal stability. This
behaviour is most likely driven by a change in carbide chemistry, from
the (Nb, Mo)C-type carbides typical of Alloy 718 to more complex car-
bides incorporating W. The peak temperatures corresponding to MC
carbide dissolution are 1312 °C, 1326 °C, and 1335 °C for WC additions
of 2.5, 3.75, and 5 wt%, respectively. He et al. [39] noted that the
molten pool, containing WC particles suspended in a Ni-rich liquid, is a
reactive environment where multiple metallurgical and chemical pro-
cesses occur. Upon heating, WC decarburizes, forming W:C or
sub-stoichiometric WCx phases. In composites of Inconel 718 with WC,
the particles can participate in sequential dissolution-diffusion re-
actions, including 2 WC — W2C + C and subsequent W2C — 2W + C
[40]. The second endothermic peaks, which are associated with the
melting of the y matrix, are also observed in the DSC curves. The tem-
peratures of these peaks fall within a very narrow interval and show a
slight downward trend with increasing WC content, decreasing from
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approximately 1364 °C to 1354 °C. These values remain very close to
those measured for the Alloy 718 (1362 °C). Overall, the modification of
Alloy 718 by the addition of WC NPs enhances the thermal stability of
the strengthening precipitates while preserving solidus and liquidus
temperatures comparable to those of the base material.

The crystallization enthalpy of Alloy 718, determined by integrating
the area under the principal exothermic peak (Fig. 3a), equals 146 J/g.
This value closely matches the alloy's melting enthalpy, indicating
thermodynamic consistency and confirming the reversible character of
the observed phase transformations under assumed experimental con-
ditions. The cooling of Alloy 718 shows solidification onset at 1344 °C
(liquidus, T1), determined from the extrapolated beginning of the first
exothermic peak, which has a minimum at 1339 °C. A subsequent
exothermic peak, with an onset at 1160 °C and a minimum at 1156 °C, is
attributed to Laves phase precipitation. Knorovsky et al. [41] reported a
y/Laves eutectic reaction near 1200 °C in Inconel 718, underscoring the
influence of niobium segregation on Laves phase formation and its later
dissolution during heating. Solidification in all Alloy 718 + WC com-
posites starts through the L — vy reaction, with Ty, varying between 1315
and 1302 °C (Fig. 2b). A shift in the solidification peak of Alloy
718 +WC composites toward lower temperatures and also splitting into
two peaks was observed. In the 1.25% WC variant, this second, very fine
effect is observed at 1252 °C and is associated with the precipitation of
MC carbides. For higher WC addition, the peak associated with the
precipitation of MC carbides becomes increasingly pronounced, and its
temperature gradually increases to approximately 1296 °C in the Alloy
718 + 5.0% WC variant. The gradual increase in the carbide precipita-
tion rate may indicate a change in the chemical composition. Thermo-
Calc simulations also indicated that increasing the W and C
concentration in Alloy 718 raises the carbide solvus temperature. Only
small thermal effects from Laves phase precipitation are observed in
Alloy 718 +WC composites, suggesting a significant reduction in its
volume fraction below the detection threshold. Quantitatively, the
thermal effect associated with the precipitation of y/Laves eutectics is
negligible in the overall heat balance of the phase changes taking place
during solidification. A peak associated with this process is observed in
the temperature range of 1072 °C (1.25% WC) - 1129 °C (5% WC). Our
results provide compelling confirmation of Cieslak et al. [42] conclusion
that increased carbon content promotes MC carbide formation at the
expense of Laves-phase precipitation in Nb-bearing Ni-based superal-
loys. Consistent with this, He et al. [39,40] showed for Inconel 718
reinforced with 40-60 wt% WC fabricated by laser-directed energy
deposition that dissolved WC acts as a reservoir of W and C. This
reservoir drives NbC formation (Nb + C — NbC) and can facilitate
n-(FesWs)C formation from reactions involving WC, W, and the liquid.
Gibbs-energy trends clearly indicate that W2C becomes increasingly
favoured at elevated temperatures, rendering it easier to form than WC
in the molten matrix. However, because W2C is metastable, solidification
shifts the thermodynamic stability toward WC, leading the initially
precipitated W2C to break down and convert to WC.

The ex-situ added WC nanoparticles possess a high surface-to-
volume ratio, which significantly accelerates their dissolution in the
molten Alloy 718 matrix. Consequently, the dissolution time of nano-
particles is orders of magnitude shorter than that of conventional
micron-sized particles. The absence of WC or W>C carbides in this study
can therefore be explained by several thermodynamic and kinetic fac-
tors, including the stronger Nb-C bonding and the early nucleation of
Nb-rich MC carbides. During the solidification of Alloy 718, Nb exhibits
strong microsegregation toward interdendritic regions, which signifi-
cantly influences carbide precipitation. MC carbides nucleate rapidly in
the Nb-enriched liquid because niobium has a stronger chemical affinity
for carbon than tungsten. Nb-rich carbides act as effective carbon sinks
that suppress the formation of other carbide types. As a result, the
available carbon is preferentially consumed by Nb during carbide
nucleation, leaving a lack of carbon available for the reprecipitation of
WC or W2C carbides. Furthermore, the MC carbide lattice can dissolve
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Fig. 3. DSC curves recorded during cooling from liquid state: a) Alloy 718; b) Alloy 718 with WC.

other metallic elements, such as Mo and W, forming more chemically
complex carbides. Instead of forming separate WC or W2C carbides,
tungsten atoms are therefore incorporated into the existing Nb-rich MC
carbides and play a role in the solid-solution strengthening.

The coefficient of thermal expansion (CTE) is a key parameter in the
design of materials for temperature service, particularly for repair ap-
plications of Ni-based superalloys. Differences in thermal expansion
among various strengthening phases can lead to stress accumulation
during heating and cooling cycles, thereby promoting cracking and
premature failure. Therefore, understanding the dilatometric behaviour
of Alloy 718 modified with WC NPs is essential for evaluating its suit-
ability as a repair material. Fig. 4a presents the dilatometric curves of
Alloy 718 and its WC-modified versions recorded during continuous
heating. In all cases, the elongation increases with temperature, con-
firming typical thermal expansion behaviour. A slight increase in the
slope of the dilatation curves is observed with increasing temperature,
indicating a gradual acceleration of expansion. At the maximum tem-
perature of 1240 °C, the reference Alloy 718 exhibits the highest total
elongation, reaching approximately 2.21%. The incorporation of WC
nanoparticles results in a systematic reduction in the maximum elon-
gation to 2.18%, 2.04%, 1.93%, and 1.86% with increasing WC NPs
content, demonstrating that their addition effectively suppresses the
overall thermal expansion of Alloy 718. The calculated CTE values,
summarized in Fig. 4b, decrease progressively with increasing WC
fraction. This behaviour can be attributed to the intrinsic thermal
expansion characteristics of the individual phases. The y Ni matrix has a
relatively high CTE due to its metallic bonding and chemical composi-
tion, whereas strengthening phases, such as intermetallics and carbides,
exhibit lower CTEs [43]. Tungsten carbide, in particular, has a low CTE,
and its presence in the matrix can limits macroscopic elongation [13].
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Consequently, increasing the WC NPs content can reduce the effective
thermal expansion of the Alloy 718 +WC composites. With increasing
temperature, partial dissolution of strengthening precipitates occurs,
leading to a gradual increase in the y matrix volume fraction. This
microstructural evolution is reflected in a slightly higher expansion rate
at elevated temperatures. From an application perspective, the thermal
expansion behaviour of Alloy 718-based materials is particularly rele-
vant for repair technologies such as welding, brazing, or additive
manufacturing, where compatibility between the repair material and the
substrate is critical. In advanced power-generation systems and aero-
space components, Ni-based superalloys are often joined to materials
with lower thermal expansion coefficients, such as cobalt-based alloys.
Mismatch in CTE at dissimilar joints can induce significant internal
stresses during thermal cycling, accelerating fatigue crack initiation and
damage accumulation over the long term. The reduced thermal expan-
sion observed in Alloy 718 +WC composites may therefore help mitigate
CTE mismatch and enhance the durability of repaired components under
cyclic thermal loading.

3.2. Influence of the WC NPs addition on the as-cast microstructure and
phase composition of Alloy 718

The synchrotron X-ray diffraction patterns of Alloy 718 and Alloy
718 +WC composites are shown in Fig. 5a. All diffractograms are
dominated by intense reflections indexed to the (111), (200), and (220)
planes of the FCC Ni-rich y-matrix. In the reference Alloy 718, peaks
associated with the Laves phase and MC carbides are clearly visible.
Although the incorporation of WC does not introduce new phases, sys-
tematic changes in peak intensities and slight shifts in peak positions are
evident, suggesting alterations in lattice parameters and phase
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Fig. 4. Dilatometry of Alloy 718 +WC composites: a) Al; b) CTE.



L. Rakoczy et al.

Journal of Alloys and Compounds 1062 (2026) 187401

00)y

Y

< (331)/2
< (31 ”W(Nb)('

a) 8007 = -
2 9 [
z =
600{ = s
= S
5 v g
s ¢ o
2
Z 400
I
N
200" g
g
0 T
3 4
98——O—ymalrix
-(O- Laves phase O
961-O- MC carbides O\O
3 94+
8 92 /
3 O
=1 1 “
)
£y O
S 6 \ s
¥ O>< /O
2 I 8
0+ O \O\Q

T T T T T
Alloy 718 +1.25% WC  +2.5% WC +3.75% WC +5.0% WC

5 6
20, °
c)
3.63 4.42
—O— y matrix (1)
—O— y matrix (2) O
3.62- ~(O)~-MC carbides O/ F4.41
< O\O Q/
5 o
"5’3.61- O 4.40
<
s
oy F4.39
-23.60 @
w® S,
. /@ O—0p—0 h38
3.59 @)
F4.37
3.58 T T T T T
Alloy 718 +1.25% WC +2.5% WC +3.75% WC +5.0% WC
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distributions. These effects were examined through Rietveld refinement
to enable a quantitative comparison between the investigated variants.
Change of the WC NPS addition also influences the relative proportions
of the constituent phases (Fig. 5b). In the reference Alloy 718, the y
matrix accounts for 90.8%, with the remaining fraction comprised of the
Laves phase (8.2%) and MC carbides (1.0%). Introducing WC NPs into
Alloy 718 leads to a progressive reduction in the Laves phase fraction.
The measured values decrease from 3.6% at 1.25% WC to 1.2% at 2.5%
WC and 0.7% at 3.75% WC, while the Laves phase is no longer detected
in the variant containing 5.0% WC, demonstrating a systematic decline.
This reduction is advantageous because it mitigates the detrimental in-
fluence of the Laves phase on material performance during subsequent
heat treatment and service. Concurrently, the volume fraction of MC
carbides increases steadily with WC addition, from approximately 2%
for Alloy 718 + 1.25% WC to about 4.7% for Alloy 718 + 5.0% WC.
Changes in phase volume fractions caused by adding WC NPs to Alloy
718 are accompanied by alterations in lattice parameters, which are
summarized in Fig. 5c. For the y phase, two distinct lattice-parameter
regions are observed in the base alloy and in samples containing up to
3.75% WG, indicating solute element segregation during suction casting
and resulting compositional differences between dendritic and inter-
dendritic y regions. As WC content increases, the matrix lattice param-
eter decreases slightly, demonstrating that higher NPs content reduces
microstructural heterogeneity and encourages a more uniform alloy
structure. At 5.0% WC, the y phase exhibits a single lattice parameter,
confirming the reduction of heterogeneity. Increasing the WC NPs
content affects not only the lattice parameter of the y matrix but also that
of the MC carbides. A pronounced variation in the MC lattice parameter
is detected, indicating partial dissolution of WC, involving both

incorporation of W and C into the matrix and substitution of Nb by W
within the carbide lattice. From the Ni-W and Ni-C binary phase dia-
grams, the maximum solubilities are approximately 17.5 at% W and
2.7 at% C, respectively. The surplus solute segregates to form MC car-
bides. Owing to the strong carbide-forming tendency of Nb and its
partial replacement by W, a systematic increase in the MC lattice
parameter is recorded, rising from 4.3861 A at 1.25% WG to 4.4143 A at
5.0% WC. This trend is consistent with W's larger atomic radius relative
to Nb. It indicates that the W content in the MC carbides increases
progressively with increasing initial WC NPs addition to the feedstock.

Microstructural examination confirms that both the reference Alloy
718 and the WC-modified variants solidify with a typical dendritic
morphology (Figs. 6-8). During solidification, non-uniform solute
redistribution occurs between dendrite cores and interdendritic regions,
leading to microsegregation and promoting the formation of secondary
precipitates within the interdendritic liquid. This behaviour is consistent
with the well-established mechanism in which solute elements are
rejected into the residual melt and subsequently undergo partial back-
diffusion, leading to continuous solute exchange between the solid
and liquid phases [44]. To quantitatively assess this segregation
behaviour, partitioning coefficients were calculated based on SEM-EDX
measurements as the ratio of the average alloying element concentration
in dendrite cores to that in interdendritic regions. The results clearly
demonstrate that the addition of WC NPs influences the partitioning
behaviour of all investigated alloying elements (Table 3). Nickel, the
principal constituent of the y matrix, exhibits partitioning coefficients
slightly above unity (kN'=1.037-1.066), indicating mild enrichment in
dendrite cores. Owing to the high concentration of strong
carbide-forming elements in the alloy system, Fe primarily contributes
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to solid-solution strengthening of the y phase, which explains the
consistently observed kf®> 1.0. The enrichment of Ni and Fe in dendrites
supports the preferential formation of precipitates in interdendritic re-
gions, as increasing fractions of Ni- and Fe-depleted precipitates locally
reduce their concentrations in the interdendritic liquid. Chromium,
which contributes both to solid-solution strengthening and to the for-
mation of secondary phases, shows partitioning coefficients close to
unity (k®"=0.994-1.003) in the WG-modified variants. Although Cr is
known to participate in carbide formation, its segregation tendency is

moderated by the presence of stronger carbide-forming elements. In
contrast, Nb and Mo exhibit partitioning coefficients significantly below
unity in all investigated variants, indicating strong segregation toward
interdendritic regions. In particular, Nb shows pronounced segregation,
consistent with its key role in the formation of primary strengthening
precipitates. A systematic decrease in KNP with increasing WC content
suggests compositional changes in interdendritic precipitates, likely
related to partial dissolution of WC NPs during melting, which enables
Nb to participate in the formation of more MC carbides, as confirmed by
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Fig. 7. a-c) EBSD IPF maps of MC carbides; Comparison of experimental (top) and dynamically simulated (bottom) diffraction patterns with corresponding
normalized cross-correlation coefficients R: d) Laves phase (C14); e) Ni matrix; f) MC carbide fitted with NbC simulation; g) experimental MC pattern fitted using a

Ni simulation.

synchrotron XRD analysis. W exhibits k > 1, which can be attributed to
its low diffusivity and the high cooling rates characteristic of suction
casting, limiting its redistribution during solidification.

Fig. 7a shows an IPF map of MC carbides crystallized in a flower-like
morphology, which may suggest heterogeneous nucleation on a solid
particle. Figs. 7b and 7c present examples of individual MC carbide
particles containing X3 twin boundaries, highlighted in red. Such
twinned NbC carbides are frequently observed in rapidly solidified Ni-
based alloys [45]. Fig. 7d shows an experimental diffraction pattern of
the Laves phase fitted using a dynamical simulation of Fe:-W with a
hexagonal C14 (MgZna-type) structure. Figs. 7e and 7 f present
dynamical simulations of Ni and MC, respectively, fitted to the experi-
mental diffraction patterns of the matrix and NbC carbides. Since con-
ventional Hough transform-based EBSD indexing relies mainly on
interplanar angles, it cannot reliably distinguish MC carbides from the
Ni matrix due to their identical angular relationships. In contrast,
dynamical template matching enables unambiguous phase discrimina-
tion. This is demonstrated in Fig. 7 g, where fitting a simulated Ni
pattern to an experimental NbC pattern yields a significantly lower
correlation coefficient (R=0.4518) than the correct MC-NbC match,
with a difference of 0.3001. This confirms the robustness of the
dynamical approach for reliable phase identification.

Based on the microstructural examination, it can be observed that
Nb-rich Laves phase precipitates and blocky MC carbides are the main
strengthening precipitates in as-cast Alloy 718. MC carbides constitute a
stable and essential component of Ni-based superalloys, owing to their
high thermodynamic stability at elevated temperatures. However, the
volume fraction of MC carbide precipitates in the reference Alloy 718 is
limited by the low carbon content. The Laves phase, characterized by a
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hexagonal hP12 structure (space group P6/mmc), is an A2B-type inter-
metallic in which Ni, Fe, and Cr occupy the A sites and Nb, W, and Mo
occupy the B sites [46]. The Laves phase is generally regarded as
detrimental because it locally depletes the y matrix of Nb and adversely
affects mechanical properties. The Laves phases, arranged in long,
continuous chains, can facilitate both the onset and propagation of
cracks, thereby increasing crack susceptibility and degrading material
toughness. Such cracking behaviour also favours the detachment of
large wear particles, resulting in three-body abrasive wear [47]. How-
ever, because Laves phase precipitation is difficult to mitigate in
Nb-bearing alloys, understanding the factors controlling its morphology,
distribution, and volume fraction is particularly important. The Laves
phase typically occurs either as isolated particles or as elongated,
chain-like precipitates. Under rapid cooling, such as during suction
casting, the development of morphologically complex Laves phase is
significantly suppressed due to the limited time available for
diffusion-controlled growth, as evidenced by SEM-BSE and SEM-EBSD
images. Increased cooling rates lead to enhanced undercooling of the
liquid, thereby increasing the excess free energy and favouring rapid
nucleation over extensive growth of liquid—solid interfaces. Kumara
et al. [48] demonstrated that the formation of the Laves phase cannot be
fully suppressed even under strongly non-equilibrium solidification
conditions encountered during AM, despite melt pool cooling rates
approaching 10° °C s! . Mohammadpour et al. [49], in their investiga-
tion of single-track laser powder bed fusion of Nb-containing Inconel
625, also showed that both the morphology and Nb content of Laves
phase precipitates are highly sensitive to solidification conditions,
particularly cooling rate and solidification time. An increased cooling
rate limits Nb segregation by reducing the time available for solute
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Table 3
Influence of the WC NPs addition on the partitioning coefficients of alloying elements in Alloy 718.
Element Ni Cr Fe Nb Mo w
Variant
718 1.039 (0.003) 0.994 (£0.003) 1.092 (+0.007) 0.262 (£0.007) 0.854 (4+0.032) -
718 + 1.25WC 1.037 (+£0.005) 1.003 (+0.003) 1.091 (+0.007) 0.259 (40.026) 0.869 (+0.053) 1.120 (+0.034)
718 4+ 2.5WC 1.045 (£0.007) 0.991 (40.004) 1.085 (+0.021) 0.251 (£0.08) 0.878 (+0.104) 1.152 (+£0.075)
718 + 3.75WC 1.052 (£0.003) 0.998 (£0.031) 1.078 (+0.003) 0.246 (£0.005) 0.884 (£+0.032) 1.093 (+0.010)
718 4+ 5.0WC 1.066 (+£0.009) 0.984 (4+0.003) 1.088 (+0.018) 0.199 (£0.020) 0.827 (4+0.056) 1.039 (+0.012)
redistribution, while higher solidification rates promote solute trapping enrichment in the residual liquid, thereby reducing the driving force for
within the y matrix. This mechanism suppresses excessive Nb Laves phase formation. Consequently, rapid solidification processes
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such as suction casting retain a larger fraction of Nb within the y matrix,
lowering both the Nb concentration in the remaining liquid and the
volume fraction of the y+Laves eutectic. These findings indicate that
complete elimination of the Laves phase during casting and deposition
processes is impractical. Therefore, microstructural control via chemical
composition modification or heat treatment should focus on minimizing
its size and volume fraction. Studies on Alloy 718 exposed to 1150 °C,
slightly below the melting onset, have shown that the Laves phase
gradually dissolves as the holding time increases. Consequently,
Nb-enriched regions diminish, and the volume fraction of the Laves
phase decreases. It is attributed to back-diffusion of solute atoms from
enriched zones into the surrounding y phase, driving the alloy toward a
more uniform composition. This homogenization is driven by the sys-
tem's tendency to remove metastable, non-equilibrium phases. Mathe-
matical predictions of the dissolution kinetics suggest that complete
dissolution of the Laves phase in 1150 °C can occur after 28 h [38].
Although the overall morphology of the precipitates in interdendritic
spaces of Alloy 718 +WC composites does not change significantly,
consistent with the identical phase composition identified by synchro-
tron radiation study, a noticeable refinement of interdendritic pre-
cipitates is observed in variants containing 3.75% and 5.0% WC.
Refinement of precipitates can reduces this stress concentration effect
because smaller particles distribute stresses more uniformly within the
surrounding matrix. As a result, the probability of crack initiation at
carbide interfaces decreases. Under the electric arc, WC NPs become
thermodynamically unstable and readily dissolve into the molten Alloy
718 due to their relatively low enthalpy of formation (AH°f,WC =
—42.3 £+ 0.8 kJ/mol for T < 1575 K) [50]. The reduction in the Laves
phase volume fraction, accompanied by an increase in MC carbides, may
be attributed to several factors. First, the precipitation temperature of
the Laves phase decreases with the addition of WC, leaving insufficient
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time for its formation. Second, during the early stages of solidification,
Nb and Ti in the melt are consumed through reactions with carbon to
form (Nb, Mo, Ti, W)C carbides. As a result, the interdendritic liquid
becomes depleted in Nb, making Laves phase precipitation more diffi-
cult. The amount of reinforcement also controls the degree of constitu-
tional supercooling ahead of the solid-liquid interface, which can induce
solute redistribution and promote in-situ nucleation. Dissolution of the
ex situ WC NPs releases carbon, leading to its gradual segregation along
grain boundaries, lowering grain-boundary energy and enhancing
nucleation, as also stated by Pan et al. [51]. Furthermore, MC carbides
decorating the grain boundaries, as observed in SEM-EBSD images,
reduce the driving force for grain growth and impose a drag effect,
thereby decreasing boundary mobility and suppressing growth along the
direction of the maximum thermal gradient. This mutual change in the
volume fractions of the Laves phase and MC carbides can be considered a
positive development for further service. Stepanova et al. [52] showed
that finely dispersed, blocky MC carbides improve yield and ultimate
tensile strength in Ni-based superalloys compared with script-like
morphologies. Cai et al. [53] reported that coarse, skeleton-like MC
carbides promote instability and cracking, leading to a pronounced
reduction in ductility.

Analysis by TEM-SAED and FFT of precipitation-free zones confirms
the presence of an FCC y matrix, without detectable diffraction patterns
corresponding to intermetallic ¢ (NisAl) or y" (NisNb) phases (Fig. 9).
This absence indicates that the high cooling rates during solidification
suppress the formation of these precipitates, while these phases can
appear after heat-treatment. The mechanical performance of unmodi-
fied Alloy 718 (Inconel 718) is primarily governed by a y-phase matrix
strengthened by ¥’ and metastable y” precipitates [35]. The SAED pattern
of precipitates confirmed that the MC carbides exhibit an FCC crystal
structure, belonging to the Fm-3m (225) space group, with a lattice

TEM-SAED

ZA[011] y

Fig. 9. y phase: a) STEM-HAADF image; b) SAED pattern; c) nanostructure of y phase; d) FFT.
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parameter of 4.374-4.414 A depending on the initial WC NPs addition
(Fig. 10). These carbides have relatively smooth and well-defined edges,
indicating a stable growth morphology during solidification. The
enrichment in Nb and Mo (to a lesser extent, Ti and W) of these carbides
suggests that these elements segregate strongly during solidification,
which promotes the preferential formation of stable MC carbides. Zhang
et al. [54] reported in Ni-rich alloy composites containing 45 wt% WC
fabricated by plasma arc welding, where coarse WC carbides (>100 pm)
were found to be unstable under the high thermal energy density of the
process, leading to partial dissolution and localised reprecipitation. A
reaction layer with needle- and strip-like morphologies developed
around retained WC particles, while blocky carbides enriched in W, Cr,
and C formed at the periphery of the reaction zone. These carbides were
attributed to WCx and MxCy-type phases, including MeC and Cr-rich
carbides. In our study, we did not observe such precipitates at the in-
terfaces on TEM-BF images, so the mechanism of new precipitate for-
mation can differ. Thermodynamic calculations, together with
microstructural observations, show that MC carbides are the predomi-
nant secondary phase, particularly at higher WC additions. Conse-
quently, these carbides play a major role in governing the alloy's
solidification behaviour. During solidification of Alloy 718 containing
WC-NPs, the solute content ahead of the solid-liquid interface is altered
by the introduced elements in the y matrix. When the liquidus temper-
ature exceeds the actual solidification temperature, an extended
constitutional supercooling zone (CSZ) forms, promoting nucleation.
Tan et al. [55] reported that the growth-restriction factor can quantify
the evolution of the constitutional supercooling zone, Q (Eq.4):

Q=m(k-1)Co @
Where: m - liquid curve slope; k - coefficient of solute distribution; Cg -
solute concentration.

Based on the W-Ni binary phase diagram, the Q for tungsten in the
nickel alloy is 0.3 K [56], pointing out that constitutional supercooling is
limited due to the relatively low Q value of WC, so grain refinement is
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driven by in-situ Nb-rich carbides formation. The interfacial energy
associated with heterogeneous nucleation can be estimated using Eq. 5.
[57]:

_ 3
AGh — [ (g) PAF, + 47[7‘2]/] . [M] )

where r-radius; AFV- free energy of per volume; y- interfacial energy; 6-
wetting angle

A high wetting angle and elevated interfacial energy can impede
nucleation. However, TEM-BF images show that MC carbides exhibit
crystallographic relationships with the matrix, and the precipitates are
fine, especially those exhibiting spherical shapes. Such features render
these carbides ideal nucleation sites during the solidification of Alloy
718, thereby increasing the nucleation density.

3.3. Influence of the WC NPs on the steam oxidation and Ar+ 0.25%S02
gas mixture resistance of Alloy 718

Fig. 11a presents the steam oxidation behaviour of Alloy 718 with
WC additions over 1000 h, demonstrating that WC significantly affects
the oxidation performance. The WC-free reference variant shows
accelerated early oxidation, reaching 0.184 mg/cm? at 1000 h. Intro-
ducing 1.25% WC reduced this value nearly in half to 0.097 mg/cm?,
and higher WC levels further reduced mass gain to ~0.059 mg/cm?, for
3.75 and 5.0% WC, small mass decreases appear beyond ~500 h. It
cannot be ruled out that this is due to the local volatilization of WOs.
This volatilization effect is minor overall, as all WC-modified specimens
still exhibit net mass gain with time. No spallation occurred during the
exposure, confirming that the oxide scale remained firmly bonded to the
Alloy 718-based substrate. The early, steep mass increase corresponds to
a transient, accelerated oxidation regime, followed by a transition to
steady-state behaviour as a compact protective oxide scale forms [58].
Progressing oxidation slows down because scale thickening lengthens
diffusion paths, and the reactions become diffusion-controlled when the

TEM-SAED

ZA[101] MC

ZA [101] MC

TEM-SAED
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Fig. 10. Microstructure and nanostructure of the MC carbide in the interdendritic space, with corresponding TEM-SAED pattern and FFT analysis: a) blocky-shaped

carbide; b) spherical-like carbide; c) plate-like carbide.
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Fig. 11. Mass gain of Alloy 718 and 718 +WC composites registered during experiment in: a) steam, b) Ar+ 0.25%S0; gas mixture at 704 °C.

parabolic rate constant of the oxide scale growth prevails. It was found
that the greater the WC addition to Alloy 718, the greater the mass
reduction. However, the highest addition of WC to Alloy 718 is slightly
less beneficial than the addition of 1.25 or 2.5%, because the addition of
1.25 and 2.5% showed steady state mass gain of exposed material in
contrast to the specimen with 5.0%, where mass gain between 500 —
1000 h of exposure was strongly reduced. This reduction could be due to
volatilization of WO3 [59].

Exposure of WC-modified Alloy 718 to Ar + 0.25% SO: led to pro-
nounced changes in its high-temperature behaviour. The kinetics differ
markedly from those observed in steam (Fig. 11b). The specimens sub-
jected to SOz-containing gas exhibited substantially higher mass gains
than those exposed to an oxygen-rich environment, and the distinctly
different curve shapes indicate a fundamentally different scale-
formation mechanism under gas-mixture conditions. The reference
Alloy 718 showed an average mass gain of 1.757 mg/cm?. Introducing
1.25% WC slightly increased mass gain to 1.902 mg/cm?, however,
further WC additions led to progressive reduction, demonstrating
greater resistance in the aggressive SOz-containing atmosphere, with
2.5% WC, mass gain decreased to 1.705 mg/cm?, below that of the
unmodified alloy and at 5.0% WC it fell to 1.144 mg/cm?, representing
nearly a 35% mass gain reduction. These results clearly demonstrate
that WC additions improve the corrosion resistance of Alloy 718 in SO-
containing gas mixture. The contrasting mass gain profiles between
Ar+ 0.25% SO: and steam exposures further underscore that different
oxide-scale compositions and growth mechanisms operate in these at-
mospheres, emphasising the dominant influence of environment on
protective-scale development at high temperature. The reaction-rate
exponents (n) are below the ideal parabolic value of 0.5 for all steam-
exposed variants, indicating sub-parabolic kinetics. Rather than exhib-
iting parabolic growth, the behaviour is better described by a cubic rate
law, in which the mass gain of the exposed specimen is controlled by
short-circuit diffusion [60]. This short-circuit diffusion occurs along
high-diffusivity paths, such as grain boundaries or dislocations. It is
particularly significant at low temperatures, small grain sizes, and high
defect densities. Based on this, the temperature of 704 °C was slightly
too low to achieve an n value greater than 0.3, indicating pure volume
diffusion, as observed in a diffusion-controlled process with n = 0.5

Table 4
Calculated time exponents (n) for Alloy 718 and WC-NPs-modified variants.

Addition of WC into Alloy 718, n for n for Ar+ 0.25% SO, gas
wt% steam mixture

0 0.2 1.0

1.25 0.3 0.9

2.5 0.1 0.9

3.75 0.1 0.8

5.0 0.1 0.8
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(Table 4). Furthermore, the value of n = 0.1 for the specimens with
additions of 2.5, 3.75, and 5% indicates that the oxide scale developed
on those specimens indicates extremely slow, restricted protective ki-
netics (often logarithmic). This value (n = 0.1) indicates that oxide scale
growth is much slower than under cubic or near-cubic behaviour. Such
behaviour is observed in the reference specimen and in the 1.25% WC
samples. Thus, the exposure temperature when adding WC was too low
to develop an oxide scale controlled by a pure diffusional process, which
would reach n = 0.5. Short-circuit diffusion implies the formation of
microvoids within the oxide scale. These microvoids nucleate at stress
concentrators, such as grain boundaries, triple points, or inclusions [61].
Short-circuit diffusion acts as a high-speed path. It allows atoms to move
away from the void tip or vacancies into the void, causing it to grow [62,
63]. The Alloy 718 +WC nanocomposites tested in a gas mixture con-
taining SOz showed n values approaching 1.0. This indicates almost
linear oxidation kinetics, which are controlled primarily by surface
chemical reactions rather than diffusion processes, as observed for the
steam-exposed samples [64]. These results are consistent with
well-known oxidation models. Such models predict that S-rich envi-
ronments produce less protective oxide scales that are porous and
thicken rapidly, leading to higher overall mass gain [65,66].
According to the XRD patterns in Fig. 12, Cr.0s was the dominant
oxidation product after exposure to steam. This finding aligns with ex-
pectations, as the Gibbs free energy of formation for Cr-0s is much lower
than that of Ni-rich oxides. The introduction of WC-NPs into Alloy 718
did not affect phase formation after steam oxidation. However, it did
influence the mass gain of the exposed specimens. The addition of WC
should not have much impact on Cr20s formation, since Cr-0s was the
main phase formed in all cases. The presence of y-phase peaks in XRD
confirms a very thin, protective Cr20s layer on every exposed specimen
in steam. In contrast, after exposure to an Ar+ 0.25% SO2 gas mixture,
the surfaces of both Alloy 718 and Alloy 718 +WC consisted of Crz0s,
NisSz, and FesOa, regardless of the initial WC addition. The growth of the
oxide scale was strongly influenced by reduced partial pressures of ox-
ygen (pO2) and sulfur dioxide (pSO2). Thermal exposure promotes SO2
decomposition. Variations in the (pO2)@gas)/(pSO2)@gas) ratio can be
inferred indirectly from X-ray diffraction patterns. The presence of Cr20s
confirms that the oxygen partial pressure was sufficiently high for its
stabilization. The oxide remains stable whenever pO: exceeds its equi-
librium pressure (pOz)eq). Due to the high Cr content in Alloy 718 and
the low Gibbs free energy of Cr-0s formation, this oxide formed first.
This was followed by FesO. and then NisSz, as the activity of O is
reduced after the formation of Cr- and Fe-based oxides. NiO formation
was not observed under either of the tested conditions. According to the
Ellingham diagram [65], a more negative AG indicates a stronger ten-
dency for phase oxide formation and greater stability (oxide/sulphide)
under specific temperature and pressure conditions. Under experimental
conditions, Cr:0s exhibits a more negative AG than NiO, making its
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Fig. 12. XRD patterns of oxide-scales formed after oxidation in: a) steam; b) Ar+ 0.25% SO atmosphere.

formation thermodynamically favourable. With approximate concen-
trations of 20 wt% Cr and 70 wt% Ni, Cr initially promotes the devel-
opment of a protective oxide scale in oxygen-rich environments.
However, the growth of Cr20s is limited. If Cr activity decreases below a
critical threshold due to oxide scale formation, the high Ni activity may
lead to the formation of less protective NiO. This work showed no NiO
formation. It can be inferred that the Cry03 oxide scale was protective,
and that insufficient oxygen penetrated the scale to allow NiO forma-
tion. In general, the NiO phase is detrimental because its cationic defects
accelerate oxygen diffusion, increasing mass gain [67], and also serve as
a precursor for NiCrz04 spinel formation. In this study, neither NiO nor
NiCr204 was observed, suggesting, as mentioned earlier, that the Cr20s
layer effectively established a protective barrier, suppressing the for-
mation of non-protective oxides.The presence of SO: in the gas phase
suggests the potential formation of sulfur-rich phases, however, the
relatively low pSO: limited this process mainly to NisS.. Because the
sulfur dioxide partial pressure was above the equilibrium pressure
((pSO2)(eq)), NisSz could form and remain stable. Compared with oxides,
sulfides possess higher Gibbs free energy and contain more crystal de-
fects, which enhance sulfur and nickel diffusion and contribute to the
larger mass gains observed in SO2-containing environments. In hot-end
components such as Ni-based superalloy turbine blades,
sulfur-containing gases pose a significant corrosion risk [68]. Sulfur
reacts with nickel to generate sulfides like NisSz and NiS, as well as
sulfates, which can accumulate on blade surfaces, alter the microstruc-
ture, and reduce overall performance. Moreover, the corrosion products
that form during service are prone to spallation, exacerbating material
degradation. Fig. 13 shows the surface and cross-sectional microstruc-
tures of Alloy 718 modified with WC-NPs, tested in both steam and Ar
+ 0.25% SO: atmospheres. In steam, the oxide scale on Alloy 718 + WC
displays a characteristic morphology with flat and rippled oxidation
zones. The high oxidation resistance in this environment is attributed to
the formation of a strongly adherent Cr20s layer. Minor localized
microvoids are also observed, likely associated with the formation of
volatile WOs. In contrast, exposure to the SO2-containing atmosphere
resulted in significant changes in surface morphology and corrosion
products. Surfaces featured numerous precipitates, ranging from simple
geometric shapes to more complex forms, markedly different from
steam-exposed samples. Reference Alloy 718 formed a brittle oxide scale
with poor adhesion, whereas increasing WC content slightly improved
adhesion, likely due to a reduction in large blocky precipitates. Rapid
formation of a thin Cr20s layer appears critical for protecting against
degradation. Unlike the uniform Cr20s seen in steam, specimens tested
in Ar + 0.25% SO: developed poorly adherent FesOs and NisS.. SEM
images indicate that FesOa often forms within NisS: and partially covers
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it, resulting in a core-like morphology. Although the surface products
are similar across Alloy 718 + WC composites, the amounts of Fes04 and
NisS2 decrease with higher WC content. Furthermore, beneath the sur-
face, a layer of finely mixed MxOy and MxSy phases was observed, where
M includes Ni, Cr, W, Nb, Mo, and Fe. The incorporation of WC into
Alloy 718 provides several beneficial effects. Specifically, adding 5% WC
reduced mass gain without altering the fundamental mechanism of the
oxide scale formation. This decrease in mass gain might be attributed to
the interaction of SOz with MC carbides. Supporting this, Liu et al. [69]
have suggested that metal carbides can effectively trap and neutralize
SO2, promoting its dissociation. As a result, WC could enhance this ef-
fect, with Alloy 718 containing the largest WC fraction exhibiting the
lowest mass gain. Nevertheless, all exposed specimens exhibited
linear-scale growth behaviour, indicating that the influence of WC
particles in an SOz-rich atmosphere is limited. Thus, degradation follows
a near-linear pattern, dominated by chemical reactions rather than
diffusion-controlled processes.

3.4. Influence of the WC NPs on the hardness and wear resisistance of
Alloy 718-based composites

Hardness is one of the key parameters governing the wear behaviour
of metal matrix composites, accordingly, hardness measurements were
conducted before evaluating dry-sliding wear performance. The unre-
inforced Alloy 718 shows a hardness of approximately 198 HV10. Pro-
gressive incorporation of WC NPs enhances hardness, reaching 198
HV10 at 1.25% WC and rising further to 221 HV10 at 5.0% WC
(Table 5).

Wear resistance can be quantified in various ways, including, quite
often, by measuring mass loss or the wear rate. The difference between
the initial and post-test mass provides a direct way to compare the
behaviour of different materials under frictional loading. The general
trend is that harder materials exhibit lower wear rates, but excessively
hard metal matrix composites (MMCs) can exhibit brittleness, leading to
crack initiation and particle extraction from the matrix during friction.
Consequently, the best tribological properties are achieved not solely by
maximising hardness but by optimising it, for example, by homoge-
neously distributing the reinforcing phase. Based on dry-sliding test
results, the mass loss and corresponding wear coefficient were deter-
mined for Alloy 718 and its WC-modified variants. In the reference
variant, the mass loss was 0.090%, corresponding to a wear coefficient
of 4.56 x 107 mg/Nm. Both the mass loss and the wear coefficient after
the 1.25% WC addition are very close to the reference values, indicating
that the carbide-strengthening phase contributes little to wear at the
contact zone. With further increases in WC content in Alloy 718, a
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gradual decrease in mass loss is observed, reaching approximately
0.059 mg/Nm in the variant with the highest NPs content. This also
translates into a reduction in the wear coefficient from 3.70 x 10™® mg/
Nm for the 2.5% WC addition to approximately 2.92 x 10"® mg/Nm in
the last analyzed variant. Based on these measurements and earlier
microstructural and X-ray diffraction studies, it can be assumed that
improved tribological properties are largely due to the presence of hard,
fine MC carbides in the interdendritic spaces. The carbides' crystallo-
graphic relationship with the matrix and their favourable morphology,
specifically, the lack of agglomerates or clusters at grain boundaries,
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ensure good anchoring in the y matrix. This favours uniform wear
behaviour at the microscale and eliminates the risk of encountering
weakened material fragments where carbide clusters are loosely
bonded. Similar improvements in the wear resistance of Ni-based alloys
from WC addition have been reported in the literature. Xia et al. [70]
studied composites with 16 wt% of either fine or coarse WC particles.
The materials were deposited by circular oscillating laser cladding.
Their work demonstrated that a uniform distribution of WC particles
enhances both grain-boundary strengthening and dispersion strength-
ening in the GH3536 Ni-based superalloy matrix. Fine WC particles were
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Table 5
Hardness and dry-sliding test results of Alloy 718 modified with WC-NPs.
WwWcC Hardness, Mass Wear R;, pm Ra, pm Sa, pm
addition HV10 loss, rate
to % x1078,
Alloy mg/Nm
718, %wt
0 198 (+4) 0.090 4.56 9.72 1.68 1.74
(£0.73) (+0.13) (+0.07)
1.25 200 (£6) 0.089 4.55 9.01 1.63 1.61 (
(£1.00) (£0.11) +0.13)
2.5 205 (£7) 0.076 3.70 8.52 1.44 1.47
(£1.15) (£0.21) (£0.11)
3.75 210 (£3) 0.069 3.52 8.21 1.42 1.43 (
(£1.31) (+0.26) +0.12)
5.0 221 (£8) 0.059 2.92 7.27 1.25 1.29
(£1.18) (£0.19) (+0.09)

more effective than coarse ones in refining the matrix grain structure.
This resulted in higher hardness and improved wear resistance. Leech
etal. [71] likewise concluded that excellent resistance to abrasive wear
is achieved at high WC contents. This occurs provided that the rein-
forcement is uniformly dispersed within the composite. At lower WC
contents, the increased mean free path, which is the distance between
reinforcing particles, facilitates deeper penetration of abrasive particles
into the softer Ni-based matrix. This intensifies material removal and
promotes WC particle pull-out. In contrast, a high WC content reduces
the mean free path. This limits abrasive penetration and slows matrix
degradation. Zhang et al. [72] explained the hardness enhancement in
Ni-based alloy+WC composites through three principal mechanisms.
First, decomposition of WC enables partial dissolution of W and C atoms
into the alloy matrix. This results in lattice distortions that impede
dislocation slip and contribute to solid-solution strengthening. Second,
some of these atoms react with elements in the Ni-based matrix to form
fine, hard, and thermodynamically stable carbides. These carbides act as
obstacles to dislocation slip, thereby providing dispersion strengthening.
Third, WC particles promote heterogeneous nucleation during solidifi-
cation. This increases nucleation density, leading to grain refinement.
The refined grain structure increases the grain-boundary area and
resistance to deformation, resulting in fine-grain strengthening. Each of
these mechanisms can therefore be identified in the Alloy 718 +WC
composites processed by suction casting in the present work.

To gain insight into the prevailing wear mechanisms, the worn sur-
faces after dry-sliding tests were examined (Fig. 14). The reference alloy
exhibits regions of intense plastic deformation accompanied by matrix
material flow, while relatively few areas display wear features typical of
abrasive wear, such as distinct scratches or grooves. Accumulations of
oxides are observed on surface asperities and at the boundaries of
smeared matrix regions. In contrast, the composite surfaces are
comparatively smoother and characterised by narrower wear grooves,
particularly evident in the specimen containing 5.0% WC. During
sliding, the samples remain in contact with the abrasive ring, and the
applied load induces plastic flow at the surface, leading to adhesive
interactions. The WC-containing specimens exhibit slightly reduced
surface damage. Consistent with earlier observations, their higher
hardness limits abrasive ploughing, resulting in finer grooves and a more
uniform worn surface. Dispersed hard precipitates gradually emerge at
the surface during the early stages of wear, suppressing further adhesive
and abrasive damage. During the initial run-in stage, abrasion is the
dominant wear mechanism, and traces of this process remain visible on
worn surfaces in regions of exposed matrix. Exposed areas of the Ni-
based matrix are accompanied by fine oxide clusters, composed pre-
dominantly of iron oxides, along with locally Ni-enriched regions. In
specimens containing 3.75% and 5.0% WC, fewer regions with trans-
ferred iron are observed, as the higher volume fraction of reinforcing
particles reduces the area of direct contact between the composite ma-
trix and the counterbody. Regions containing transferred iron are
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particularly prone to oxidation in ambient air, forming Fe-rich oxides
with poor adhesion to the substrate, which tend to spall and migrate
across the surface toward depressions or the edges of smeared matrix
regions. Adhesively transferred iron from the counterbody is smeared
over the samples' surface within the contact zone, however, this effect is
limited by protruding strengthening precipitates. As dry sliding pro-
gresses, the temperature at the tribological contact increases, and
oxidation becomes the dominant wear mechanism due to iron trans-
ferred from the counterbody. These oxides are prone to fragmentation
and transport along the sliding direction, aided by the rotational motion
of the counterbody, which partially facilitates the removal of detached
oxide debris from the contact zone. The adhesively transferred Fe de-
posits are repeatedly deformed under contact pressure and evolving
surface topography, thereby promoting the initiation of fatigue cracks
that typically propagate transverse to the sliding direction. The rela-
tively smooth topography observed in the contact region indicates that
Fe transfer to the specimen surface, combined with the poor mechanical
integrity of iron oxides, contributes to the formation of a low-roughness
surface. Continuous oxidation, together with chipping and rapid oxide
removal, maintains this smoothed condition. Surface changes were
quantitatively characterised using the roughness parameters Rz, Ra, and
Sa, all of which decrease with increasing WC content, consistent with the
observed improvement in wear resistance. These findings, together with
mass-loss measurements, confirm the anticipated beneficial effect of WC
addition on the wear resistance of Alloy 718.

4. Conclusions

In this study, we investigated the relationship between microstruc-
ture and selected properties of the WC NPs- modified Alloy 718. The
main conclusions can be drawn:

- The as-cast microstructure of all Alloy 718 +WC variants was clearly
inhomogeneous due to the severe elemental segregation that occurs
during solidification. Elements such as W and Fe preferentially
partition to the dendritic core, while Nb and Mo preferentially
partition to the interdendritic regions.

- WC nanoprecipitates were partially dissolved into the Alloy 718
matrix, significantly reducing the volume fraction of the detrimental
Laves phase. Consequently, a higher fraction of complex (Nb,Mo,W)
C carbides was formed. The dissolved WC acted as a reservoir of W
and C, thereby affecting both the chemical composition and lattice
parameters of the y matrix and the MC carbides.
-SEM and EBSD results indicate that, with increasing WC content in
Alloy 718, the phase composition and precipitate volume fraction
change. However, precipitate morphology remains largely unaf-
fected. In the interdendritic regions, fine MC carbides and Laves
phase were predominantly observed. This feature enhances fracture
toughness.
-A compact Crz0s layer provides excellent protection against steam
oxidation for Alloy 718 + WC composites at 704 °C. Increasing WC
content leads to a marked reduction in mass gain. Values drop below
0.059 mg/cm? after 1000 h.
-Corrosion products from exposure to an Ar + 0.25% SOz gas mixture
include Crz0s, FesOa4, and NisSz. This is observed regardless of the
initial WC addition to the powder feedstock. WC-modified variants
showed substantially lower mass increases. This was mainly due to
the reduced amount of deleterious nickel sulfides forming on the
external surface.

-WC addition to Alloy 718 improves hardness and dry-sliding wear

resistance. Exposure of hard carbides limits adhesive and abrasive

wear. This leads to lower mass loss and lower surface roughness.
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