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ABSTRACT

Multilayer hard coatings remain among the most effective engineering solutions for reducing
friction and wear and for extending the service life of components operating under high contact
loads. However, their practical performance is governed not by multilayering per se, but by the
extent to which the selected deposition technology enables reproducible control over three key
parameters: layer density and defectiveness, adhesion to the substrate and/or interlayers, and
architectural tunability through interface quality. This mini-review systematizes deposition
approaches relevant to tribological applications and proposes a generalized classification
comprising chemical processes (sol—gel, chemical vapor deposition (CVD), atomic layer deposition
(ALD), hydrothermal synthesis, electrodeposition, anodization, and electroless coatings), physical
vacuum techniques of the PVD family (magnetron sputtering, cathodic arc deposition, hollow
cathode discharge (HCD) ion plating, ion beam assisted deposition (IBAD), among others), as well
as hybrid and functional solutions (PVD+CVD, composite, self-lubricating, and nanocomposite
systems). It is demonstrated that the selection of a deposition process for multilayer architectures
must be based on technological constraints that directly affect interface stability and coating
durability, including the deposition temperature window and conformality, interfacial diffusion-
induced boundary blurring, residual stresses, and critical defects such as porosity, macroparticles,
and growth-related imperfections. Practical guidelines are formulated for correlating
“architecture—deposition regime—microstructure—tribological behavior,” and key directions for
future research are identified, including interface and defect engineering, targeted hybridization
of deposition processes to compensate for intrinsic limitations (conformality, density, adhesion,
and interface stability), and the use of predictive modeling validated by comparable tribological
testing.
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Introduction

In mechanical systems, friction and wear
inevitably arise at interfaces where components
move relative to one another under direct contact,
leading to significant energy losses and premature
equipment failure [[1],[2]]. To address these
challenges, researchers have developed a wide
range of innovative approaches aimed at reducing
friction and mitigating wear [[3],[4]]. Among them,
the application of protective coatings remains one of
the most reproducible and technologically mature
engineering solutions, as coating properties can be
purposefully tailored through the selection of
material composition and architectural design.

Multilayer hard coatings have moved to the
foreground as deposition technologies and surface-
engineering strategies mature. Their performance is
now dictated not only by chemical composition, but
by the layer architecture itself and the way it is
manufactured [[5],[6]]. In tribological service, two
variables dominate: the quality of interfaces and the
characteristic architectural length scales. Interfaces
control barrier behavior, redistribute stresses, and
impede crack propagation. Shrinking the multilayer
period, in turn, is typically coupled with structural
hardening and a shift in the prevailing damage
mechanisms. A third factor cannot be treated as
secondary: protective tribofilm formation at the
sliding contact often sets the boundary conditions
for friction and wear, and therefore directly shapes
the measured tribological response [[7], [8], [9]].

At the same time, “multilayering” is not a
performance guarantee. In practice, the ceiling is
frequently imposed by structure-formation
parameters of the chosen process rather than by the
concept of layering itself. Deposition temperature
and conformality, diffusion-driven interfacial
smearing, defect population, and residual-stress
state repeatedly emerge as the controlling
limitations [10]. For that reason, we treat the
deposition route as part of coating-architecture
engineering, not as an afterthought. The selected
process must deliver sharp interfaces, reproducible
layer thickness, and a controllable defect spectrum
for the specific substrate and component geometry
under consideration.

In this mini-review, we systematize deposition
technologies for multilayer coatings (MLCs) aimed at
friction and wear reduction and compare them
through a single set of capability—limitation criteria.
Chemical routes are examined first (sol—gel,
chemical vapor deposition (CVD), atomic layer
deposition  (ALD), hydrothermal synthesis,

electrodeposition, anodization, and electroless
coatings). We then analyze physical vacuum
approaches from the PVD family, including
magnetron sputtering, cathodic arc deposition,
hollow cathode discharge (HCD) ion plating, ion
beam assisted deposition (IBAD), and related
variants. Finally, hybrid and functional solutions are
discussed — PVD+CVD combinations, composite
architectures,  self-lubricating  systems, and
nanocomposites. On this basis, we formulate
practical guidelines for selecting deposition
technologies to match the target architecture and
service conditions, and we delineate research
priorities centered on interface engineering, process
hybridization, and predictive modeling of
tribological response.

Market Overview of Multilayer Coating
Deposition Technologies

Demand for hard protective coatings is shaped
by engineering use-cases rather than by academic
curiosity. Industry asks for measurable outcomes:
higher wear resistance, lower friction coefficient,
longer fatigue life, and stronger corrosion tolerance
in parts that see high contact stresses and/or
elevated temperatures. In this context, multilayer
architectures function as a design lever. By tuning
interface density and layer periodicity, engineers
adjust the residual-stress state, raise crack
tolerance, and steer the tribochemical response of
the coating through controlled interfacial
phenomena.

Specialized market reports place the global
hard-coatings market at roughly USD 1.72-1.73
billion in 2025, forecast it to reach USD 1.84-1.85
billion in 2026, and project USD 2.98-3.01 billion by
2033; these trajectories correspond to a CAGR of
about 7.0-7.2% [[11], [12], [13]]. These numbers
should be read for what they are: outputs of market-
research models rather than experimentally
validated scientific measurements. We cite them
here for one purpose only — to justify the
technological relevance of those market segments
where multilayer coatings (MLCs) are deployed.

Segmentation bv End-Use Apblications

Figure 1 summarizes how hard protective
coatings are allocated across industrial sectors (2025
baseline with forecast estimates for 2026). The
demand profile is skewed toward applications in
which the coating operates as a functional reliability
layer rather than a purely decorative finish. The
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strongest pull comes from heavily loaded
transportation and aerospace components,
followed by medical devices and electronic systems,
where service integrity is tightly coupled to surface
performance.

For multilayer coatings, the commercial value
therefore extends beyond hardness metrics. It is set
by manufacturing discipline: whether interfaces can
be reproduced with minimal drift, whether friction
and wear remain stable over long service intervals,
and whether the defect population can be held
within controlled bounds from batch to batch at
production scale.

Figure 1 maps hard-coating demand across
industrial sectors. The largest portion is tied to
heavily loaded engineering domains, where coatings
must satisfy concurrent constraints: high wear
resistance, thermal stability, and a tribological
response that remains predictable over prolonged
service intervals.

Medical Devices

Electronics

Segmentation by Coating Material Type

Figure 2 compiles the material-type breakdown
of hard coatings using aggregated statistics for
2023-2025. In this dataset, nitride-based coatings
form the largest group (31.5%). Oxides follow at
19.3%, then carbides at 15.1%. Carbon-based
coatings account for 11.2%, borides for 8.0%, and
multicomponent systems for 14.9%.

The ranking aligns with the engineering
rationale of multilayer design. Nitrides are routinely
selected as load-bearing and/or diffusion-barrier
layers. Carbides and carbon-containing phases are
introduced when the architecture must deliver
lower friction and/or higher chemical resistance.
Multicomponent compositions, by contrast, offer a
practical route to stack several functions—hardness,
oxidation resistance, and friction control-while
preserving adhesion and maintaining thermal
stability.

Metal Cutting
11 %

Aerospace

Automotive
20.3 %

Figure 1 - Distribution of end-use application sectors for hard protective coatings (2025 estimates with forecast values
for 2026; aggregated from marketing review data) [11]

Multi-component

Carbon — based
11.2:%

Carbides /

15.1 %

Nitrides

193 %

Figure 2 - Material-type distribution of hard coatings (aggregated data for 2023-2025) [11]
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Figure 3 - Distribution of hard coating deposition technologies
(2025 data; aggregated from marketing review sources) [11]

As summarized in Figure 2, nitride-based
systems occupy the largest share of the dataset. This
prevalence is consistent with their processing
flexibility in PVD routes and with their practical role
in multilayer periodic architectures, where stable
growth conditions enable tight control over
interface formation.

Segmentation by Deposition Technology.

Figure 3 compares deposition routes used for
hard coatings. The dataset is clearly PVD-weighted:
physical vapor deposition accounts for =67.5% of
reported technologies, CVD contributes roughly
20%, and the balance is distributed among other
methods. This dominance matters for multilayer
systems. PVD routes typically allow tighter
metrology-level control over individual layer
thickness and preserve interface sharpness — two
parameters that govern whether interface-
mediated strengthening and crack-arrest
mechanisms can be reliably activated in service.

CVD retains a distinct niche. When the
application prioritizes high thermal stability and/or
strong conformality, CVD often provides the
required film continuity on complex geometries.
That advantage has a cost: the thermal budget
intrinsic to CVD narrows the set of compatible
substrates and constrains which  multilayer
architectures can be implemented without
substrate degradation or interfacial smearing.

Figure 3 makes the market’s technological base
unambiguous: hard coatings are produced
predominantly by PVD routes, and this positioning
effectively turns PVD into the main industrial

platform for multilayer coatings (MLCs). CVD still
occupies a sizeable fraction, yet its wider
deployment is curtailed by the admissible
deposition-temperature window and by substrate
compatibility constraints.

The same segmentation points to a pragmatic
selection criterion. Industry favors technologies that
scale without losing reproducibility, i.e., routes that
can hold layer periodicity, interface integrity, and
defect population within controlled bounds while
staying within an acceptable cost envelope. As a
result, the deposition method is not chosen solely
based on peak coating performance. Process
robustness, the breadth of the workable parameter
space, and batch-to-batch tolerances for property
scatter carry comparable weight in decision-making.

Classification of Multilayer Coating
Deposition Methods

Deposition routes for multilayer coatings (MLCs)
are best treated as an engineering toolbox: each
process expands certain capabilities while
simultaneously setting hard constraints on the
properties that can be realized. In tribological
practice, three control targets repeatedly determine
success. The first is layer compactness together with
the defect landscape (porosity, droplets/particles,
columnar boundaries). The second is adhesion —
both to the substrate and, where relevant, across
interlayers. The third is functional response, which
in multilayer systems is inseparable from the ability
to reproduce the intended architecture (period,
thickness ratios, and interface integrity).
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Deposition (CVD)
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Deposition (ALD)

* Hydrothermal
*Electrodeposition
* Anodization

* Electroless plating

¢ Composite
coating
* Hybrid coating

coating

coating

* Self-lubricating

* Nanocomposite

* Magnetron Sputtering

* lon Beam Assisted Deposition
(IBAD)

 Cathodic Arc Deposition (CAD)

* Laser Cladding

e Thermal Spraying

» Laser Surface Alloying (LSA)

e Laser Surface Melting (LSM)

* Hollow Cathode Discharge (HCD)
lon Plating

Figure 4 - Classification of multilayer coating deposition methods

With these requirements in view, we organize
the deposition methods discussed in this review into
three generalized groups. This classification provides
a practical basis for selecting deposition routes
intended to optimize coating performance, rather
than treating deposition as a secondary processing
step.

As illustrated in Figure 4, the methods are
classified into three blocks: chemical methods, in
which coating formation is governed by reactive
transformations in the gas and/or liquid phase;
hybrid and functional approaches that combine
elements of chemical and physical processes to
produce multifunctional layers; and physical
methods, predominantly of the vacuum-based class,
which enable controlled microstructure
development and precise engineering of interlayer
interfaces.

Chemical methods comprise processes in which
coating growth is governed by reaction-controlled
transformations and mass transport in the gas
and/or liquid phase. This group includes sol-gel
processing, chemical vapor deposition (CVD), atomic
layer deposition (ALD), hydrothermal synthesis,
electrodeposition, anodization, and electroless
plating. From an engineering perspective, these
approaches are typically regarded as effective
routes for producing uniform and conformal layers
on a wide range of substrates at moderate process
temperatures, making them particularly suitable for
forming individual functional layers and/or process
stages where coating continuity is critical. At the
same time, when applied to multilayer
architectures, a specific limitation emerges:

diffusion — and reaction-driven phenomena at
interfaces may lead to interlayer boundary blurring
and, consequently, to reduced reproducibility of the
intended architectural effects.

Hybrid and functional approaches are
considered as a separate category, as they represent
not a single deposition technique but rather a class
of solutions in which the targeted tribological
functionality is achieved through the combination of
multiple processes and/or materials. As shown in
Figure 4, this group includes composite, hybrid, self-
lubricating, and nanocomposite coatings. From a
practical standpoint, such solutions are employed to
integrate properties that are difficult to achieve
within a single process or material system—for
example, low friction while maintaining load-bearing
capacity and resistance to degradation. Accordingly,
the key issue for this category is not the
enumeration of composite variants, but rather
reproducibility criteria, including controllability of
phase/component distribution and interface
stability within multilayer systems during scale-up.

Physical routes include vacuum evaporation and
sputtering, along with allied processes in which
coating outcome is set primarily by plasma/particle
flux characteristics and by growth kinetics during
film formation. In the scheme summarized in Figure
4, this class covers physical vapor deposition (PVD),
magnetron sputtering, ion beam assisted deposition
(IBAD), cathodic arc deposition (CAD), laser cladding,
thermal spraying, laser surface alloying (LSA), laser
surface melting (LSM), and hollow cathode
discharge (HCD) ion plating. For multilayer coatings,
these methods offer a practical advantage: they give
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the operator comparatively direct leverage over
microstructure and interface integrity. Layer
thickness can be metered with high precision, and
interface sharpness can be preserved — both are
prerequisites for activating architecture-driven
mechanisms that raise wear resistance.

This category, however, is not uniform. It spans
fundamentally different process families and distinct
engineering purposes. At one end sit vacuum thin-
film techniques that enable nanometer-scale control
of periodicity; at the other, localized deposition or
surface-modification routes intended for thick
coatings and repair scenarios. Such breadth forces a
different comparison logic: we cannot rank
technologies by name alone. Instead, we evaluate
the constraints each process places on component
geometry, defect generation, adhesion, and -
crucially — the reproducibility of multilayer
architectures.

Figure 4 therefore, functions as the organizing
scaffold for the present mini-review. It allows us to
compare deposition methods against three
operational criteria — layer density/defectiveness,
adhesion, and functional performance coupled with
architectural controllability — and to select
deposition routes that match specific tribological
requirements.

Chemical methods

Chemical methods for the formation of
multilayer coatings (MLCs) are based on reaction-
controlled layer growth in the gas and/or liquid
phase and are applied where conformality,
uniformity, and/or the formation of functional
barrier or interlayers within the architecture are
required. Chemical approaches include sol—gel
processing, chemical vapor deposition (CVD), atomic
layer deposition (ALD), hydrothermal synthesis,
electrodeposition, anodization, and electroless
plating.

For tribological applications, chemical methods
can be rationally viewed as tools for addressing two
practical tasks: (1) the fabrication of a continuous
functional layer with a predefined chemical nature;
and (2) the integration of this layer into a hybrid
architecture with vacuum-based methods, where
compatibility in terms of adhesion and interface
stability is required.

CVD enables the deposition of dense coatings
(reported to exceed 95% of the theoretical density)
with high adhesion strength (O@any > 50 MPa),
including coatings on internal surfaces. However, its
applicability to multilayer architectures s

constrained by the process window, notably high
deposition temperatures (T 1173 K), precursor
toxicity, and the risk of diffusion-induced interfacial
blurring.

ALD is described as a self-limiting process with
atomic-scale growth control and is particularly
relevant for nanolaminates and thin functional
interlayers, where reproducibility and nanometer-
level thickness control are critical.

Sol-gel processing is characterized by low-
temperature synthesis (293-423 K) and the
capability to conformally coat complex geometries.
Nevertheless, for tribological applications, key
limitations summarized in Table 1 must be
considered, including shrinkage during thermal
treatment (up to 30%), porosity (>10%), and
hydration. Consequently, sol-gel approaches are
well-suited for forming oxide-based functional
layers (e.g., SiO,, TiO,); however, when designing
wear-resistant multilayer systems, the effects of
porosity and shrinkage on mechanical integrity and
interface stability must be carefully accounted for.

Hydrothermal and solution-based processes are
employed to form specific functional layers.
Hydrothermal synthesis is conducted in aqueous
solutions under elevated pressure and is described
as an approach that promotes crystallization of
oxide structures without the use of organic solvents.
Electrodeposition and electroless plating enable the
formation of metallic layers at near-room
temperature, but require strict control of pH and
electrolyte composition due to the risk of hydrogen
embrittlement. Anodization produces porous oxide
films and is inherently limited to valve metals.

A critical limitation of chemical methods in
multilayer coatings is interfacial diffusion, which can
lead to boundary blurring and reduced mechanical
integrity of the multilayer system. To mitigate these
effects, post-treatments aimed at improving
interface quality are often required. Consequently,
in tribological multilayer coatings, chemical methods
typically function as part of a broader technological
route—often at early stages of graded structure
formation—and/or as elements of hybrid schemes,
where their combination with physical methods is
considered a means to enhance resistance to
tribological degradation.

Comparative  characteristics of chemical
methods, including temperature windows, risks of
porosity and shrinkage, interfacial blurring, and
typical application domains, are summarized in
Table 1.
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Table 1 - Chemical methods

complex topologies

Method Advantages Limitations Scientific Applications References
Sol-gel Low-temperature Shrinkage during heat | Formation of amorphous
synthesis (293-423 K); | treatment (up to 30%); | oxide matrices (SiO,
molecular homogeneity; | porosity (>10%); | TiO2) for biocompatible | [[14], [15]]
conformal coating of | hydration implants and optical

coatings

Chemical Vapor High density (>95% of

High thermal load (T >

Thermal barrier coatings

solvent-free
chemistry

organic

Deposition (CVD) theoretical); excellent | 1173 K); diffusion- | (YSZ); monolithic carbide
adhesion (0@ > 50 | induced interface | layers on WC—Co [[16,[17],
MPa); capability to coat | blurring (D>101® m?/s [18]]
internal surfaces 1); toxic precursors

Atomic Layer Self-limiting growth (0.1- | Low deposition rate | Nanolaminates

Deposition (ALD) 0.3 Afcycle); | (1-5 nm/min); high | (ALO3/TiN); barrier
conformality >99%; | precursor cost (TiCls, | layers in | [[19],[20]]
atomic-scale  thickness | TMA); vacuum | microelectronics;
control requirements polymer protection

Hydrothermal Crystallization at | Restricted to aqueous | Nanostructured  oxide

synthesis moderate temperatures | systems; low kinetics | synthesis (ZnO, TiO2) for
(373-573 K); (hours—days) photocatalysis and
environmentally benign; sensors ([21], [22]]

Electrodeposition Room-temperature

Limited to conductive

Electrochemical

20-200 nm)

processing;  scalability; | substrates; hydrogen | deposition of Ni—P, Cu for | [[23], [24]]
low cost embrittlement risk corrosion protection

Anodization Local strengthening; | Restricted to valve | Anodized TicAlsV  for
formation of porous | metals (Ti, Al, Ta); | osteointegration and | [[25], [26],
oxides (pore diameter | thickness <50 um biomedical implants 2711

Electroless plating | Deposition on dielectrics; | Bath
high thickness uniformity

(¥5%)

phosphorus-induced
embrittlement

instability; | Ni-P coatings on
polymers and printed

circuit boards

([28], [29]]

Table 1 indicates that chemical methods can be
rationally regarded as tools for forming functional
layers with high uniformity, albeit with
fundamentally different technological trade-offs.
Sol—gel processing offers advantages in terms of
temperature window and cost, but is limited by
shrinkage and porosity; CVD provides high density
and strong adhesion, yet requires elevated
temperatures and toxic precursors; ALD delivers the
highest level of thickness control at the nanometer-
scale, but is primarily suited for thin layers and

localized architectural tuning; solution-based
methods (hydrothermal synthesis,
electrodeposition,  electroless  plating, and

anodization) are advantageous under low thermal
loads, while imposing constraints related to process
chemistry, risks of hydrogen embrittlement, and/or
substrate material compatibility.

Other / Hybrid Methods

In this work, the group of Other Methods is
treated as a separate category, as it does not
represent an additional deposition technique per se,
but rather a set of engineering solutions aimed at
multifunctionality, in which the desired tribological
response is achieved through combinations of
phases and structures and/or through the
integration of multiple technological routes. The
main variants within this group include composite,
hybrid (PVD+CVD), self-lubricating, and
nanocomposite  coatings; their comparative
characteristics are summarized in Table 2.

Composite coatings exploit dispersed functional
phases to couple two targets that often compete:
high hardness and low friction. Table 2 lists
representative performance benchmarks (H > 40
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GPa, u < 0.2) and provides example formulations
used in cutting-tool service, including nc-TiN/a-SisN4
architectures with MoS, additives. The approach
remains sensitive to microstructural stability. Phase
segregation and the practical difficulty of metering
dispersion quality and spatial distribution limit
repeatability; in multilayer systems, that variability
translates directly into scatter of measured
properties.

Hybrid PVD+CVD schemes address a different
constraint set and are typically adopted as a process-
level compromise. Here, PVD supplies
nanostructuring capability, whereas CVD is used to
achieve high layer density. Table 2 illustrates this
route with TIiCN/TiN coatings deposited on
cemented carbide inserts. Two obstacles recur in
industrial deployment: high capital cost and the
emergence of thermal gradients. Both factors
complicate scale-up and can erode architectural
stability when the process is pushed to production
throughput.

Self-lubricating  coatings pursue friction
reduction through the in situ generation and/or
controlled release of lubricious species. Table 2
highlights a MoS;-based system that undergoes
transformation to MoOs; and reports friction
coefficients as low as g < 0.1 under vacuum -
conditions characteristic of dry-friction assemblies,
including space mechanisms. Their weakness is
equally clear. Oxidative degradation limits operation
at elevated temperature (Table 2 indicates
constraints above T > 673 K), and service life is finite,
which must be accounted for when defining
operating windows and when selecting multilayer
architectures.

Table 2 - Other/Hybrid Methods

Nanocomposite coatings exploit nanoscale
phase dispersion to achieve a combination of
superhardness and fracture toughness. Table 2
reports representative benchmarks (H > 40 GPa, K
> 5 MPa-m¥?) and example systems (nc-TiC/a-C, nc-
WC/DLC) intended for extreme loading conditions.
The primary technological risk is nanoparticle
agglomeration and the complexity of synthesis and
dispersion control, which can lead to property
scatter and reduced coating strength.

Across all Other Methods, a common bottleneck
is the controllability of phase dispersion and the
stability of interphase and interlayer boundaries.
The manuscript explicitly notes that difficulties in
dispersion control promote nanoparticle
agglomeration and, in multilayer systems, phase
segregation; compared to physical methods, these
approaches often exhibit inferior density unless
additional post-treatment is applied. Consequently,
their use in tribological multilayer coatings is
primarily justified in applications where adaptability
(self-lubrication and multifunctionality) is required
and where increased process complexity is
acceptable, including hybridization with vacuum-
based methods to improve interface quality.

Table 2 indicates that Other Methods provide
enhanced functionality—such as friction reduction,
adaptive lubricating phases, and the combination of
high hardness with fracture toughness—but require
substantially stricter structural control. The key risks
are associated with phase segregation and
agglomeration, thermal stability limitations
(particularly for self-lubricating systems at T > 673
K), and the technological complexity inherent to
hybrid PVD+CVD routes.

Method Advantages Limitations Scientific References
Applications
Composite Synergistic strengthening (H > | Phase segregation; | nc-TiN/a-SisN4 +
coatings 40 GPa) with reduced friction | difficulty in dispersion | MoS: for cutting [[30], [31]]
(1 < 0.2); adaptive response control tools ’
Hybrid coatings | Combined microstructure: | High  capital  cost; | TiCN/TiN coatings on
(PVD + CVD) PVD-induced nanostructuring | thermal gradients | cemented carbide [32]
and CVD-derived high density | complicating scale-up inserts

Self-lubricating In situ formation of lubricious

Oxidative degradation

Space mechanisms;

coatings phases (MoS; - Mo0s); u < | at T > 673 K; limited | dry-friction systems [[33], [34]]
0.1 in vacuum lifetime ’

Nanocomposite Superhardness (H > 40 GPa); | Nanophase nc-TiC/a-C, nc-

coatings high fracture toughness (Kuc) | agglomeration; WC/DLC for extreme | [[35], [36],
> 5 MPa-m%/2) synthesis complexity loading conditions (3711
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Physical PVD Methods

Physical deposition methods for multilayer
coatings (MLCs), primarily those belonging to the
PVD family, remain the core technology for
tribological systems, as they offer high adhesion,
microstructural control, and architectural
reproducibility under vacuum conditions and at
moderate process temperatures. As summarized in
Table 3, the key processes in this class—magnetron
sputtering, HCD ion plating, IBAD, CAD, as well as
laser cladding, thermal spraying, and LSA/LSM -
differ mainly in terms of achievable density and
defect levels, adhesion strength, controllability of
layer thickness, and technological constraints
(vacuum requirements, deposition rate, and growth-
related defects).

Relative to chemical routes, physical processes
preserve interface sharpness more reliably and
allow tighter defect management through plasma
tuning and/or ion bombardment. That capability
matters for MLCs subjected to abrasive wear and
contact-fatigue loading, where interfacial integrity
and defect population often set the failure
threshold. The same vacuum-based PVD family
carries a structural drawback: most techniques are
intrinsically line-of-sight. Uniform coverage on
complex geometries therefore degrades unless the

process is  supported by compensatory
TexHonoruyeckme peuwenns (fixturing, motion
strategies, plasma configuration, and related
measures).

For multilayer tribological coatings, magnetron
sputtering remains the workhorse for building
periodic stacks and functionally graded designs
under controlled plasma conditions. Reported
characteristics include a high ionization degree (up
to 70%), dense columnar growth (p > 98% of the
theoretical value), and high adhesion strength (o(adn)
> 80 MPa) when substrate ion bombardment is
applied. The method also enables nanoscale
metering of layer thickness (0.1-5 nm per layer) with
an indicated accuracy of £2%. The limitations are
largely technological: stringent vacuum
requirements are cited (ultra-high vacuum, P < 10*
Pa), and the geometry dependence typical of PVD
persists due to the line-of-sight nature of the flux.

HCD ion plating is characterized by an even
higher ionization fraction (>90%) and strong
adhesion (>60 MPa), combined with a highly dense
columnar microstructure (p > 99%). The constraints

here are practical rather than conceptual. A more
complex plasma source and higher ion energies
demand tighter control of substrate bias and of
interlayer boundary formation; if these variables
drift, defect generation and residual-stress buildup
become increasingly likely.

IBAD and CAD can both be positioned as routes
for interface strengthening and/or throughput gains,
but they reach that goal through different
compromises. IBAD delivers ion-induced interfacial
reinforcement (E > 10 keV) and is associated with
reduced residual stresses. Deposition rate, however,
is extremely low (<1 nm-s?), which limits industrial
use for thick coatings and large production batches.
CAD moves in the opposite direction: deposition
rates can reach 100 nm-s» and adhesion remains
high, yet macroparticles (d > 1 pum) represent a
critical defect class. If filtration and defect control
are insufficient, these inclusions become failure
initiation sites and can partially erode the
advantages expected from multilayer architectures.

A separate class comprises technologies
intended for thick coatings and localized repair or
modification. Laser cladding enables localized
deposition and alloying with thicknesses exceeding
1 mm and allows the formation of graded
properties; however, it is constrained by the risk of
thermal cracking and porosity (>5%), which imposes
strict requirements on thermal cycling and surface
preparation. Thermal spraying provides high
productivity (coating thicknesses of 50—-500 pum), but
is characterized by significant porosity (5—-15%) and
relatively low adhesion; consequently, it is more
commonly applied as a thick protective solution
under abrasive wear conditions rather than as a
method for precise interface engineering. LSA and
LSM are surface modification techniques affecting
the near-surface layer (up to 1 mm) and promoting
microstructural homogenization; nevertheless, the
risk of martensitic transformation—i.e., undesirable
structural changes in the substrate and heat-
affected zone—must be considered, as it can be
critical for component service life.

Overall, most physical methods share two
systemic limitations: (1) geometric directionality
(line-of-sight), which reduces coating uniformity on
complex three-dimensional components; and (2) the
need for separate optimization of adhesion and
defect populations, including issues related to
macroparticles in arc-based processes and porosity
in thick-coating technologies.

—— 04 ——
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Table 3 - Physical Methods (PVD-Based)

Method Advantages Limitations Scientific Applications | References
Magnetron High plasma ionization (up to | Line-of-sight Functionally  graded
sputtering 70%); dense columnar structures | limitation; TiN/TiCN/TiC
(p > 98%); excellent adhesion | requirement  for | multilayers for cutting
(o(adn) > 80 MPa); nanometer-scale | ultra-high vacuum | tools and biomedical [138], [39],
thickness control (0.1-5 nm/layer | (P < 10* Pa) implants [40]]
1, +2%); absence of macroparticles
(CFUBMS); suitability for complex
3D geometries
HCD ion | lonization degree >90%; dense | Complex plasma | TiC/TiCosNo.s/TiN
plating columns (p > 99%); high adhesion | source; high ion | multilayers on high-
(>60 MPa) energy requiring | speed steel [41]
strict process
control
IBAD Interface strengthening via ion | Very low | Functionally graded
bombardment (E > 10 keV); | deposition rate | interlayers [42]
reduced residual stresses (<1 nm/s?)
Cathodic Arc | Very high deposition rate (up to | Macroparticles (d > | TiN, CrN coatings on
Deposition 100 nm/s™!); excellent adhesion 1 pm); requires | cutting edges [[43], [44]]
(CAD) filtration
Laser Local alloying; thickness >1 mm; | Thermal cracking; | Turbine blade repair
cladding gradient properties porosity (>5%) [45]
Thermal High productivity; thick coatings | Porosity (5-15%); | Protection against
spraying (50-500 pum) relatively low | abrasive wear [46]
adhesion
LSA / LSM Near-surface modification (upto 1 | Risk of martensitic | Surface strengthening | [[47], (48],
mm); microstructural | transformation of high-speed steels [49], [50], [51],
homogenization [52], [53], [54],
[55], [56], [57],
(58]
Table 3 captures a key practical insight: physical ~ highest reproducibility in defining interlayer

processes—primarily those of the PVD family—
provide the highest level of control over multilayer
architectures at the nanometer scale, including
bilayer thickness, interface sharpness, coating
density, and adhesion; however, the selection of a
specific process is governed by characteristic trade-
offs. Magnetron sputtering represents the baseline
option for dense, functionally graded multilayer
systems under stringent vacuum requirements; HCD
ion plating is preferred where high ionization and
strong adhesion are critical; IBAD is employed for

interface engineering under constraints on
deposition rate; CAD is selected for high
productivity, provided  that macroparticle

suppression is ensured; and laser cladding, thermal
spraying, and LSA-LSM are suitable for thick
coatings and localized strengthening or repair, albeit
with typical risks of porosity and thermally induced
defects.

Physical routes are generally favored for
multilayer coatings (MLCs) because they offer the

boundaries and bilayer thickness, while keeping
interdiffusion within a limited range. This
consideration motivates a shift from the broad
KnaccudpukaumoHHoro ob3opa to process-specific
discussion. We therefore narrow the scope in the
following section and examine PVD methods in
detail, treating them as the baseline industrial
platform for fabricating thin-film multilayer systems.
PVD processes are inherently designed for
controlled sputtering/evaporation under vacuum
conditions and for precise tuning of particle flux and
plasma parameters, which directly determine
coating density, growth-related defect populations,
and interface quality.

Within the PVD category, the most promising
methods are subsequently identified and discussed
in sequence—cathodic sputtering, plasma spraying,
and magnetron sputtering—since these processes
constitute the practical and technological backbone
of most industrial solutions. They differ in the
mechanisms of ionized flux generation, particle
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energy, deposition rate, and characteristic defect
formation, i.e., the parameters that ultimately
define the achievable limits of friction and wear
performance as well as the operational stability of
multilayer architectures.

Cathodic Sputtering

Cathodic sputtering is a fundamental PVD
deposition technique in which material transport to
the coating is driven by ion bombardment of a target
under low-pressure discharge conditions. The
method is technologically straightforward in
implementation, yet highly sensitive to discharge
parameters and the gas environment, as these
factors govern the sputtering rate, particle energy at
the substrate, layer density and defectiveness, and
the reproducibility of interlayer boundaries during

multilayer coating formation.
Figure 5 presents a schematic representation of

a typical cathodic sputtering setup in a vacuum
chamber. After evacuation, an inert gas—most
commonly argon (Ar) — is introduced into the
chamber, initiating a glow discharge between the
cathodic target and the anode component of the
system. Within the plasma, positively charged inert
gas ions are generated and accelerated by the
electric field toward the target surface. As a result of
momentum transfer, atoms or clusters of the target

Materials are sputtered; the resulting flux of
sputtered species is transported through the gas
phase and condenses on the substrate mounted on
a holder, thereby forming the coating.

The scheme also illustrates the reactive
sputtering mode: upon the introduction of an active
gas (e.g., N2, O, CHa), sputtered atoms react either
in the gas phase and/or on the substrate surface,
resulting in the formation of compounds such as
nitrides, oxides, or carbides. In this configuration,
two process variables dominate the outcome: the
active-gas flow balance and discharge stability. Both
directly govern the chemistry of the growing layer,
the defect population, and the integrity of interlayer
interfaces within multilayer architectures.

From an engineering standpoint, cathodic
sputtering remains a workhorse for depositing
metallic and compound layers when the key targets
are reproducible thickness control and sufficiently
sharp interfaces. The method, however, inherits the
line-of-sight constraint typical of vacuum deposition
routes, which degrades thickness uniformity on
complex geometries. Reactive sputtering adds
another layer of sensitivity. When gas delivery or
discharge parameters drift, layer stoichiometry
shifts and property scatter increases; in multilayer
stacks, this manifests as poorer reproducibility of
interlayer boundaries and a broader spread in
tribological response.

Sprayed material

Glow disharge

<= Active
gas
Pad
B
3
N
Holder

Vacuum pump

Figure 5 - Schematic diagram of cathodic sputtering in a glow discharge under inert/reactive gas atmospheres
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Figure 6 - Schematic representation of the plasma spraying process: powder feeding into the plasma torch,
particle melting/acceleration, and coating formation on the component

Plasma Spraying

Plasma spraying is a thermal deposition route in
which the feedstock arrives at the surface as molten
or partially molten particles. This mechanism
separates it sharply from cathodic or magnetron
sputtering. Under sputtering, an atomic or ionic flux
evolves in a vacuum environment and builds the film
atom by atom; in plasma spraying, powder particles
are heated, accelerated, and driven into the
substrate, and coating growth proceeds through
successive  particle impacts. The resulting
microstructure therefore tracks particle dynamics —
temperature, velocity, and flight path — together
with impact deformation and lamella
formation/closure, rather than being dictated solely
by plasma discharge settings.

Figure 6 schematically depicts the plasma-
spraying setup. The process gas enters the torch,
and an electric discharge between the cathode and
anode sustains a high-enthalpy plasma jet (plasma
cone). Water-cooling circuits protect the torch
hardware, as indicated by the cooling lines. The
powder feedstock is injected into the plasma region;
particles heat to molten or semi-molten states while
the gas stream accelerates them toward the
workpiece. Collisions within the jet can occur,
producing a spread in particle temperature and
velocity before impact. On contact with the surface,
molten particles flatten and solidify on short
timescales, generating the coating. Layer continuity
and thickness uniformity are then governed by spray
distance, jet energy, and powder-feed conditions.

From the perspective of multilayer systems,
plasma spraying is best regarded as a method for
producing thick functional layers (tens to hundreds
of micrometers or more), in which architectural
control is implemented at the macroscale, while
interface quality is governed by pass repeatability,
thermal cycling, and the stability of particle kinetics.
In tribological applications, this makes the method
practical for protective coatings operating under
abrasive wear, erosion, and high-temperature
degradation conditions; however, it is not a direct
analogue of PVD in terms of nanometer-scale
control over interlayer boundaries and defect
populations.

Magnetron Sputtering

Magnetron sputtering represents an advanced
form of cathodic sputtering in which a magnetic field
is employed to stabilize and intensify the discharge
by confining electrons near the target surface. As a
result, the degree of working gas ionization
increases, plasma density is enhanced, and
sputtering efficiency improves at lower operating
pressures. In practice, this translates into two
outcomes that matter for multilayer tribological
coatings. First, the process offers high deposition
repeatability together with tight metering of
individual layer thickness. Second, once the
parameter window is properly tuned, it suppresses
defect formation and promotes coating
densification.
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Figure 7 - Schematic of magnetron sputtering: plasma localization by a magnetic field near the target, Ar*
bombardment, and deposition of sputtered material onto the substrate (DC/RF modes)

Figure 7 schematically outlines magnetron
sputtering. Argon is admitted into the evacuated
chamber, and a plasma is then sustained between
the cathodic target (target, cathode -) and the
anode/substrate assembly (anode +, substrate). A
magnet set placed behind the target establishes
closed magnetic field lines that trap electrons near
the cathode surface; the local electron confinement
raises plasma density in the region immediately
above the target. Ar* ions accelerate toward the
cathode and bombard the target, ejecting atoms (or
target-derived fragments). These species traverse
the chamber and condense on the substrate, where
they coalesce into a thin film. The schematic also
indicates that power can be supplied in either DC or
RF mode, thereby extending the applicability of the
method to different target materials and deposition
regimes.

From an engineering perspective, magnetron
sputtering is the primary PVD tool for constructing
multilayer structures with high reproducibility, as it
enables stable process operation in regimes that
provide a favorable balance between deposition
rate and coating quality. For multilayer
architectures, a key advantage is the controlled
formation of layers with predefined thicknesses and
relatively sharp interlayer boundaries, as well as the
capability to operate in reactive modes (with the
introduction of N, O,, etc.) for the deposition of

nitride and oxide layers. The limitations are
predominantly technological in nature, including
geometric dependence (line-of-sight), the need to
control substrate heating and plasma stability, and—
in reactive sputtering—the sensitivity to active gas
flow rates and discharge conditions, which directly
affect the composition and defect density of the
growing layer.

Conclusions

This review demonstrates that the effectiveness
of multilayer coatings in tribological applications is
governed not by multilayering per se, but by the
extent to which the selected deposition method
provides reproducible control over three key
parameters: layer density and defect population,
adhesion to the substrate and/or interlayers, and
architectural controllability through interface
quality. Accordingly, the deposition technology
should be regarded as a limiting factor for the
attainable coating properties. Chemical processes
are well-suited for conformal functional and barrier
layers, yet are sensitive to interfacial blurring; hybrid
and functional solutions enable multifunctionality at
the cost of stricter requirements for structural
reproducibility; and  physical vacuum-based
methods—particularly those of the PVD family—
remain the foundational platform, as they offer
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superior control over microstructure and interlayer
boundaries, which constitute the primary
mechanism underlying genuine architectural effects.

Future developments are expected to shift from
merely expanding the range of coating materials
toward interface and defect engineering. Key
priorities include controlling interface sharpness and
intermixing, mitigating critical defects
(macroparticles, porosity, and growth-related
imperfections), and managing residual stresses, all of
which govern coating lifetime under contact fatigue
and abrasive wear. Of particular practical relevance
are targeted hybrid process routes, in which the
deliberate combination of deposition methods
compensates for specific limitations (conformality,
density, adhesion, and interface stability), as well as
the integrated framework linking “architecture—
deposition regime—microstructure—tribological
behavior,” validated by comparable tribological

testing and, where appropriate, supported by
multiphysics modeling.
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TYWIHAEME

KenkabaTtTbl KaTTbl KabblHAAp KOfapbl XaHacy XXYKTemesnepi KesiHAe MXYMbIC iCTEUTIH
benweKTepaiH YKenici MeH To3yblH a3aiTy COHbIMEH KaTap KbI3MeT eTy Mep3imMiH y3apTy YLWiH
eH, TMIMAI MHXeHepAiK wewimaepaiH 6ipi 6oabin Tabblnagpl. JereHmeH, onapapiH, NPakTUKaAbIK,
TUIMANIri Ken KabaTTbiNbIKTbIH, 63iHe emec, TaHA4aNfaH TYHAbIPY TEXHONOMMACHIHbIH, YW Herisri
napameTpsepi — KabaT TbIFbI34blfbl MEH aKaynapbl, Herisre »KaHe/Hemece apanblK Kabatrapfa
afresuns, coHAan-aK MHTepbencTepAiH canacbl apKblibl apXUTEKTYpPaHbl 6ackapy MYMKIHAIMH —
KaHLWANbIKTbI TYPaKTbl KamTamacbi3 eTeTiHiHe 6ainaHbicTbl 6onagpl. byn wafblH Wwonyaa
Tpubonoruanbik KongaHbanap yLwiH e3eKTi TYHAbIPY a4icTepi XKyWeneHin, onapablH, KannblaaHfaH
JKIKTEMECI YCbIHbINFAH: XMMUABIK NpoLecTepai KamTuTtbiH (sol—gel, ras ¢asacbiHaH XMMUANBIK,
TyHAbIPY (CVD), aTomablik-kabaTTbik TyHAbIpy (ALD), ruapotepmangpik CUHTE3, 3/1EKTPONMUTTIK
TYHAObIPY, aHOATAY }KIHE 3N1eKTPOAUTCI3 TyHAbIPY), PVD To6bIHA KaTaTbiH GU3MNKaNbIK BaKyyMAbIK
aaicTep (MarHeTpoHAbl TO3aHAATY, KaTOATbI-AOFa/blK TYHAbIPY, KyblC KaTOATbl paspaaTaFbl
MOHAbIK TyHAbIPY (HCD), noH-caynenik kKemekwi TyHAbIpy (IBAD) xaHe T1.6.), coHaai-aK rubpuari
KoHe OQYHKUMOHanablk wewimaep (PVD+CVD, KOMNO3WUTTIK, e3airiHeH MalinaHaTblH KaHe
HAaHOKOMMO3UTTIK Kyilenep). KenkabaTTbl apxuTekTypanap YWiH TyHAbIPY dAiciH TaHaay
MHTEpdEeNCTePAiH, TYPaKTbINblFbl MEH YabblHHbIH, Yy3aK Mep3imainiriHe Tikenewn acep eTeTiH
TEXHONIOTUANDIK LUEKTeynepre Herisgenyi TUIC eKeHi KepceTinreH, OHbIH iWiHAge TyHAbIpY
TemnepaTypacbiHblH, AMaNa3oHbl MeH KoHbopmabiibiFbl, Anddy3nanbiK apanacy cangapbiHaH
WeKapanapablH, 6YAbIHFbIPAAHYbI, KaNAblK KEPHEYNEep KIHe KeyeKTiNiK, MakpobenweKktep mMmeH
eCcy aKaynapbl CUAKTblI KPUTUKANbIK KemLWiniktep 6ap. «ApXUTEKTypa — TYHAOBIPY pexumi —
MWKPOKYPbIIbIM — TPUBONOrMANBIK cnaTTama» 6ainnaHbICbIH YANECTipyre apHaifaH NPaKTUKabIK,
6aFrgapnap yCbiHbIbIN, 9pi Kapaifbl 3epTTeynepain, Herisri 6afbITTapbl aHbIKTaNAbl, COHbIH, iWiHae
MHTepdencTep MeH aKkaynap WHMKEHEepWACHI, iWKi wekTeynepai (KOHPOPMAbINLIK, TbiFbI3AbIK,
afresuns >kaHe uHTepdencTepaiH TYPaKTbIAbIFbl) ©Tey YWiH TyHAbIPY MpoLecTepiH makcaTTbl
rmopuaTey KaHe CcanbiCTbipManbl TPUOBONOTUANBIK CbIHAKTapMeH pacTanfaH 6omkamabl
MmoZenbaeyai KoNAaHy YCbiHbIAFaH.
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TyliiH ce3dep: KenkabaTTbl KaTTbl abbiHaap, CVD, PVD, marHeTpoHAbIK TO3aHAaTy, aybicnanbl
MeTangapAblH HATPUATEPI.
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AHHOTAUMA

MHoOroc/noliHble TBEpAbIe MOKPbLITUA OCTAOTCA OAHUM M3 Hanbonee 3GPEKTUBHBIX UHIKEHEPHBIX
PeLeHNn ANA CHYXKEHWUA TPEHUA M M3HOCA, a TaKkKe A/ YBEeNNYEHUA CPOKa Cyxbbl aeTanen,
paboTaloLLMX NPU BbICOKMX KOHTaKTHbIX Harpyskax. OfHaKo WX npakTuyeckas 3¢GdeKTMBHOCTb
onpefenseTca He CamMoOi MHOFOC/IOMHOCTbIO, @ TeM, HAaCKO/JbKO BblbpaHHas TeXHOormA
ocasaeHus obecneynsaeT BOCMPOM3BOAMMBINA KOHTPO/Ib TPEX K/HOUEBbIX MapamMeTpoB: NAOTHOCTM
M AedeKTHOCTM C/I0A, aAre3svn K MOAJNOMKE W/UAM MEXCN0eBbiM MPOC/AOMKaM, a TaKxe
YNpaBifAeMOCTM apXMTEKTYpbl 4Yepe3 Ka4yecTBOo WHTepdeicos. B gaHHOM muHM-0630pe
CUCTEMATM3MPOBaHbl METO/bI OCaXAEHUs, peNneBaHTHble AnA TPUBONOrMYECKUX MPUMEHEHWI, 1
npeanoxeHa nx 0606LWEHHAn KnaccudmKaums, BKIKOYAOWAA XMMMUYeckue npoueccol (sol-gel,
XMMUYECcKoe oca)kaeHue u3 rasosoint ¢dasbl (CVD), aTomHo-cnoesoe ocaskaeHue (ALD),
rMAPOTEPManbHbI  CUMHTE3, 3NEKTPOOCaKAeHMe, aHoAMpoBaHWE W 6e33N1eKTPoNUTHOe
ocasaeHue), ¢ousnYeckme BaKyyMHble MeToapl cemeictBa PVD (MarHeTpoHHoOe pacrblieHve,
KaTOAHO-AYrOBOE OCAaXKAEHME, MOHHOE OCaKAEeHME B pas3pase ¢ nosbim Katogom (HCD), MoHHO-
NyyeBoe accucTMpoBaHHoe ocaxaeHue (IBAD) v ap.), a TakKe rmbpuaHble u GyHKUMOHaNbHbIE
peweHna (PVD+CVD, KOMMNO3MTHblE, CaMOCMa3blBaloWMecs M HAHOKOMMO3WUTHbIE CUCTEMBI).
MoKasaHo, 4To BbIGOP METOAA OCAXKAEHMSA AJ11 MHOTOC/IOMHbIX apXUTEKTYP LO/IKEH OCHOBbLIBATLCA
Ha TEXHONOTMYECKMX OrPaHUYEHMUAX, HaNPAMYIO BAMAIOWMX Ha CTabUNbHOCTb MHTepdencos u
[O/IFOBEYHOCTb MOKPbLITUA, BK/OYaA TemnepaTypHOe OKHO M KOHOOPMHOCTb OCaMKAeHus,
Anddy3MOHHOE pPa3mMblBaHME rPaHML, OCTATOUHbIE HAMPAXKEHUA U KpUTUYECKUE AedeKTbl, Takue
KaK MOPUCTOCTb, MaKpoUacTuLbl 1 aedekTbl pocta. COopMynnpoBaHbl NPaKTUYECKUE OPUEHTUPbI
COrNacoBaHMA «apXMTEKTypa — PEXMM OCaMKAEHUA — MUKPOCTPYKTypa — Tpubonornyeckoe
noBeseHMe», a TakKe 0603Ha4yeHbl K/lOYeBble HanpaBiAeHUA AaNbHENWMUX WUCCAeL0BaHUN,
BK/I0YAA UHIKEHEPUIO UHTEPDEINCOB 1 AedEKTOB, LesieHanpaBAeHHYo TrMbpuaM3aLmIo NPoLEeccos
OCaKAEeHMA AR KOMNEHCaLMM NPUCYLLMX OrpaHUYeHnin (KOHGOPMHOCTb, MAOTHOCTb, aAre3va u
CTabUNbHOCTb  MHTEPdENCOB) M WUCMONb30BaHWE  MPOrHOCTUYECKOTO  MOZE/NMPOBAHWS,
MOATBEPKAEHHOIO CONOCTaBMMbIMM TPUOOIOTMHYECKMMM UCTIBITAHUAMM.

Kniouesbie cnoea: mHorocnoliHble TBépable NokpbiTua, CVD, PVD, marHeTpoHHOe pacrnblneHue,
HUTPUAbI NePeXoaHbIX METaN/IoB.
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