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Abstract

Functionally graded nickel-based coatings represent an advanced surface engineering ap-
proach designed to enhance the performance of components operating in high-temperature
and harsh environments. Unlike conventional coatings with uniform composition, func-
tionally graded coatings exhibit gradual variations in composition and microstructure
across their thickness, enabling improved adhesion, reduced residual stresses, and en-
hanced multifunctional performance. This review provides a comprehensive overview of
recent developments in nickel-based functionally graded coatings, focusing on substrate
materials, coating compositions, and manufacturing technologies. Particular attention is
given to coatings designed for high-temperature applications and harsh service conditions,
including carbide-reinforced composite coatings and MCrAlY-type systems used for ox-
idation and corrosion protection. Various fabrication methods, including laser cladding,
additive manufacturing, electrodeposition, and thermal spraying, are critically discussed
in terms of their advantages and limitations. The current state of the art is analyzed with
emphasis on coating performance in high-temperature and aggressive environments. Fi-
nally, key challenges and future research directions are identified, highlighting the need for
improved long-term performance evaluation, advanced manufacturing approaches, and
the development of multifunctional gradient coating architectures.

Keywords: functionally graded coatings; nickel-based coatings; laser cladding; thermal
barrier coatings; high-temperature surface engineering

1. Introduction

Gradient coatings, also known as functionally graded coatings, are engineered sur-
face layers in which composition, microstructure, or properties change gradually through
the thickness of the coating rather than abruptly as in conventional single-layer or multi-
layer coatings [1]. This gradual transition allows gradient coatings to combine multiple
functionalities—such as high surface hardness, corrosion or oxidation resistance, and
strong adhesion to the substrate—within a single, integrated system. They are applied
in a wide range of fields including aerospace, energy systems, biomedical implants, tool-
ing, and automotive components, where surfaces must withstand complex combinations
of mechanical loads, thermal cycling, wear, and aggressive environments [2]. Gradient
coatings are particularly attractive because they reduce sharp property mismatches at the
coating—substrate interface, which are a major cause of delamination, cracking, and prema-
ture failure in traditional coatings [3]. By tailoring stress distribution, thermal expansion
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behavior, and chemical compatibility across the coating thickness, gradient coatings can
significantly improve in durability, reliability, and service life [4]. As performance demands
increase and components are pushed into harsher operating conditions, gradient coatings
are increasingly viewed as a promising alternative—and in some cases a replacement—for
conventional homogeneous or sharply layered coatings [5,6]. Despite the well-documented
improvements in mechanical performance, the long-term durability of functionally graded
nickel-based coatings remains insufficiently understood. Most available studies empha-
size short-term laboratory evaluations, while relatively few address degradation under
realistic industrial service conditions involving thermal cycling, oxidation, corrosion, and
mechanical loading [7-9]. Thermal fatigue is one of the primary degradation mechanisms,
arising from cyclic stresses caused by thermal expansion mismatch between the coating
and substrate [8]. Although graded architectures are designed to alleviate such stresses,
long-term exposure can still lead to crack initiation and propagation due to microstructural
evolution and residual stress redistribution. At elevated temperatures, oxidation-induced
degradation further compromises coating integrity [9]. While protective oxide scales (e.g.,
Al,O3) can form, prolonged exposure may result in scale thickening, spallation, or oxygen
ingress, particularly in coatings with inherent defects such as porosity or interfacial dis-
continuities. In aggressive environments, corrosion and hot corrosion introduce additional
complexity, often leading to localized degradation through pitting, intergranular attack, or
coupled oxidation—corrosion processes [9]. Over extended service periods, microstructural
instability—such as carbide dissolution, particle coarsening, and phase transformations—
can further degrade hardness and wear resistance, highlighting the limitations of relying
solely on initial performance metrics. While functionally graded coatings offer clear advan-
tages in terms of stress mitigation and adhesion, their ability to meet such requirements
remains uncertain due to the limited availability of long-term performance data. Therefore,
a more comprehensive understanding of degradation mechanisms and their interactions
over extended operational cycles is essential for bridging the gap between laboratory-scale
performance and real-world reliability.

Functionally graded nickel-based coatings are an emerging class of advanced surface
engineering materials designed to overcome the limitations of conventional monolithic
coatings. By gradually varying composition and microstructure across the coating thick-
ness, these systems effectively reduce interfacial stresses, improve adhesion, and enable
simultaneous optimization of surface functionality and substrate compatibility [6]. This
unique architecture allows graded nickel-based coatings to deliver superior performance in
wear, corrosion, oxidation, and high-temperature environments compared with traditional
uniform or multilayer coatings [7]. In parallel with the growing technological relevance
of gradient coatings, a bibliometric survey of the scientific literature reveals a sustained
increase in research activity over the past decade (Figure 1). An analysis of publications
indexed in Scopus and Web of Science shows a steady year-by-year rise in papers ad-
dressing gradient or functionally graded coatings, reflecting their broad applicability and
strong academic interest. However, when the search is narrowed to nickel-based gradient
coatings, the number of publications drops markedly and represents only a small fraction
of the overall gradient coating literature. This discrepancy indicates that, despite the well-
established industrial importance of nickel-based alloys and coatings, their implementation
in graded architectures remains comparatively underexplored. Several factors contribute
to this underestimation: nickel-based coatings are often associated with higher processing
complexity, increased fabrication costs, and challenges in precisely controlling composi-
tion and microstructure across the coating thickness [8,9]. In addition, their mechanical
behaviors—particularly residual stress evolution, interfacial integrity, and long-term inter-
action with diverse substrate materials—require more sophisticated characterization than
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conventional monolithic coatings. Given the increasing demand for coatings capable of
operating under extreme thermal, mechanical, and chemical conditions, this imbalance
highlights a clear knowledge gap. A comprehensive review dedicated specifically to nickel-
based gradient coatings is therefore timely and necessary to consolidate dispersed findings,
clarify structure—property—process relationships, and provide guidance for future research
and industrial translation. This review summarizes recent progress in functionally graded
nickel-based coatings, focusing on coating architectures, substrate considerations, and key
manufacturing technologies, including thermal spraying, laser-based processing, electrode-
position, and additive manufacturing-assisted approaches. The advantages and limitations
of these techniques are discussed alongside the challenges associated with industrial-scale
implementation, such as process complexity, reproducibility, and cost. Finally, future re-
search directions are outlined to support the translation of functionally graded nickel-based
coatings from laboratory studies to practical engineering applications.
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Figure 1. Comparison of papers published in two data bases: Web of Science (a) and Scopus (b).

2. Methodology

This review presents a systematic examination of recent research on nickel-based gra-
dient coatings, with particular focus on deposition techniques and mechanical performance.
A comprehensive literature search was carried out using the Web of Science, Scopus, and
ScienceDirect databases. Peer-reviewed journal articles and conference proceedings pub-
lished within the last decade (2016-2026) were considered. The search strategy primarily
employed the keywords “nickel-based coatings” and “gradient coatings”, along with their
relevant variations. An initial set of 230 publications were retrieved from the electronic
databases. These records were screened for relevance through analysis of titles, abstracts,
and, where necessary, summaries, following predefined inclusion and exclusion criteria.
The review mainly focuses on the mechanical performance of nickel-based gradient coat-
ings and their potential application in industry; therefore, microstructural-based papers
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were excluded. As a result of this screening process, 81 studies were identified as directly
relevant and were selected for detailed analysis and discussion in this review.

3. Nickel-Based Gradient Coatings
3.1. Introduction to Nickel-Based Gradient Coatings

Nickel-based coatings have been widely used in surface engineering due to their
excellent combination of mechanical strength, corrosion resistance, and thermal stability.
They are mainly applied to protect structural components operating in aggressive environ-
ments such as aerospace, energy, marine, and chemical processing industries [9]. However,
conventional monolithic coatings—characterized by uniform composition and properties
throughout their thickness—often suffer from inherent limitations, including sharp prop-
erty mismatches at the coating—substrate interface, high residual stresses, and premature
failure by delamination or cracking [9]. These challenges have motivated increasing interest
in functionally graded nickel-based coatings (FG-Ni-based coatings), in which composition,
microstructure, and consequently properties are intentionally varied across the coating
thickness to achieve superior performance [6].

Functionally graded nickel-based coatings are typically designed with a gradual
transition from a substrate-compatible region to a surface layer optimized for specific
service requirements. From a structural perspective, these coatings may exhibit continuous
or stepwise gradients in chemical composition (e.g., Ni-Cr, Ni-Al, Ni-Co, Ni-based metal—-
ceramic systems), phase constitution, grain size, porosity, or reinforcement content. Such
gradients enable tailored distributions of hardness, elastic modulus, thermal expansion
coefficient, and corrosion or oxidation resistance. In contrast to conventional single-layer or
multilayer coatings with abrupt interfaces, functionally graded architectures significantly
reduce interfacial stress concentrations and enhance coating adhesion, damage tolerance,
and service lifetime.

3.2. Manufacturing Technologies

The literature review performed on the reported works [6-75] revealed that laser
cladding is one of the most widely used methods for producing graded nickel-based
coatings [6,12,14,21,25-27,29-31,33,37,39,41,46,48,50,57-59,61,63,65,67,69,73,75] (Figure 2).
It is a laser-based surface modification process in which a high-energy laser beam melts
a thin layer of the substrate while simultaneously injecting metallic or composite pow-
der into the melt pool. As the material solidifies, a dense coating is formed with strong
metallurgical bonding to the substrate. The key advantage of laser cladding for function-
ally graded coatings lies in the ability to continuously vary the powder feed composition
during processing, enabling smooth compositional transitions across the coating thick-
ness. This method produces coatings with low porosity, refined microstructures, and
excellent mechanical properties, making it particularly suitable for wear-resistant and
high-temperature applications.

Closely related to laser cladding are direct energy deposition (DED) and other laser-
assisted additive manufacturing approaches [42,46,56,62]. In DED, focused thermal energy
(typically a laser or electron beam) is used to fuse materials as they are deposited layer
by layer, allowing for the fabrication of coatings or even full 3D components. The process
enables precise control of material composition in each layer, which is essential for creating
complex gradient architectures. Compared with conventional coating methods, DED
offers greater flexibility in designing multi-material systems and tailoring local properties.
However, it requires careful control of process parameters to manage residual stresses,
dilution, and microstructural heterogeneity.
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Figure 2. Manufacturing technologies used for nickel-based gradient coating deposition.

Another important technology is electrodeposition, also referred to as electrochemical
deposition [7,13,16-20,22,34,38,44,53,66,68,70-72,74]. This process involves the reduction
of metal ions from an electrolyte solution onto a conductive substrate under the influence
of an applied electric current. Gradient structures are achieved by varying parameters
such as electrolyte composition, current density, or pulse conditions during deposition.
Electrodeposition is particularly attractive because it operates at relatively low tempera-
tures, allowing coatings to be applied without significant thermal effects on the substrate.
It also enables precise control over coating thickness and microstructure, including the
incorporation of fine ceramic particles. However, the method is generally limited to thinner
coatings and may require longer processing times for thicker layers.

More broadly, additive manufacturing approaches, including techniques such as laser
powder bed fusion (LPBF) and hybrid electrochemical additive manufacturing, extend
the concept of layer-by-layer fabrication to gradient coatings [23,42,46,55,56,62,66]. These
methods enable highly controlled spatial variation in composition and microstructure, al-
lowing the integration of multiple materials within a single structure. They are particularly
promising for producing complex geometries and multifunctional coatings, although their
industrial application is still under development due to high costs and process complexity.

In addition, thermal spraying techniques—such as atmospheric plasma spray-
ing (APS), high-velocity oxy-fuel (HVOF) spraying, and detonation spraying—are
widely used for depositing nickel-based gradient coatings, especially on large compo-
nents [11,28,36,40,43,47,52,54,64]. In these processes, powder particles are heated (partially
or fully melted) and accelerated toward the substrate, where they flatten and solidify to form
a coating. Gradients are typically achieved by progressively changing the feedstock compo-
sition during spraying, resulting in layered or quasi-continuous transitions. Thermal spray-
ing offers high deposition rates and scalability, but the coatings may contain some porosity
and rely primarily on mechanical interlocking rather than full metallurgical bonding.

3.3. Recent Advances in Nickel-Based Gradient Coating

A summary of the recent advances in nickel-based gradient coatings is presented in
Table 1. It can be observed that steel represents the most commonly used substrate material
for functionally graded nickel-based coatings (Figure 3). Examples include A283-C steel [7],
Q345R steel [12], AISI 1045 mild steel [18,22], 42CrMo steel [25], and various stainless
steels such as SUS201 or 316L [19,23]. The high share of steels is mainly related to their
extensive use in industrial sectors such as energy production, transportation, mechanical
engineering, and chemical processing. Although steels possess good structural strength
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and relatively low cost, their surface properties, particularly wear resistance, corrosion
resistance, and oxidation resistance, are often insufficient for demanding operating con-
ditions. Functionally graded nickel-based coatings are therefore frequently applied to
enhance these surface properties while maintaining good adhesion to the substrate. The
graded structure enables a gradual transition between the steel substrate and the coating,
reducing thermal expansion mismatch and residual stresses. For example, Ni-WC gradient
coatings produced by laser cladding on Q345R steel significantly improved hardness and
wear resistance due to the formation of carbide-reinforced microstructures [12]. Similarly,
Ni-W coatings electrodeposited on AISI 1045 steel have exhibited lower residual stresses
and improved scratch hardness compared with homogeneous coatings [18,22]. Gradient
Ni/ZrO, coatings deposited on stainless steel substrates demonstrated improved corro-
sion resistance and microhardness due to the dispersion of ceramic particles within the
nickel matrix [19,34]. Other examples include Fe/Ni/WC gradient coatings produced on
65 Mn steel using plasma cladding, which resulted in significantly enhanced hardness and
wear resistance [31], and NiCrAlY/YSZ coatings deposited on X6CrNiTi18-10 stainless
steel by detonation spraying, which improved thermal shock resistance and mechanical
properties [64].

Table 1. Summary of recent advances in nickel-based gradient coatings [6-75].

Coating Substrate Manufacturing Main Advantages Ref.
Technology
improvement in hardness (478.8 HV 5,
Ni-Cu cold spraying + laser 8 times that of the Cu substrate) and wear [6]
cladding (wear rate is only one-third of the Cu
substrate)
corrosion current density of 1.402 pA-cm?
and 1749 h elapsed before 5% of the surface
Zn-Ni A283-C steel electrodeposition corroded, which is 0.28 and 1.4 times the [7]
corrosion current density and time of the
monolayer coating
NiCrAlYSi arc ion plating potential improvement of creep response [10]
improved high-temperature oxidation
Ni-Cr-Al 14MoV63 steel detonation spraying  resistance during exposure to 1000 °C for [11]
50 cycles
improvement in hardness (coating of
Ni-WC (Q345R steel laser cladding 1053.5 HV(» with substrate of 260 HV 5) [12]
and wear
Ni-P CuCrZr allo electrodeposition improved adhesion performance in [13]
y p comparison to monolithic Ni-P coatings
improvement in hardness (1036.25 HV),
s powder-fed laser .
TiC-Ni laddin wear (minimum wear rate of [14]
¢ & 4.872 x 107 mm3-N~'.m™1), and adhesion
Ti6Al4V/ laser melting improved hardness of 855 HV; at high
- [15]
Inconel625 deposition temperature
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Table 1. Cont.
. Substrate Manufacturing .
Coating Material Technology Main Advantages Ref.
improved hardness (503 HV, three times that
of substrate) and adhesion (81.2 N), even in
Ni-P 2A11 electrodeposition aggressive corrosion environment; wear rate  [16]
reduced three times (70 umh~1) in coparison
to substrate
. laser-assisted improved mechanical properties and corro-
Fe-Ni - o . ) [17]
electrodeposition sion resistance
significantly lower residual stresses of about
Ni-W AISI 1045 electrodeposition 40% compared to its homogeneous [18]
counterpart, improved scratch hardness
. Double pulses enhanced high temperature corrosion
Ni/ZrO; SUS201 electrodeposition performance up to 800 °C [19]
Ni-P-PTFE stainless steel electroplating a.md improved adhesion strength [20]
electroless plating
Ni60B decreased crack sensitivity and improved
(NiCrBSi) 38CrMoAl steel laser cladding hardness (397.5 + 5.7 HVy 5, which is 91% [21]
higher than that of the substrate)
ulsed enhanced wear resistance and 50% lower
Ni-W AISI 1045 P . friction coefficient in comparison to [22]
electrodeposition h
omogeneous counterparts
Ni-based alloy laser additive improvement in hardness (2.5 times of
(Ni-Cr-B-Si- 316L SS manufacturin substrate) and wear (friction coefficinent [23]
Fe-C) & 20% lower than substrate)
Ni-Cu NiAl bronze thermal diffusion improved the corrosion resistance [24]
improved wear resistance (friction
coefficient and wear mass loss rate reduced
Incoel 718/WC  42CrMo steel laser cladding by 31.57% and 76.19%) and hardness [25]
(784.3 HV( 5, approximately 3.4 times that of
the substrate)
improved hardness (529.88 HV, 1.78 times
Incoel 625/WC  TWZ-2 steel laser cladding that of the substrate), wear resistance by [26]
94%, and corrosion resistance
improved hardness (1100 HV, 3.7 times more
Ni/WC mild steel laser cladding than that of the substrate) and pore-free [27]
structure
NiCrAlY/ X6CrNITi18-10 ' ' improved hardness (4 GPa), elastic modulus
YSZ steel detonation spraying (112 GPa), and wear resistance (CF [28]
0.215 £ 0.048)
improved hardness (775 HVj 1, which is
. blue diode laser approximately 14.6 times that cof the
Ni60A/Cu copper cladding substrate) and wear resistance (3.6—4.7 times [29]
higher)
TiBN/Cu-Ni 45 steel laser cladding improved hardness (270 HV) and wear [30]

resistance (6.87%)
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Table 1. Cont.
. Substrate Manufacturing .
Coating Material Technology Main Advantages Ref.
enhanced the hardness (785.97 HV 5,
approx. 2.79 times higher than that of the
Fe/Ni/WC 65Mn Steel plasma cladding substrateand) and wear resistance (average [31]
friction coefficient was 0.2006, which is
37.25% lower than that of the substrate)
Ti-Ni-Ti TiNi magnetron sputtering improved hardness [32]
decreased friction coefficient to
Ni-WC + h-BN 45 steel laser cladding approximately 0.1 and the residual tensile [33]
stress at the interface to 350 MPa
Ni-ZrO, St37 steel electrodeposition improved wear and corrosion resistance [34]
NG T T . improved oxynitride corrosion-resistance
Ti-Ni-Ti TiNi magnetron sputtering 4 cytocompatibility [35]
NiCrAlY/ Cu_Be atmospheric plasma  improved hardness (875 HV, compared to [36]
Al,O3-20%TiO, spraying the substrate with 199 HV)
Ti(C,N) . .
. hot work die steel . imporved hardness (934 &= 65 HV) and
reinforced H13 laser cladding lastic deformation resistance 371
AlCoCrFeNiSi prashic de Sistane
. . excellent corrosion resistance and
Ni/ZrO, - electrodeposition microhardness of 730 HV [38]
Ni60A copper plasma cladding 1mproved hardness of 680.3 HV{; and wear [39]
resistance
CoNiCrAIYSi Inconel-738 hvof and diffusional 1mProved hot corroosmn and oxidation [40]
processes resistance at 1100 °C
Improved microhardness
Cuaa N . cbstrate by sbout 11 times comosion.
i?céﬁS/;?le‘S AZIID laser cladding current density (4.98 x 10~7 A-cm™2) was [41]
=TS two orders of magnitude lower than that of
the substrate
improved high-temperature tensile strength
. direct energy (by 80%—-180%) at 900 °C and oxidation
TiC/Inconel 718 Inconel 718 deposition resistance (10% reduced in comparison to [42]
substrate)
NiCrAlY/YSZ  Inconel 738 air plasma spraying  improved hot corrosion resistance [43]
MC2 single- . .
NiCoCrAIYTa crystal Ni-based electrqghermcal poor rpech'amcal strength of the [44]
deposition interdiffusion zone
superalloy
NiCoCrAlYTa/  single crystal (SX) vacuum infiltration  superior oxidation and abrasion [45]
AlL,O3 superalloy sintering performance
laser direct ener improved hardness (1075.11 & 27.94 HV 3,
Ni/TiC cast iron . 8y two times that of substrate) and wear [46]
deposition .
resistance
TiAl-Nb/ 316L stainless high-velocity oxygen improved adhesive strength and corrosion [47]
NiCrAl steel fuel (hvof) resistance
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Table 1. Cont.
. Substrate Manufacturing .
Coating Material Technology Main Advantages Ref.
Inconel 625/A1 Q235 steel laser cladding improved wear and corrosion resistance [48]
scannine electron successful formation of WC/Co/Ni alloy
WC/Ni-Co 30CrMnSi steel & composite structure with gradient [49]
beam technology di .
ispersion
improved hardness 713 HV(; and wear
Ni60/WC 20CrMnMo steel  laser cladding resistance (increased by 300% compared [50]
with the substrate)
nickel-based D .
NiCrAlYSi single-crystal aluminizing fg(l;; IC}EEd oxidation and creep resistance at [51]
superalloy
NiCrAlY/Al,O3 304 stainless steel plasma Spraying and improved heat resistance [52]
slurry spraying
Ni-ZrO, - electrodeposition improved wear and corrosion resistance [53]
NiCrAlY/YSZ - atmosp heric plasma superior thermal shock resistance [54]
spraying
NiTi Ti6Al4V }isS?ZEOWder bed improved hardness and heat resistance [55]
Inconel 625/ directed energy .
ALO; IN625 deposition low thermal conductivity [56]
In625-Ni/WC Cr12MoV steel laser cladding improved wear resistance (up to 20%) [57]
Ni50/WC Mild steel gizlsma transferred improved hardness and heat resistance [58]
microhardness of the coating up to
1555.1 HV),, (4.6 times that of the substrate);
the coefficient of friction of the coatings
(TiBx + TiC)/ ) . (0.30-0.45) were considerably lower than
(Ti2Ni + TiNi) ~ NOAMY laser cladding that of the substrate (0.45-0.55); the wear [5]
mass loss of coatings had more than 50%
reduction compared with that of the
substrate (3.2 x 1073 g)
IC21 single-
NiCrAlYSi crystal nickel- aluminizing improved air oxidation resistance at 1200 °C  [60]
based superalloy
Al0.5MnFeNi . improved hardness by 7.2 to 11.06 times, and
Cu0.5Six/ Al-Ni AZ91HP laser cladding decreased wear volume by 87.82%-94.98% [61]
NiTi—Nickel- high-speed
Aluminum 235 steel laser-directed energy  exceptional damping performance [62]
Bronze deposition
. improved hardness (8.2 times more than that
AlO.5MnFeN1 AZ91HP laser cladding of the substrate), wear (reduced by 87.83%), [63]
Cu0.5/Al-Ni . .
and corrosion resistance
NiCrAlY,/YSZ X6CrNiTil8-10 detonation spraying improved hardness, wear, and thermal [64]

stainless steel

shock resistance
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Table 1. Cont.
. Substrate Manufacturing .
Coating Material Technology Main Advantages Ref.
Ni-ZrB, 27SiMn steel laser cladding improved wear and hardness [65]
ultrasonic-assisted
. electrochemical enhanced hardness (617 HV) and wear
Ni-Co-MoS2 ) additive resistance (COF of 0.13) [66]
manufacturing
Ni-WC (Q345R steel osc1ll§t1ng laser improved wear and corrosion resistance [67]
cladding
improved hardness (up to 539 HV),
Ni NdFeB jet electrodeposition  adhesion strength (from 9.2 N to 21.7 N), [68]
and corrosion resistance
enhanced hardness and wear resistance
s s . laser alloying and (hardness increased from 80 HV; to 400 HVy;
Cu-Ni/NiCrBSi — copper laser cladding wear loss of the gradient coating is only [69]
1/10 that of the Cu substrate)
COF of 0.33 and a wear rate of
. . . 1.14 x 107> mm3/N-m, marking reductions
Ni/graphite copper electrodeposition of 47% and 93%, respectively, compared to 701
Cu substrate.
. pulse . . .
Ni-Co Low carbon steel ... improved wear and corrosion resistance [71]
electrodeposition
Fe-Co-Ni steel electrodeposition improved hardness [72]
Inconel625/ i laser melting .
Ti6AI4V Ti6Al4V deposition improved hardness up to 855 HV [73]
Ni-Al, O3 St37 steel electroplating improved wear and corrosion resistance [74]
Ti-Ni TA2 laser cladding improved high-temperature oxidation [75]

resistance

Another frequently used group of substrates consists of nickel-based superalloys,
which are commonly employed in high-temperature applications such as turbine blades,
aerospace components, and power generation systems [8]. Among these materials, IC21
single-crystal superalloy, Inconel-738, Inconel 718, and other Ni-based superalloys were
reported as based materials (Table 1). Although these materials already exhibit excellent
mechanical strength and thermal stability, their performance can still be further improved
through the application of gradient coatings designed to enhance oxidation resistance, creep
resistance, and hot corrosion performance. For instance, NiCrAlYSi coatings deposited on
IC21 single-crystal superalloy by arc ion plating have shown potential improvements in
creep resistance at elevated temperatures [10]. Similarly, NiCrAlY /YSZ coatings applied to
Inconel-738 substrates improve hot corrosion resistance and thermal stability in aggressive
environments [43]. Other examples include CoNiCrAlYSi coatings deposited on Inconel-
738 using HVOF and diffusion processes, which significantly enhanced oxidation and hot
corrosion resistance [40], and TiC/Inconel 718 gradient coatings fabricated by direct energy
deposition that improved high-temperature tensile strength and oxidation resistance [42].
It could be observed that the frequent use of superalloys substrates demonstrates the
importance of graded coatings in applications where components must withstand extreme
temperatures and mechanical stresses while maintaining long-term structural stability.
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Figure 3. Various substrate materials used for nickel-based gradient coatings.

Lightweight metallic substrates such as aluminum alloys, copper alloys, titanium
alloys, and magnesium alloys are also presented in Table 1, although less frequently than
steels or superalloys. These materials are widely used in aerospace, electronics, and automo-
tive applications due to their high strength-to-weight ratio and good thermal conductivity.
However, they often exhibit relatively poor wear resistance or limited corrosion resistance,
making surface modification necessary. Functionally graded nickel-based coatings pro-
vide an effective solution by gradually transitioning from the substrate composition to a
harder or more chemically resistant surface layer. For example, Ni-P gradient coatings
deposited on aluminum alloys significantly improved hardness and corrosion resistance
even in aggressive environments [16]. Ni-Cu coatings applied on nickel-aluminum-bronze
substrates enhanced corrosion resistance through the formation of a compatible solid so-
lution interface [24]. Similarly, gradient Ti6Al4V /Inconel625 coatings fabricated by laser
melting deposition improved hardness and high-temperature resistance on titanium sub-
strates [15,73]. In the case of magnesium alloys such as AZ91D or AZ91HP, gradient
coatings produced by laser cladding significantly improved corrosion resistance and wear
performance, extending the applicability of these lightweight materials in engineering
environments [41,61,63]. One can find that graded nickel-based coatings are particularly
useful for improving the surface durability of lightweight structural materials without
compromising their weight advantages.

When analyzing the coating compositions, one should stress that nickel-based ma-
trices reinforced with hard ceramic phases are among the most frequently studied sys-
tems (Figure 4). In particular, Ni-WC composite coatings appear very often in the litera-
ture [12,18,22,26,27,50,57,58,67]. Tungsten carbide is widely used as a reinforcement phase
because of its extremely high hardness, excellent wear resistance, and good thermal stability.
When embedded in a nickel matrix, WC particles significantly enhance the tribological
performance of the coating while the metallic matrix maintains good toughness and adhe-
sion to the substrate. Several studies have demonstrated the effectiveness of such coatings.
For example, Ni-WC gradient coatings fabricated by laser cladding on steel substrates
showed remarkable improvements in hardness and wear resistance compared with the
uncoated material [12]. Similar behavior was reported for Inconel718/WC coatings, where
the incorporation of carbide particles significantly increased wear resistance under abrasive
conditions [25]. Ni60/WC coatings produced by laser cladding also showed improved
hardness and durability due to the formation of a dense composite microstructure [50].
Additional examples include Ni/WC coatings with pore-free structures and high hardness
deposited on mild steel [27], and WC-reinforced Inconel 625 gradient coatings demonstrat-
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ing enhanced mechanical properties and corrosion resistance [26]. It should be therefore
highlighted that WC-reinforced coatings prove to be effective in applications involving
severe wear, erosion, and high mechanical loads. It should be mentioned, however, that In
Ni-WC systems, the benefits of high-energy processing must be balanced against carbide
dissolution effects. During laser cladding or secondary remelting, partial WC dissolution
promotes the formation of secondary carbides and microstructural refinement, contributing
to increased hardness [76]. However, excessive dissolution reduces the effective frac-
tion of reinforcing carbides and alters local composition, potentially compromising wear
resistance. Furthermore, secondary remelting, while improving densification and homo-
geneity, introduces steep thermal gradients and residual stresses that can promote surface
cracking, particularly in regions with stress concentration or brittle phase formation [77].
Consequently, careful control of processing parameters is required to balance carbide reten-
tion, microstructural refinement, and crack susceptibility. Conversely, a post-processing
treatment may be used, for example, stress-relief annealing for reducing crack rates or
recrystallization annealing for grain refinement and wear resistance.
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Figure 4. Various compositions of nickel-based gradient coatings.

Another important group of coatings includes MCrAlY-type alloys such as NiCrAlY,
NiCrAlYSi, and NiCoCrAlYTa. These coatings are widely used in high-temperature en-
vironments because they form stable protective oxide layers that protect the underlying
material from oxidation and corrosion. Aluminum promotes the formation of a protective
Al O3 layer, chromium enhances oxidation resistance, and elements such as yttrium im-
prove oxide scale adhesion and stability. In gradient coatings, these materials are often
combined with ceramic top layers to form advanced thermal barrier systems. For example,
NiCrAlY/YSZ coatings produced by plasma spraying demonstrate excellent thermal shock
resistance and improved hot corrosion behavior [43]. NiCoCrAlYTa coatings combined
with Al,Oj layers have also shown superior oxidation and abrasion resistance due to
the formation of stable oxide scales during high-temperature exposure [45]. NiCrAlYSi
coatings deposited on single-crystal superalloys significantly improve oxidation resistance
at temperatures up to 1200 °C [60]. These coatings are particularly important in turbine
components and aerospace applications, where resistance to oxidation, hot corrosion, and
thermal fatigue is essential for long-term performance.

A third group of coatings involves nickel matrices reinforced with ceramic oxides
or solid lubricating phases. Ceramic particles such as ZrO, and Al,Oj3 are frequently
incorporated into nickel coatings to improve hardness, corrosion resistance, and thermal
stability. For instance, Ni/ZrO, gradient coatings produced by electrodeposition exhibit
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improved corrosion resistance and microhardness due to the uniform dispersion of ceramic
particles within the metallic matrix [19,34,53]. Similarly, Ni-Al,O3 coatings deposited on
steel substrates show enhanced wear resistance and corrosion protection compared with
uncoated materials [74]. Other studies focus on coatings containing lubricating phases such
as PTFE or graphite, which are designed to reduce friction and improve tribological perfor-
mance. Ni-P-PTFE gradient coatings deposited on stainless steel demonstrate improved
adhesion and reduced friction coefficients due to the presence of polymer particles acting as
solid lubricants [20]. Likewise, Ni/graphite coatings electrodeposited on copper substrates
significantly reduce the coefficient of friction and wear rate under sliding conditions [70].

Moreover, the manufacturing technologies summarized in Table 1 reveal that laser-
based processing methods are the most commonly used techniques for producing func-
tionally graded nickel-based coatings. Laser cladding, laser melting deposition, and other
laser-assisted additive manufacturing approaches appear in a large proportion of the listed
studies. The popularity of these techniques arises from their ability to provide high energy
density, precise heat input control, and strong metallurgical bonding between the coating
and substrate. Laser cladding is particularly suitable for producing gradient structures
because the powder feed composition can be gradually varied during deposition. This
enables the formation of coatings with continuous compositional transitions across their
thickness. For example, Ni-WC gradient coatings produced by laser cladding exhibit
dense microstructures and significantly improved hardness and wear resistance [12,67].
TiC/Ni coatings fabricated by powder-fed laser cladding show improved wear resistance
and strong metallurgical bonding due to in situ carbide formation [14]. Other examples
include Inconel718/WC gradient coatings produced by laser cladding that demonstrate
excellent wear resistance and mechanical strength [25], as well as Ti6Al4V /Inconel625
gradient coatings fabricated by laser melting deposition with improved high-temperature
hardness [15]. Laser cladding could be effectively used even for copper. Liu et al. [6]
proposed a combined cold spraying/laser cladding method to produce Ni-Cu coatings on
a copper substrate. The CLGC shows a dense structure without holes or cracks and a clear
Ni—Cu gradient with minimal Ni diffusion into the substrate, indicating low dilution and
limited thermal impact (Figure 5a), whereas the LGC coating contains pores and interfacial
cracks and exhibits strong Cu diffusion, leading to higher dilution and reduced perfor-
mance (Figure 5b). CLGC also demonstrates higher microhardness, reaching 478.8 HV 5 in
the fourth layer (about eight times that of Cu) due to hard intermetallics (Niy1Si12, MosSi3)
and Ni—Cu solid solution strengthening, while the hardness gradient further improves
wear resistance and interlayer bonding (Figure 5c).

One should stress that laser-based methods are particularly effective for producing
dense coatings with strong substrate adhesion and well-controlled compositional gradients.

Electrodeposition and electrochemical deposition techniques represent another set of
widely used manufacturing approaches for gradient nickel-based coatings. These meth-
ods are attractive because they operate at relatively low temperatures and allow precise
control over coating composition through adjustments in electrolyte chemistry, current
density, or pulse parameters. Gradient electrodeposition enables gradual variation in
alloy composition or particle concentration during deposition, making it possible to tailor
coating properties across the thickness. For example, Ni-W gradient coatings produced by
electrodeposition exhibit reduced residual stresses and enhanced wear resistance compared
with homogeneous coatings [18,22]. Ni/ZrO, coatings fabricated by double-pulse elec-
trodeposition demonstrate improved high-temperature corrosion resistance and increased
microhardness due to the controlled distribution of ceramic particles [19]. Other examples
include Ni-P gradient coatings on aluminum alloys with improved corrosion resistance [16],
Fe-Ni gradient coatings fabricated by laser-assisted electrodeposition with enhanced me-
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chanical properties [17], and Ni-Co coatings produced by pulse electrodeposition showing
improved wear and corrosion resistance [71]. These techniques are particularly advanta-
geous for coating complex geometries and achieving fine microstructural control, making
them attractive for industrial applications.
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Figure 5. SEM morphologies and the corresponding EDS elemental mapping (wt.%) of Ni, Cu, Mo, W,
Si, and Zr of (a) cold spray-laser cladding composite gradient coating (CLGC) and (b) laser cladding
gradient coating (LGC). Scale bar: 500 um. (c) Microhardness of cold spray-laser cladding composite
gradient coating (CLGC) and laser cladding gradient coating (LGC) [6].

Thermal spraying techniques constitute another important group of manufacturing
methods used for producing functionally graded coatings. These include processes such
as atmospheric plasma spraying (APS), high-velocity oxy-fuel (HVOF) spraying, and
detonation spraying. Thermal spraying is particularly suitable for coating large components
due to its high deposition rate and scalability. In gradient thermal spraying, the feedstock
composition can be gradually modified during deposition to create layered or continuous
gradients. For example, NiCrAlY/YSZ gradient coatings deposited by plasma spraying
demonstrate improved thermal shock resistance and corrosion protection, making them
suitable for thermal barrier coating systems [43]. NiCrAlY/Al, O3 coatings fabricated by
plasma spraying and slurry spraying exhibit improved heat resistance due to the formation
of stable ceramic layers [52]. Similarly, gradient coatings deposited using HVOF processes
demonstrate improved adhesion strength and corrosion resistance [47], while Ni-Cr—Al
coatings produced by detonation spraying show enhanced oxidation resistance at high
temperatures [11]. These techniques are widely used in industrial applications due to their
ability to coat large surfaces efficiently while maintaining good mechanical performance.
Buitkenov et al. [28] deposited NiCrAlY/YSZ using detonation spraying to further improve
the hardness, wear resistance, and Young’s modulus of the steel substrate.

The SEM secondary electron image of the cross-section (Figure 6) reveals a typical
layered structure of the detonation-sprayed NiCrAlY/YSZ coating, consisting of a NiCrAlY
bond coat, a YSZ top coat, and intermediate gradient layers with mixed composition. The
layers exhibit dense morphology and good adhesion to each other and to the substrate,
with no visible cracks, although small voids near the interface may result from sandblasting.
The gradient architecture of the coating contributes to a gradual increase in microhardness
from the substrate toward the ceramic surface (Figure 6i). This hardness gradient improves

https://doi.org/10.3390/ coatings16040397


https://doi.org/10.3390/coatings16040397

Coatings 2026, 16, 397

15 of 23

stress distribution between the metallic and ceramic layers, enhancing coating durability
and resistance to mechanical and thermal loading.
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Figure 6. SEM images showing cross-sectional morphology of 1D1 sample: (a) SE image; (b) BSE
image; (c-h) elemental maps of Zr, O, Y, Ni, Cr, and Al, respectively; (i) change in microhardness
from the substrates to the surfaces of multilayer gradient coatings [28].

The mechanical performance of functionally graded nickel-based coatings shows clear
dependence on the fabrication method, particularly in terms of hardness and wear resis-
tance (Table 2). Through laser-based techniques, such as laser cladding, one can achieve the
highest hardness values (typically ~400-1100 HV or higher) and superior wear resistance
due to rapid solidification, dense microstructures, and the incorporation of hard reinforce-
ments (e.g., carbides), which enhance load-bearing capacity and reduce material loss. Direct
energy deposition and additive manufacturing approaches exhibit slightly lower but still
high hardness (~600-900 HV), combined with excellent wear resistance, especially under
elevated temperatures, owing to controlled gradient architectures and improved phase sta-
bility. Electrodeposited coatings generally show moderate hardness (~300-600 HV), but can
achieve significant improvements in wear behavior through grain refinement and uniform
dispersion of strengthening phases, often accompanied by reduced friction coefficients.
In contrast, thermal spraying techniques typically produce coatings with moderate hard-
ness and wear resistance, limited by their lamellar microstructure and inherent porosity,
although their performance remains sufficient for large-scale protective applications.

Table 2. Summary of mechanical performance trends for different methods.

Manufacturing Technology Hardness Wear Resistance
Laser cladding/laser-based methods ~400-1100 HV, with extreme cases  very high (often >70%-90% reduction in
up to ~1555 HV wear)

Electrodeposition ~300-600 HV moderate to high, often 2-3x
improvement

DED/additive manufacturing ~600-900 HV high improvement, especially at
elevated temperature

Thermal spraying 300-700 HV good, but less than laser-based coatings

The superior mechanical performance of functionally graded nickel-based coatings
could be achieved under proper processing conditions that would further enable one
to obtain desirable microstructure. Each fabrication technique introduces distinct phys-
ical phenomena that directly influence hardness, wear resistance, and overall durability.
Laser-based processes enhance coating performance primarily through rapid melting and
solidification, which leads to refined microstructures and strong metallurgical bonding

https://doi.org/10.3390/ coatings16040397


https://doi.org/10.3390/coatings16040397

Coatings 2026, 16, 397

16 of 23

with the substrate [78]. The high cooling rates promote the formation of fine dendritic or
cellular structures, often accompanied by supersaturated solid solutions and metastable
phases. Additionally, the incorporation of hard ceramic reinforcements (e.g., WC, TiC)
results in dispersion strengthening and load transfer mechanisms, where hard phases bear a
significant portion of the applied load, reducing matrix deformation. Another critical factor
is the formation of a graded interface with reduced dilution gradients, which minimizes
stress concentration and improves adhesion. The combination of metallurgical bonding and
gradient composition significantly enhances resistance to delamination under mechanical
or thermal loading. Furthermore, laser-induced in situ reactions (e.g., carbide formation)
contribute to secondary phase strengthening, increasing hardness and wear resistance.

DED-based methods share similar thermal characteristics with laser cladding but
extend the concept through layer-by-layer material buildup with precise compositional
control. The key strengthening mechanisms arise from tailored gradient architectures,
which enable gradual transitions in thermal expansion and mechanical properties, thereby
reducing residual stresses; microstructural heterogeneity control, where different layers can
be engineered to provide specific functions (e.g., toughness near the substrate, hardness at
the surface); enhanced high-temperature stability, due to controlled phase distribution and
reduced segregation.

Moreover, electrodeposition improves coating performance through atomic-scale con-
trol of microstructure formation under relatively low-temperature conditions. The main
strengthening mechanisms include grain refinement strengthening, as high nucleation rates
lead to ultrafine or nanocrystalline structures, solid solution and precipitation strengthen-
ing, (especially in systems such as Ni-I” or Ni-W), and particle dispersion strengthening,
where embedded nanoparticles (e.g., ZrO;, SiC) hinder dislocation motion.

A key advantage is the ability to produce coatings with low friction coefficients,
resulting from smooth surfaces and uniform microstructures. Additionally, the absence
of thermal distortion preserves substrate integrity. However, weaker interfacial bonding
(compared to metallurgical bonding) can limit performance under high-load conditions.

Thermal spraying enhances coating performance through high-velocity impact and
rapid solidification of molten or semi-molten particles. The resulting microstructure con-
sists of flattened splats forming a lamellar structure, which contributes to mechanical
interlocking with the substrate and barrier protection against wear, oxidation, and cor-
rosion. The incorporation of ceramic phases (e.g., YSZ in MCrAlY systems) introduces
thermal insulation and oxidation resistance, making these coatings particularly suitable
for high-temperature environments. However, the presence of porosity and inter-splat
boundaries can act as crack initiation sites, limiting mechanical strength compared to
laser-based coatings.

4. Summary

The current state of the art in functionally graded nickel-based coatings demonstrates
significant progress in improving the performance of engineering components operating in
high-temperature and harsh environments. Nickel-based systems are widely investigated
because of their excellent high-temperature strength, oxidation resistance, and metallur-
gical compatibility with common engineering substrates such as steels and nickel-based
superalloys. The introduction of compositional gradients has been shown to effectively re-
duce residual stresses and improve adhesion between coating and substrate by minimizing
abrupt transitions in mechanical and thermal properties. Several studies have reported that
graded architectures significantly improve coating durability compared with conventional
monolithic coatings. For instance, laser-cladded Ni-WC gradient coatings deposited on
steel substrates demonstrated enhanced hardness and wear resistance while maintaining
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strong metallurgical bonding due to the gradual distribution of carbide particles [12,67].
Similarly, Fe/Ni/WC gradient coatings produced by plasma cladding on 65 Mn steel
improved both hardness and wear resistance through controlled compositional variation
across the coating thickness [31]. Therefore, the effectiveness of graded designs in reducing
crack formation and improving structural integrity under mechanical and thermal loading
has been proven and could be potentially applied for the industry.

For high-temperature applications, especially in aerospace and energy systems, coat-
ings must provide resistance to oxidation, hot corrosion, and thermal fatigue while
maintaining mechanical stability. Nickel-based MCrAlY-type coatings (such as NiCrAlY,
NiCrAlYSi, and NiCoCrAlYTa) have become widely used because they form stable protec-
tive oxide layers during high-temperature exposure. The formation of dense Al,O3 scales
significantly reduces oxygen diffusion and protects the substrate from oxidation degrada-
tion. Several works summarized in the table demonstrate the effectiveness of such coatings
in harsh environments. For example, NiCrAlYSi coatings deposited on IC21 single-crystal
superalloys using arc ion plating have been shown to improve creep resistance and oxida-
tion performance at elevated temperatures [10]. Similarly, NiCrAlY/YSZ gradient coatings
produced by plasma spraying exhibit improved thermal shock resistance and corrosion
resistance in turbine-like environments due to the combination of metallic bonding layers
and ceramic thermal barrier layers [43]. In addition, CoNiCrAlYSi coatings applied to
Inconel-738 substrates have demonstrated enhanced oxidation and hot corrosion resistance
during high-temperature exposure [40]. Thus, it was confirmed that functionally graded
MCrAlY-type systems are particularly effective for components exposed to temperatures
exceeding 1000 °C.

Another important research direction involves nickel-based composite coatings rein-
forced with carbides or ceramic particles, which are designed for environments combining
high temperatures with severe wear or erosion. For example, Ni-WC and Inconel718/WC
coatings have shown significantly improved wear resistance and mechanical strength
due to the presence of hard carbide phases dispersed within the nickel matrix [12,25].
Ni60/WC coatings produced by laser cladding have also demonstrated improved hardness
and wear resistance under abrasive conditions because the graded distribution of WC
particles reduces stress concentration and crack propagation [50]. Similarly, TiC/Inconel
718 gradient coatings fabricated by direct energy deposition have been shown to improve
high-temperature tensile strength and oxidation resistance through the formation of stable
carbide-reinforced microstructures [42]. Other ceramic-reinforced coatings such as Ni/ZrO,
produced by electrodeposition provide improved corrosion resistance and microhardness
due to the dispersion strengthening effect of oxide particles [19,34]. While these studies
clearly demonstrate the advantages of ceramic-reinforced graded coatings, challenges
remain regarding the long-term stability of such systems. Carbide dissolution, particle
agglomeration, and microstructural coarsening during prolonged exposure to elevated
temperatures can reduce mechanical performance over time [78-80].

Manufacturing technologies play a critical role in determining the performance and
reliability of graded coatings in harsh environments. Laser-based techniques, including
laser cladding and laser melting deposition, currently represent the most widely used meth-
ods due to their ability to produce dense coatings with strong metallurgical bonding and
controlled compositional gradients. Several studies have shown that laser cladding enables
the production of dense Ni-based composite coatings with minimal dilution and improved
mechanical properties [12,25,50]. Directed energy deposition has also been successfully
applied to fabricate gradient structures such as TiC/Inconel 718 coatings with improved
high-temperature performance [42]. Electrochemical deposition methods provide another
important approach for producing gradient coatings, particularly for corrosion-resistant
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systems. For example, Ni-W coatings fabricated by electrodeposition exhibit reduced
residual stresses and improved wear resistance [18,22], while Ni/ZrO; coatings produced
by pulse electrodeposition demonstrate enhanced corrosion resistance and hardness due to
controlled particle incorporation [19,53]. Thermal spraying technologies such as plasma
spraying, HVOE and detonation spraying are also widely used for large-scale applications.
For instance, plasma-sprayed NiCrAlY/YSZ coatings have demonstrated excellent thermal
barrier performance and improved thermal shock resistance [43], while detonation-sprayed
Ni—Cr—Al coatings show enhanced oxidation resistance at high temperatures [11]. Despite
these advances, challenges remain in controlling porosity, residual stresses, and interfa-
cial bonding in thermally sprayed coatings, which may limit their long-term reliability in
extreme environments.

5. Challenges and Future Perspectives

Although the current trends clearly demonstrates the advantages of functionally
graded nickel-based coatings, several limitations still exist in the current state of the art.
Many studies primarily focus on microstructural characterization and short-term laboratory
testing, while relatively few investigate long-term degradation mechanisms such as thermal
fatigue, oxidation-induced cracking, or corrosion under realistic service conditions. In
addition, most experimental studies are conducted under simplified conditions that do
not fully represent the complex environments encountered in industrial applications,
where components are often exposed simultaneously to high temperatures, mechanical
stresses, corrosive atmospheres, and particle erosion. Therefore, although the scientific
understanding of graded coatings has advanced considerably, further research is required
to fully validate their reliability and durability in real industrial environments.

One should highlight that the high processing complexity and fabrication costs remain
significant barriers to industrial implementation. In particular, the cost-to-performance
ratio of advanced coating technologies such as laser cladding and directed energy depo-
sition must be critically evaluated in the context of large-scale manufacturing. Although
these processes offer superior metallurgical bonding, low dilution, and precise composi-
tional control, they are cost- and energy-effective and have relatively low deposition rates
compared to conventional techniques such as thermal spraying. From a cost perspective,
the use of high-power laser systems, controlled atmospheres, and high-quality feedstock
powders significantly increases production expenses. In addition, process optimization—
often requiring precise control of parameters such as laser power, scanning speed, and
powder feed rate—adds to operational complexity and limits throughput. These factors
become particularly critical when scaling from laboratory-scale demonstrations to indus-
trial production. Scaling challenges are further compounded by issues related to residual
stress accumulation, distortion, and the need for post-processing treatments such as heat
treatment or machining. Moreover, the deposition of large-area or complex geometries
requires advanced path planning and process monitoring systems, which further increase
system complexity and cost. As a result, while laser-based coating technologies demon-
strate excellent performance at the laboratory scale, their widespread adoption in industry
is often restricted to high-value or critical components where performance gains justify
the added cost. This limitation is further exacerbated by the poor machinability of nickel-
based alloys, where high cutting-zone temperatures and strong work-hardening tendencies
impose additional constraints on manufacturing, increasing tool wear and complicating
post-processing operations.

The strategic importance of nickel in advanced materials is underscored by recent
market volatility, which has highlighted the need for “nickel conservation” in FGM design.
In 2025, nickel prices surged toward US $17,000-18,000 per tonne due in part to signif-
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icant production quota cuts in Indonesia, the world’s largest nickel supplier [81]. Such
supply constraints and policy-driven production adjustments demonstrate how dominant
producers can influence global availability and cost. Consequently, minimizing nickel
content through optimized gradient designs or partial substitution with lower-cost alloying
elements is not only a performance-driven choice but also a strategic approach to mitigate
supply risks and reduce dependence on a volatile global market.

Future research on functionally graded nickel-based coatings will likely focus on
improving their reliability and performance in extreme environments while enhancing
manufacturing efficiency and scalability. One of the most promising directions involves
the integration of advanced additive manufacturing technologies with gradient coating
design. Laser-based additive manufacturing processes such as directed energy deposi-
tion offer precise control of composition during deposition and allow the fabrication of
complex gradient architectures directly on engineering components. These approaches
have already demonstrated promising results in systems such as TiC/Inconel 718 and
Ti6Al4V /Inconel625 gradient coatings, which show improved mechanical performance
and thermal stability [42,73].

Another important research direction is the development of multifunctional coatings
capable of simultaneously addressing several degradation mechanisms. Future graded
coatings may combine carbide reinforcements for wear resistance, MCrAlY-type matrices
for oxidation resistance, and ceramic layers for thermal insulation. For example, hybrid
structures combining NiCrAlY bond coats with ceramic layers such as YSZ or Al,O3
may provide improved thermal barrier performance and longer service life in turbine
components [43,52]. The incorporation of nanostructured reinforcements, high-entropy
alloy phases, or self-lubricating particles may further enhance coating durability and
functionality [82].

In addition, computational modeling and simulation are expected to play an increas-
ingly important role in the design of graded coatings [83,84]. Numerical models can
be used to predict thermal stresses, optimize gradient compositions, and simulate long-
term degradation mechanisms such as oxidation and thermal fatigue [85]. Combining
experimental studies with predictive modeling could significantly accelerate the develop-
ment of next-generation coatings while reducing development costs. One should mention
that Al-driven Digital Twins may offer a transformative approach for the formulation of
nickel-based gradient coatings. By creating virtual replicas of the coating system, scientists
could simulate microstructural evolution, mechanical performance, and wear behavior
across different compositions and processing conditions. This enables rapid evaluation
of potential chemistries and gradient profiles, allowing researchers to identify optimal
designs before physical experiments. As a result, Digital Twin technology may shorten
development timelines and lower costs while improving the precision of nickel-based
coating formulations.

Finally, future studies should place greater emphasis on long-term performance evalu-
ation under realistic service conditions. This includes extended high-temperature exposure,
thermal cycling tests, and corrosion studies in aggressive environments. Such investiga-
tions are essential for understanding degradation mechanisms and ensuring the reliable
implementation of functionally graded coatings in industrial applications.

6. Conclusions

Functionally graded nickel-based coatings have emerged as a promising strategy for
improving the durability and performance of engineering components exposed to extreme
environments. By gradually varying composition and microstructure across the coating
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thickness, these systems effectively reduce interfacial stresses, improve adhesion, and
combine multiple functional properties within a single coating architecture.

Current research demonstrates that carbide-reinforced nickel matrices such as Ni-WC
and TiC-containing coatings provide excellent wear resistance and mechanical strength,
while MCrAlY-type coatings offer superior oxidation and hot corrosion resistance at ele-
vated temperatures. Manufacturing technologies such as laser cladding, additive manufac-
turing, electrodeposition, and thermal spraying have enabled the fabrication of complex
graded structures with tailored microstructures and enhanced performance.

Despite these advances, several challenges remain, including limited long-term per-
formance data, difficulties in scaling laboratory processes to industrial production, and
incomplete understanding of degradation mechanisms under combined thermal, mechani-
cal, and chemical loading. Future developments are expected to focus on advanced additive
manufacturing techniques, multifunctional coating systems, and integrated experimental—-
computational approaches for coating design.
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