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Highlights

What are the main findings?

PEO forms hard ceramic coatings through plasma-assisted oxidation.
Coating architecture is controlled by electrolyte and electrical parameters.
Phase composition and porosity govern friction, wear, and tribo-corrosion.

Hybrid PEO systems improve load-bearing capacity and lubrication.

What are the implications of the main findings?

e  Provides a framework for tribological design of PEO coatings.

e  Guides coating selection for aerospace, marine, and biomedical applications.
e  Supports development of multifunctional hybrid surface systems.

e Identifies key challenges in durability, defects, and standardization.
Abstract

Plasma electrolytic oxidation (PEO) has emerged as a leading surface engineering technol-
ogy for improving the tribological and corrosion performance of lightweight structural
alloys, including aluminum, magnesium, titanium, and zirconium. Unlike conventional
anodizing or line-of-sight deposition processes, PEO forms thick, multiphase ceramic
oxide coatings metallurgically bonded to the substrate through plasma-assisted in situ
oxidation, enabling treatment of complex and internal geometries that competing tech-
nologies cannot reach. The tribological performance of PEO coatings is governed by
coupled interactions among electrolyte chemistry, electrical discharge behavior, phase
evolution, porosity development, and residual stress state. This review critically evalu-
ates the friction, wear, and tribo-corrosion behavior of PEO coatings under dry sliding,
lubricated, high-temperature, marine, and vacuum environments, and systematically ex-
amines the influence of processing parameters, microstructural evolution, transfer layer
formation, and counterface interactions on coating performance. Hybrid and duplex sys-
tems incorporating solid lubricants, polymer impregnation, sol-gel sealing, and multilayer
architectures are discussed as strategies to overcome limitations associated with brittle-
ness and surface porosity. Current research challenges, including fatigue degradation,
coating defect control, limited cross-study standardization, and incomplete mechanistic
understanding of process—microstructure, tribological relationships, are critically assessed.
Emerging directions encompassing self-lubricating adaptive coatings, Al-guided process
optimization, and multifunctional hybrid architectures are highlighted as pathways toward
next-generation surface systems. This review provides a mechanism-based framework for
understanding tribological behavior in PEO coatings and identifies critical opportunities
for future industrial implementation in aerospace, automotive, marine, biomedical, and
energy applications.
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1. Introduction
1.1. Overview of Plasma Electrolytic Oxidation Technology

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAQO), is an
advanced electrochemical surface treatment that generates adherent, multiphase ceramic
oxide coatings on valve metals through plasma-assisted in situ oxidation [1,2]. The process
is applied principally to lightweight structural alloys (aluminum, magnesium, titanium,
and zirconium), which form stable dielectric oxide layers under anodic polarization. Con-
ventional surface treatments such as hard anodizing, physical vapor deposition (PVD), and
thermal spray impose well-documented limitations: hard anodizing produces relatively
thin, amorphous coatings; PVD and thermal spray are line-of-sight processes unable to
uniformly treat internal or re-entrant geometries; and none achieve the metallurgical bond
quality inherent to PEO [3,4]. PEO overcomes these constraints by growing the coating
through electrochemical oxidation of the substrate itself, producing a diffusion-bonded in-
terface and coating thicknesses ranging from 10 to 200 pm [4]. Because the electrochemical
reaction proceeds wherever the electrolyte contacts the substrate, PEO inherently accom-
modates complex three-dimensional geometries, including internal bores, threads, and
blind features. Depending on processing parameters and electrolyte chemistry, the coatings
are multiphase. For example, aluminum yields mixed x-Al,O3 and y-Al,O3 phases, while
titanium alloys produce rutile and anatase TiO,. A further advantage is the use of dilute
alkaline aqueous electrolytes that are environmentally benign relative to conventional
chromate-based anodizing, generating no hexavalent chromium and positioning PEO as
a compliant alternative under Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH) and Restriction of Hazardous Substances (RoHS) regulations [5].

1.2. Advantages over Conventional Surface Treatments

PEO offers decisive performance advantages over competing surface treatment tech-
nologies across multiple metrics. The achievable coating thickness of 10-200 pm substan-
tially exceeds the 5-25 um range of hard anodizing, and this greater load-bearing mass
directly improves resistance to sliding and impact wear while extending component service
life [6]. Unlike thermal spray and cold spray, PEO requires no line-of-sight access, enabling
uniform coverage of complex three-dimensional components, additively manufactured
parts with internal channels, and aerospace structures with re-entrant features inaccessible
to directed deposition [7]. The metallurgical bond formed through in situ oxidation also
prevents the delamination under cyclic loading that characterizes mechanically bonded
thermal spray deposits. Plasma-assisted crystallization introduces thermodynamically
stable phases, including x-Al,O3 on aluminum and rutile TiO; on titanium, unavailable
to hard anodizing, conferring hardness values of 1000-2000 HV versus 300-500 HV for
hard-anodized coatings [3]. Beyond mechanical performance, PEO coatings exhibit high
thermal stability under oxidizing conditions and outperform metallic coatings in automo-
tive, aerospace, and energy environments where sustained elevated temperatures promote
oxidation and corrosive breakdown of unprotected base metal [4,8].
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1.3. Importance of Tribological Performance

Tribological degradation, encompassing friction, wear, and surface fatigue, is respon-
sible for a dominant fraction of component failures across the automotive, aerospace,
industrial manufacturing, and biomedical sectors [9,10]. High contact stresses, vibrational
loading, and extreme operating temperatures collectively accelerate surface-level mate-
rial loss at fastener interfaces, bearings, bushings, and articulating surfaces, creating a
clear need for surface engineering that extends service life [3]. PEO coatings address this
need through their combination of high ceramic-phase hardness, controlled porosity for
lubricant retention, and a corrosion-resistant oxide barrier between the base metal and the
service environment [11]. In high-temperature applications, PEO coatings maintain a stable
oxide structure that resists phase transformations and prevents changes in dominant wear
mechanisms as temperatures rise, a capability not shared by soft metallic or polymer-based
coatings [12]. In aqueous and corrosive environments, the PEO ceramic layer reduces elec-
trochemical attack on the base metal, making it particularly relevant for marine, biomedical,
and offshore energy applications where tribo-corrosion is the dominant failure mode [13].
PEO is especially critical for aerospace and high-performance automotive applications
where aluminum, magnesium, and titanium alloys substitute for heavier ferrous compo-
nents, as the inherently poor tribological properties of these lightweight metals necessitate
surface treatment for sliding or fretting service [14].

1.4. Scope and Objectives of the Review

This review provides a mechanism-based critical assessment of PEO coating systems
developed for tribological applications, with emphasis on friction and wear reduction,
tribo-corrosion resistance, and hybrid coating performance across a range of service envi-
ronments. The scope encompasses the fundamental electrochemical and plasma physics
governing PEO coating formation; the influence of processing parameters on coating
microstructure; tribological mechanisms under dry, lubricated, high-temperature, and
corrosive conditions; hybrid and duplex strategies employing solid lubricants, polymer
impregnation, and multilayer architectures; industrial applications across aerospace, au-
tomotive, biomedical, marine, and energy sectors; and systematic benchmarking against
competing coating technologies. Critical research gaps are identified throughout, and
emerging directions in smart adaptive coatings and Al-guided optimization are highlighted
as priority areas for future investigation. This review is intended as both a comprehensive
reference for researchers and a practical guide for engineers selecting surface treatment
systems based on application-specific performance requirements. Existing PEO reviews
predominantly focus on coating formation, corrosion resistance, and general surface engi-
neering aspects, while dedicated evaluations of tribological performance remain compara-
tively limited. This review addresses that gap by providing a mechanism-based assessment
of friction, wear, tribo-corrosion, and hybrid PEO systems, while identifying key challenges
and future research directions for engineering applications.

2. Fundamentals of Plasma Electrolytic Oxidation
2.1. Electrochemical and Plasma Discharge Mechanisms

PEO coating formation initiates as conventional anodic oxidation, under applied
voltage, an oxide film grows on the substrate surface and progressively increases inter-
facial resistance until the applied field reaches the dielectric breakdown strength of the
growing oxide, typically between 200 and 600 V, depending on substrate and electrolyte
chemistry [15]. This buildup and transition are shown in Figure 1 as a metal substrate experi-
ences anodic oxidation, passivation, and eventually dielectric breakdown. At this transition,
localized dielectric breakdown occurs, and plasma micro-discharges erupt through the
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oxide film, fundamentally differentiating PEO from hard anodizing by shifting from purely
electrochemical to plasma-assisted oxide growth [3]. The discharges are transient, highly
localized events with local temperatures exceeding 2000 K within individual discharge
channels, driving rapid oxide melting, injection, and re-solidification [16]. Discharge events
during PEO are classified into three principal stages of coating evolution [17]. Early-stage
soft-arcing (A-type) discharges are small and numerous, distributing uniformly across
the surface to produce a thin, relatively homogeneous oxide layer. As coating thickness
increases, the regime transitions to intense B-type discharges associated with accelerated
growth, followed by C-type arc discharges at high energy density that promote thermo-
dynamically stable crystalline phases but can also introduce large discharge channels and
surface defects if not controlled [16,18]. Electrolyte species participate directly in the plasma
chemistry: during discharge events, ions and molecular species from the bath are ther-
mally activated and incorporated into the molten oxide, enabling deliberate compositional
engineering of the coating through electrolyte design [19].

Anodic Oxidation

No voltage applied,
sample is immersed in
electrolyte bath.

Passivation

Oxide Layer

Voltage applied, oxide
layer formation begins.

Dielectric breakdown

Plasma Oxide Layer
Discharge

R EERY

Breakdown potential is
reached, plasma discharges
occur increasing oxide growth.

Figure 1. Stages of coating formation through oxide layer generation and dielectric breakdown.

2.2. Coating Formation, Growth, and Microstructure Evolution

PEO coating growth follows a nonlinear trajectory characterized by distinct stages
of microstructural development. Figure 2 illustrates the evolution of the PEO coating
process. The initial compact barrier oxide layer, analogous to that formed during conven-
tional anodizing Figure 2b, controls early current distribution and defines the dielectric
breakdown threshold [20]. Once breakdown is exceeded Figure 2c, oxide growth tran-
sitions to a coupled electrochemical-plasma mechanism involving local melting, oxide
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ejection through discharge channels, and rapid re-solidification, generating the characteris-
tic three-layer microstructure: a dense inner barrier layer adjacent to the metal substrate,
an intermediate compact zone, and a porous outer layer at the free surface [15]. The
inner barrier layer governs mechanical integrity and adhesion of the coating, while the
outer porous layer develops through gas evolution, discharge channel collapse, and volu-
metric shrinkage during rapid quenching. Pore size and density increase with discharge
intensity, applied voltage, and processing time. Crystalline phase content, including o-
Aly,O3 on aluminum, rutile TiO, on titanium, and monoclinic ZrO, on zirconium, increases
with cumulative discharge energy as transiently elevated temperatures within discharge
channels drive thermodynamic phase stabilization [19]. Electrolyte compositional effects
further modulate microstructure: incorporation of Al species in Ti-substrate electrolytes can
promote Al,O3 formation within the TiO, matrix, significantly modifying hardness and

tribological response [19].

Figure 2. Evolution of PEO discharge stages: (a) at coating start before power is applied; (b) when
power is applied, surface oxidation begins. (c) Dielectric breakdown is reached, and small discharges
are visible; (d) soft arcing starts and plasma discharges are visible; (e) strong arcing, and large
discharges are visible and less frequent. Reproduced from [2], Coatings MDPI, 2020.

2.3. Role of Substrate Materials

The widespread application of PEO to aluminum, magnesium, and titanium alloys is
driven by the need to overcome substrate-specific limitations while preserving the benefits
of lightweight structural materials. Aluminum alloys offer an attractive strength-to-weight
ratio but can suffer from wear and corrosion in demanding service environments [16]. Mag-
nesium alloys provide exceptional weight reduction but exhibit poor wear resistance and
high corrosion susceptibility [8]. Titanium alloys possess excellent strength and corrosion
resistance but are characterized by high friction coefficients, low wear resistance, and a
tendency toward adhesive wear and galling [13]. PEO coatings address these limitations
by generating hard ceramic oxide layers that improve surface hardness, wear resistance,
and environmental durability while maintaining the low density and bulk mechanical
properties of the underlying substrate. Substrate alloy, chemistry, and microstructure
exert fundamental control over PEO coating phase composition, porosity, hardness, and
tribological behavior because differences in ion mobility, oxide thermodynamic stability,
and dielectric breakdown characteristics across substrate systems produce distinct coating
architectures. These substrate-dependent differences are summarized in Table 1. On alu-
minum alloys, PEO coatings consist predominantly of mixed x-Al,O3 and y-Al,O3, with
the «/y ratio, a primary determinant of hardness and brittleness, controlled by electrolyte
chemistry and discharge energy [18,20,21]. On magnesium alloys, the low melting point
and high electrical conductivity of the substrate drive intense discharge regimes, yielding
MgO and Mg-Al spinel (MgAl,Oy4) coatings with characteristically higher porosity and
surface roughness that necessitate careful electrolyte and process optimization [8,22-24].
Titanium alloys form rutile and anatase TiO, coatings with lower intrinsic porosity and a
thicker barrier layer before discharge onset, providing excellent load-bearing characteristics
relative to the naturally poor tribological performance of the substrate [25-27]. Zirconium
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alloys produce ZrO, coatings containing mixed monoclinic and tetragonal polymorphs;
the tetragonal-to-monoclinic transformation toughening mechanism provides the highest
fracture toughness of the four substrate families, along with very low wear coefficients and
exceptional thermal stability [28-30].

Table 1. PEO coating characteristics as a function of substrate material: primary oxide phases, key

microstructural features, indicative hardness range, and tribological implications.

. . . . . . Typical
Substrate Primary Oxide Key Microstructural Trlb(?log.lcal Cf)atlng Hardness Ref.
Phases Features Implications Thickness HV)
High h ardness; mlxed Good wear resistance;
oxide; o/7y ratio .
tunable through o/ ratio controls
Aluminum (Al) %-AL0Os, clectrolyte chemistry ~ ardness-brittleness 0 150 1000-2000 [16]
alloys v-AlL, O3 . balance; benefits
and alloying elements;
greatly from
non-columnar rocess optimization
bidirectional growth P P
Low .melt.mg point Higher porosity
drives intense . .
discharges; higher increases abrasive wear
Magnesium MgO, Mg-Al inherent or,osit and risk; corrosion-barrier
8 spinel porostty function critical; 10-80 um 600-1500 [31]
(Mg) alloys surface roughness than . .
(MgAl,O4) effective with careful
other substrates;
. . electrolyte
requires strict management
electrolyte control &
Higher dielectric Lower porosity
breakdown voltage; improves load-bearing
. . - lower porosity; thicker capacity; Ti substrate
Titanium (T) Rutile TI.OZ’ barrier layer before has intrinsically poor 10-60 um 700-1500 [32]
alloys anatase TiO, . . . . .
discharge onset; rutile  tribological properties
fraction increases with that PEO
discharge energy effectively addresses
Unique ionic mobility;
mixed polymorphic Highest fracture
. phases; phase balance toughness among the
. . Monoclinic . .
Zirconium (Zr) governs transformation ~ four substrate families;
ZrOy, . 10-50 pm 800-1400 [28]
alloys toughening; smaller excellent thermal
tetragonal ZrO,

pores achievable with
high-frequency
processing

stability; very low
wear coefficients

2.4. Phase Composition and Porosity

PEO coatings exhibit a mixed crystalline-amorphous oxide structure arising from
the rapid melting and quenching within plasma discharge channels. Transient local tem-
peratures exceeding 2000 K promote formation of thermodynamically stable crystalline
phases, while rapid cooling rates, estimated between 10° and 10° K/s, preserve amorphous
regions between discharge sites [33]. The relative fractions of crystalline and amorphous
material depend on substrate chemistry, discharge energy density, and electrolyte compo-
sition. On aluminum alloys, higher discharge energy increases the «-Al,O3 fraction; on
titanium alloys, rutile content increases with discharge temperature; on zirconium alloys,
the monoclinic-tetragonal balance influences transformation toughening; on magnesium
alloys, MgO and MgAl,Oy spinal phases form, usually with higher amorphous content
compared to other alloys. Porosity arises through three concurrent mechanisms: gas evo-
lution during plasma-assisted oxide growth, collapse and partial re-sealing of discharge
channels after each event, and volumetric shrinkage during rapid solidification of molten
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oxide. Two distinct pore populations are typically observed: sub-micrometer micro-pores
within discharge channels, and macro-pores exceeding one micrometer at arc discharge
sites. Porosity scales with applied voltage, current density, processing time, and discharge
intensity [30]. Figure 3 shows a PEO coating on a titanium alloy with pores approximately
1-10 um in diameter.

Figure 3. SEM image of a PEO coating on titanium alloy. Image produced by the author.

The tribological implications of phase composition and porosity are inseparable and
must be considered jointly. Higher crystalline phase content correlates with increased
hardness and improved wear resistance, but also with greater brittleness and suscepti-
bility to microcracking under contact loading. Porosity has a dual character: moderate
controlled porosity improves lubricant retention and debris accommodation in lubricated
systems, while excessive porosity reduces load-bearing capacity and creates preferential
crack initiation sites under cyclic or high-load contact [30]. Residual tensile stresses gener-
ated by rapid thermal cycling during discharge events, compounded by volume changes
associated with phase transformations such as the tetragonal-to-monoclinic ZrO, transi-
tion, promote microcracking at elevated coating thickness, further reducing tribological
durability [28]. Optimizing tribological performance, therefore, requires careful balancing
of phase composition, porosity architecture, and residual stress state.

3. Processing Parameters and Coating Design
3.1. Electrolyte Chemistry and Additives

Electrolyte composition is the primary lever through which coating phase content,
porosity, surface roughness, and mechanical properties are tailored in PEO. Unlike conven-
tional anodizing, where coating composition is largely determined by substrate chemistry,
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PEO permits deliberate compositional engineering through electrolyte species selection
and concentration, enabling a degree of microstructural control unavailable to compet-
ing processes. Electrolytes are typically dilute alkaline solutions at pH 9-13 containing
silicates, phosphates, aluminates, or borates, each producing characteristic coating re-
sponses depending on the substrate system [8]. Silicate-based electrolytes promote Si
incorporation into the oxide matrix, forming composite Al;O3-5i0, coatings on aluminum
alloys with increased hardness. Phosphate systems yield more morphologically uniform
coatings with potentially lower friction coefficients, while aluminate additions enhance
x-Al,O3 formation. Electrolyte conductivity and pH govern current density distribution,
discharge intensity, and defect density: higher conductivity promotes more energetic dis-
charges and larger pores, while pH modulates oxide dissolution rates and phase equilibria
during growth [34].

Contemporary PEO research increasingly exploits electrolyte chemistry for multifunc-
tional coating design. Solid lubricant precursors, including molybdenum disulfide (MoS5,),
graphite, and hexagonal boron nitride (h-BN), can be suspended in the electrolyte and
partially incorporated into the coating matrix via plasma-assisted reactions during dis-
charge events, producing self-lubricating composite coatings without post-treatment [16].
Ceramic reinforcing additives such as ZrO,, Al,O3, and SiC nanoparticles can similarly
be co-deposited by electrolyte suspension to increase hardness and wear resistance [34].
Surfactants reduce surface tension at the coating—electrolyte interface, facilitating gas bub-
ble detachment and lowering porosity by preventing bubble retention at discharge sites.
Rare earth compounds and sealing agents applied post-treatment or incorporated into
the electrolyte reduce open porosity and improve corrosion and tribo-corrosion perfor-
mance [35,36]. The ability to simultaneously control phase composition, porosity, and
surface chemistry through electrolyte engineering is a defining advantage of PEO that
competing deposition technologies cannot replicate.

3.2. Electrical Parameters: Voltage, Current Density, Frequency, and Waveform

The electrical supply parameters, such as applied voltage, current density, pulse fre-
quency, duty cycle, and waveform polarity, collectively govern discharge regime, phase
evolution, porosity development, and residual stress accumulation, exerting dominant
control over both coating microstructure and tribological performance. Their interdepen-
dencies and optimization goals are summarized in Table 2. Applied voltage controls the
breakdown threshold and discharge regime: as voltage increases, discharges become larger
and more energetic, promoting stable crystalline phases and greater coating thickness, but
also raising surface roughness and porosity; excessive voltage induces arc-type discharges
that introduce large channels and cracks, degrading mechanical integrity [15,18]. Current
density governs growth kinetics, with higher densities increasing coating growth rate but
also porosity and residual stress, while moderate densities enable microstructure refine-
ment and more uniform, less defective coatings [37]. Pulse frequency controls discharge
duration and inter-pulse cooling: higher frequencies reduce individual discharge energy,
promoting finer microstructures and smaller pores, while lower frequencies increase dis-
charge energy and risk arc formation [20,37]. Duty cycle governs local heat accumulation;
lower duty cycles reduce inter-discharge thermal buildup and produce denser coatings
with less microcracking, making them preferable for mechanically demanding applica-
tions [18,37,38]. Bipolar pulsed waveforms, which alternate polarity to improve discharge
uniformity and suppress surface defects, consistently produce the densest coatings with
the best mechanical and tribological properties relative to unipolar or DC supply [38].

https://doi.org/10.3390/coatings16070778


https://doi.org/10.3390/coatings16070778

Coatings 2026, 16, 778

9 of 37

Table 2. Effect of key electrical processing parameters on PEO coating microstructure and tribological

properties. Optimization goals are stated from a wear-resistance perspective.

Parameter Effect of Increasing Microstructural Impact Tribological Typical Range Ref.
Value Consequence
Larger, more energetic . . Harder coating at
discharges; greater Higher crystalline .
. . . optimum; excess
coating thickness; content; increased voltage degrades
Applied Voltage promotes stable surface roughness; large 8¢ des . 200-600 V [15]
. mechanical integrity
crystalline phases; pores and cracks at .
. through arc-induced
excess causes excessive values
macro-defects
arc damage
Faster growth; increased Higher density — Moderate Currept 8
; . . best for balancing
porosity and residual harder but more brittle hardness and
Current Density stress at high values; coatings; moderate — . . 5-50 A/dm? [37]
. . . brittleness; high
finer microstructure at uniform structure, fewer f
current risks
moderate values macro-defects .
excess porosity
ngher f requency = High frequency refines
finer microstructure, . . .
smaller pores: lower —s discharge channels; low Higher frequencies
Pulse Frequency pores; frequency produces preferred for dense, 50-2000 Hz [39-41]
larger discharge energy, . . .
coarse pores acting as wear-resistant coatings
pore enlargement, AR .
. crack initiation sites
arc risk
. T 1
Higher duty — faster . Lower duty cycle
Lower duty cycle limits preferred for
growth, more thermal inter-discharge heat mechanicall
Duty Cycle stress; lower — denser . g . y 10-50% [37,38]
. accumulation and demanding
coating, less . ) .
. . macro-pore formation tribological
micro-cracking . e
applications
DC — high porosity; Bipolar pulsed Bipolar pulsed
unipolar pulse — more = waveforms produce the : . DC/
. . . . consistently delivers .
Waveform Type uniform; bipolar — best  finest microstructures . . Unipolar/ [38]
; . best tribological .
density and and most uniform Bipolar
performance

surface quality

discharge distribution

A unifying concept in electrical parameter analysis is specific energy input (J/cm?),
the time integral of power density delivered to the system. Specific energy correlates more
reliably with phase transformation, coating hardness, and porosity than any single electrical
variable in isolation because it captures the cumulative influence of voltage, current density,
frequency, and processing time simultaneously [15,18]. Critically, electrical variables are
not independent: increasing voltage alters discharge behavior even at constant current
density, and frequency effects depend on duty cycle and electrolyte conductivity. Effective
process optimization, therefore, requires systematic multi-parameter exploration rather
than single-variable adjustment, motivating the use of machine learning approaches.

3.3. Processing Time and Thermal Effects

Processing time determines total energy delivered to the system and governs mi-
crostructural evolution through nonlinear growth kinetics characterized by three distinct
stages: an initial rapid-growth phase with high discharge density, a steady growth phase
as discharge frequency stabilizes, and a saturation phase where growth rate declines as
the outer porous layer reaches quasi-equilibrium thickness [42]. Continued processing
beyond saturation can lead to coating degradation as accumulated thermal energy drives
unstable arc formation, excessive porosity, and microcrack propagation. Heat accumulates
in both coating and electrolyte as processing proceeds, shifting discharge behavior toward
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more energetic events if not managed by active cooling; elevated electrolyte temperature
reduces dielectric breakdown thresholds and promotes the transition from soft-sparking
to arc-dominated discharge. Longer processing times also drive metastable oxide phase
transformations: y-Al,O3 converts to the harder but more brittle « phase in aluminum
systems, anatase converts to rutile in titanium systems, and increased spinel formation
occurs in magnesium alloys [43]. These thermally driven transformations are beneficial up
to a point but are accompanied by elevated residual stresses that ultimately reduce tribo-
logical durability through microcracking and potential coating delamination on cooling.
The combination of processing time, thermal management strategy, electrolyte chemistry,
and electrical parameters must therefore be considered and optimized together to achieve
target mechanical properties for service.

3.4. Microstructural Tailoring for Tribological Performance

Tribological performance is the aggregate outcome of microstructural features, includ-
ing phase composition, porosity architecture, surface roughness, coating thickness, and
residual stress state, none of which can be independently optimized without affecting the
others. Hard crystalline phases such as «-Al,O3 and rutile TiO, provide bulk hardness and
load-bearing capacity, but increased discharge energy promotes harder and more brittle
coatings, raising the risk of microcracking and brittle fracture under dynamic loading [44].
Porosity is intrinsic to the PEO process but can be controlled through power supply type
and duty cycle: bipolar pulsed waveforms with lower duty cycles reduce discharge inten-
sity, yielding smaller, more uniformly distributed pores and a less porous overall structure.
Duplex architectures combining cold-spray deposition of metallic interlayers (Ti, Al-Ti-Cu)
with subsequent PEO coating create a dense, hard boundary that improves load-bearing
capacity, corrosion barrier quality, and oxide phase hardness relative to PEO directly on the
bare alloy substrate. Solid lubricants incorporated through electrolyte additives (graphite,
h-BN, and MoS,) create lubricating transfer films during sliding that significantly reduce
friction coefficients [39-41]. Surfactants added to the electrolyte reduce porosity by pre-
venting gas bubble adhesion at the coating surface during processing. The fundamental
challenge in microstructural design for tribological applications is that phase composition,
porosity, and surface roughness are coupled through the discharge physics, requiring
application-specific optimization rather than universal prescriptions [36].

4. Tribological Properties of PEO Coatings
4.1. Friction Behavior Under Dry and Lubricated Conditions

Friction behavior of PEO coatings is governed by complex interactions among coat-
ing microstructure, counterface material properties, contact geometry, and environmental
conditions. As-deposited PEO coatings typically exhibit high initial coefficients of friction
(COF) in the range of 0.4-0.8 against steel counterfaces under dry sliding, attributable to
surface roughness (Ra typically 1-5 pm), brittle asperity fracture, and the absence of a
lubricating tribo-film at the onset of contact [45]. During the run-in period, progressive
smoothing of surface asperities, densification of the near-surface contact zone, and forma-
tion of an oxide-based third-body layer reduce friction toward a lower steady-state value.
The duration and severity of the run-in period depend on initial surface roughness, phase
hardness, and the mechanical properties of the counterface. In some cases, debris generated
from brittle asperity fracture forms a compact third-body layer that can either lubricate or
abrade the interface, depending on its hardness and compaction [16]. Under lubricated
conditions, PEO coatings leverage their inherent porosity advantageously: the open pore
network acts as a micro-reservoir retaining oil or lubricating fluid in the contact zone,
sustaining hydrodynamic or boundary film conditions during start—stop transients that
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would starve smooth surfaces [46]. Reported COF values under optimized oil-lubricated
conditions range from 0.05 to 0.15, a reduction of up to an order of magnitude relative to
dry sliding.

4.2. Wear Resistance and Wear Mechanisms

The high hardness of PEO ceramic phases up to 2000 HV for optimized x-Al,O3-rich
coatings provides a substantial wear resistance advantage over uncoated lightweight
alloy substrates. However, the ceramic nature of PEO coatings means that mul-
tiple concurrent wear mechanisms operate during sliding, with their relative con-
tributions depending sensitively on contact load, counterface material, and coating
microstructure. Table 3 summarizes dominant wear mechanisms as a function of load
regime. Abrasive wear is the most frequently reported mechanism and operates through
two modes: two-body abrasion, where hard surface asperities plow the counterface, and
three-body abrasion, where hard oxide debris particles generated by asperity fracture
become entrained in the contact interface and act as abrasives against both surfaces [21,47].
Adhesive wear is less prominent in PEO-on-ceramic contact pairs due to the chemical stabil-
ity and high hardness of oxide phases, but becomes significant when metallic counterfaces
are used or when coating fracture exposes the substrate [2]. Brittle fracture under load
is a characteristic failure mode of ceramic-coated systems, exacerbated by high porosity,
excessive coating thickness, and the elastic modulus mismatch between the hard ceramic
layer and the compliant metal substrate [48]. Figure 4 compares the wear mechanisms
of PEO coatings formed on low-5i and high-Si aluminum alloys. The low-Si coating, as
in Figure 4a, contains a thicker porous outer layer that is susceptible to micro-cracking,
fragmentation, and debris generation during sliding, resulting in greater material loss. By
contrast, the high-Si coating, as in Figure 4b, has a thinner porous region and, consequently,
exhibits reduced wear damage after 1000 m of sliding, demonstrating the beneficial effect
of increased substrate silicon content on coating wear resistance. Delamination, though
less common than in deposited coatings due to the metallurgical bond, occurs at excessive
coating thickness, where residual stresses or applied loading exceed the fracture toughness
of the ceramic—substrate interface [16,49].
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Figure 4. Schematic of wear mechanisms for PEO coating on low (a) and high (b) Si aluminum
substrates, specifically, wear debris interaction after 1000 m sliding distance. Reproduced from [50].
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Table 3. Dominant wear mechanisms of PEO coatings as a function of applied load regime, with

controlling microstructural factors.

Dominant Wear

Controlling

Load Regime Mechanism Surface Response Microstructural Factor Ref.
Mild abrasive wear; Gradual smoothing of
three-body mechanics  brittle asperities during Surface roughness and
Low load (<10 N) <y . .. phase hardness govern [51]
possible for low run-in; stable friction Un-in severit
load-bearing substrates after initial period Y
Coupled ;?braswe and Tran.sfer layer formf'mon; Porosity controls debris
adhesive wear; mixed tribochemical )
Moderate load . . . . : entrapment; coating
increasing material loss oxide debris . [45]
(10-50 N) . . . thickness governs
with third-body accumulates in L o
. X load distribution
debris generation wear track
Brittle fracture and Del'ammatlon at Sub.strate' yield .str§r.1gth
spallation as substrate coating-substrate is ultimate limit;
High load (>50 N) P interface; transition to residual stress and [6]

deforms under
contact stress

substrate-
dominated wear

coating thickness control
spallation threshold

4.3. Effects of Load, Speed, and Temperature

Tribological performance of PEO coatings is sensitive to contact mechanics parameters,
particularly normal load, sliding speed, and ambient temperature, which interact in a
coupled, nonlinear fashion to determine the dominant failure mode. Under increasing
load, a progressive transition from mild abrasive wear to coupled abrasive—adhesive
mechanisms to brittle fracture and spallation is well-documented, as captured in Table 3.
The load at which catastrophic coating failure initiates scales with coating thickness, phase
hardness, and the yield strength of the underlying substrate: once contact stress exceeds
the substrate yield strength, plastic deformation of the base metal drives coating fracture
through bending stresses at the ceramic—metal interface, regardless of coating hardness [6].
Sliding speed influences tribological response primarily through frictional heat generation,
which modifies local contact temperature, wear debris oxidation state, and lubricant film
thickness. At higher speeds, frictional heating can change the dominant phase at the
transfer layer interface, either increasing or decreasing load-bearing capacity depending
on coating composition, and can accelerate oxidation of metallic wear debris to form
hard oxide particles that modify three-body wear contributions [6,52,53]. These effects
are coupled rather than independent: higher speed generates more heat, which drives
tribochemical reactions, which alter debris hardness, which modifies the abrasion rate.
Tribological behavior under combined load, speed, and temperature changes must therefore
be interpreted in an integrated rather than single-variable framework.

4.4. Counterface Interactions and Transfer Layer Formation

The tribological interface between PEO coating and counterface is the locus of all
friction-generating and wear-producing events, and its evolution during sliding determines
long-term performance. Counterface material selection strongly influences the dominant
wear mechanism: ceramic counterfaces such as Al,O3 and SizIN; minimize adhesive in-
teractions through their high hardness and chemical stability, while metallic counterfaces,
such as hardened steel, promote material transfer and adhesive wear [54]. During sliding, a
transfer layer forms at the contact interface through fragmentation of oxide asperities, com-
paction of debris, and tribochemical oxidation reactions. This transfer layer can beneficially
smooth the wear track by filling surface voids with compact debris, reducing friction and
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distributing contact load more uniformly, but once the voids are filled, entrained particles
begin to contribute to three-body abrasive wear [11]. Third-body wear is particularly
significant in PEO systems because of the brittle nature of ceramic phases: hard oxide
particles generated by asperity fracture cause micro-cutting and plowing, progressively
enlarging pores and surface cracks. Managing third-body effects through surface texturing,
controlled porosity for debris accommodation, or solid lubricant incorporation to prevent
particle re-agglomeration in the sliding contact zone represents an active and technically
important research direction [43]. Figure 5 illustrates the tribological behavior of magne-
sium alloys in ethanol under sliding contact with a steel counterface. In Figure 5a, the
uncoated AZ31 magnesium alloy forms a discontinuous tribofilm composed primarily of
MgO, a magnesium ethoxide generated through tribochemical reactions during sliding. In
contrast, Figure 5b shows the PEO-coated AZ31 alloy, where ceramic MgO-rich coating
supports the applied load and promotes the formation of a more stable tribolayer at the
contact interface. The PEO coating acts as a physical barrier that reduces direct substrate
contact, enhances tribofilm retention, and improves wear resistance compared with the

uncoated alloy [39].

\ A
Tribolayer
—_—

Steel ball

&3

(b) | [p——

<= Mg(C,H50),

Steel ball

{

« MgO
Load
l <= Mg(C,Hs0),

Figure 5. Tribological mechanisms and SEM images of AZ31 Mg alloy lubricated with ethanol and
MgO PEO layer lubricated with ethanol. (a) An ethanol-lubricated Mg alloy surface with a steel ball
counterface. (b) PEO-coated Mg alloy with a steel ball counterface contacting tribofilm. Reproduced
from [39], Lubricants MDPI, 2020.

5. Surface Modification and Hybrid PEO Systems
5.1. Sealing and Post-Treatment Strategies

The inherent surface porosity and roughness of as-deposited PEO coatings present
practical challenges in applications requiring low friction, minimal corrosion ingress, and
high surface integrity. Post-treatment strategies have been developed to seal pores, improve
surface finish, and enhance tribological and corrosion performance without sacrificing the
underlying ceramic structure. Polymer sealing with epoxy matrices infiltrates surface pores
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under capillary or vacuum action, creating a smooth ceramic-supported sliding interface
that reduces run-in COF and substantially improves corrosion resistance, but is limited to
moderate temperatures where the polymer phase remains structurally intact [55]. Sol-gel
treatment deposits a thin silica-, alumina-, or hybrid organic—ceramic layer within and
over the PEO porous structure through an electrochemical process analogous to anodizing,
maintaining ceramic surface composition while significantly reducing open porosity, with
appropriately sealed coatings achieving salt spray test lifetimes exceeding 2000 h [56].
Hydrothermal treatment exploits the reactivity of certain PEO oxides in high-temperature
aqueous environments to nucleate secondary oxide phases within pores; this strategy is
particularly effective for magnesium alloys, where MgO readily forms expanded hydroxide
phases that seal microcracks and convert metastable oxides to stable structures [56]. Laser
surface remelting applies high-energy pulsed laser irradiation to locally melt and rapidly
re-solidify the outermost coating zone, producing a dense, pore-reduced surface layer with
increased hardness; precise laser parameter control is essential to avoid thermal cracking
or over-melting [57]. Mechanical polishing or grinding removes the weakest outer porous
layer and reduces surface asperity height, stabilizing initial sliding contact and reducing
run-in severity, though sub-surface porosity and corrosion protection remain unaffected.

5.2. Solid Lubricant and Polymer-Impregnated PEO Coatings

The high surface roughness and moderate dry sliding friction coefficients of unmod-
ified PEO coatings represent the primary limitation for low-friction applications. Solid
lubricant incorporation and polymer impregnation strategies exploit the porous PEO mi-
crostructure as a reservoir for lubricating species, enabling sustained lubrication during
sliding without external lubricant supply [58]. The performance characteristics of the
most widely studied systems are compiled in Table 4. Solid lubricants, materials with
layered crystal structures exhibiting low shear strength along basal planes, are introduced
either by suspending precursor particles in the PEO electrolyte for co-deposition during
coating growth, or through post-deposition vacuum or pressure impregnation into open
pores [59]. Electrolyte-based incorporation distributes lubricant species throughout the
coating depth, but uniform distribution is challenging due to particle agglomeration and
preferential incorporation near discharge sites. Post-deposition impregnation provides
better control over near-surface lubricant loading but is limited to pore openings accessible
from the surface and does not provide deep-reservoir replenishment as the coating wears.
Direct growth of graphitic carbon layers on oxide surfaces has emerged as an alternative
strategy for creating low-friction interfaces. Zhang et al. demonstrated the catalyst-free
growth of nanocrystalline graphene/graphite films directly on oxide substrates, producing
strongly adherent carbonaceous layers without the dispersion and agglomeration chal-
lenges associated with particle-based additions. Although this approach has not yet been
widely applied to PEO coatings, it represents a promising future direction for generating
durable solid-lubricating surfaces while preserving the load-bearing characteristics of the
underlying ceramic coating [60].

Table 4. Tribological performance of PEO coatings modified with solid lubricant additives and
polymer impregnants: substrate, reported COF, delivery method, key advantages, limitations, and
testing temperature.

Lubricant Substrate Delivery Method Key Advantage Key Limitation Ref.
Electrolyte Low COF; synergistic dis[tfillfl‘;’zr(:r?a(ilicdlfzes
MoS, Al alloy (2A50) suspension hardness increase with L . [41,58]
. . to abrasive MoOj in
(single step) Al,O3 matrix

humid environments

https://doi.org/10.3390/ coatings16070778


https://doi.org/10.3390/coatings16070778

Coatings 2026, 16, 778 15 of 37
Table 4. Cont.
Lubricant Substrate Delivery Method Key Advantage Key Limitation Ref.
In situ hydrothermal intseupr iiil(());'p‘t())erteter Two-step process;
MoSe, TCé Ti alloy growth in €8 C substrate [41,61,62]
PEO pores lubricant retention vs. ranee limited
P particle addition &
Humidity-stable Finer particles needed
. Graphite-dispersed lubrication; pore for effective
Graphite/GO Alalloy (2A12) aluminate electrolyte  densification; lowers  incorporation through [63]
a/v-AlpOs ratio discharge channels
Reduces porosity;
bridges pore openings; . S
GO added to . . Galvanic coupling risk
Graphene/GO Mg alloy (AZ31) PEO electrolyte improves corrosion at coating defects [31]
and wear
simultaneously
Sustained low COF; Excess concentration
Co-incorporation in pore sealing; ~70% causes micro-cracking;
h-BN + CNT Mg alloy PEO electrolyte wear rate reduction careful loading [31,53]
vs. substrate optimization required
Single-step fabrication; o
PTFE nanoparticles improved Limited d.e pth
PTFE (one-step) Al alloy . . penetration; [64-66]
in PEO electrolyte hydrophobicity and
. surface-only effect
pore sealing
Polymer/Sol- Al alloy Epoxy infiltration of h;[;irf(;iza;:rlilgz{[i%;ng; NOteiz‘l::Z lj for [56]
Gel Sealing (AA2024) surface pores &

corrosion sealing

temperature service

As summarized in Table 4, a variety of solid lubricants and polymeric phases
have been incorporated into PEO coatings to reduce friction and wear through both
electrolyte-assisted incorporation and post-treatment impregnation. Layered solid lu-
bricants such as MoS,, MoSe;, graphite, graphene, and h-BN reduce friction through
low-shear interfacial sliding and tribofilm formation, with reported coefficients of fric-
tion as low as 0.079-0.245 for MoS,-modified coatings, approximately 0.09 for graphite-
containing systems, and wear rate reductions of up to 70% for h-BN/CNT reinforced
coatings [31,39,41,63,64,67]. Polymer-based approaches, particularly PTFE impregnation,
further reduce friction (COF 0.10-0.15) while improving hydrophobicity, corrosion resis-
tance, and lubricant retention through the porous PEO network [12,65,68]. Despite these
benefits, lubricant-modified coatings must balance friction reduction with mechanical in-
tegrity, as excessive lubricant incorporation can reduce hardness and load-bearing capacity
by displacing load-bearing ceramic phases [67,69]. Consequently, recent research has in-
creasingly focused on hybrid architectures that combine lubricating phases with ceramic
reinforcements, engineered pore structures, or multifunctional additives to simultaneously
achieve low friction, high wear resistance, and long-term durability across a broad range of
operating environments [31,63,67,69].

5.3. Duplex and Multilayer PEO-Based Coatings

Duplex and multilayer architectures combine PEO with one or more complementary
surface treatments to overcome the fundamental limitations of standalone PEO coatings,
particularly low fracture toughness, high surface roughness, and restricted performance
under high contact loads. Pretreatment duplex systems apply a surface modification to
the substrate before PEO processing. Cold spray deposition of dense metallic interlayers
(Ti, Al-Ti-Cu) prior to PEO produces higher-hardness oxide phases, including Al,TiOs on
aluminum alloys, and significantly improves wear resistance against ceramic counterfaces
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compared to PEO on the bare alloy substrate [40,70]. Surface pretreatments, including cold
spray and magnetron sputtering prior to PEO on magnesium alloys, improve interfacial
bonding, refine discharge behavior, and reduce macro-defect formation, contributing to
improved tribological and corrosion performance [31]. Post-treatment duplex systems
apply a functional layer over the completed PEO coating. Duplex PEO-chameleon coatings
on Ti-6Al-4V, where the PEO ceramic base is overcoated with a burnished solid lubricant
mixture of h-BN, MoS,, and Sb,O3, demonstrate friction coefficients as low as 0.03 under
dry nitrogen with stable performance to 300 °C [71]. In this architecture, the PEO layer
provides the mechanical load-bearing foundation and surface porosity that mechanically
interlocks the lubricant topcoat, while the chameleon overcoat adapts its dominant lu-
bricating phase between MoS, and graphite depending on temperature and humidity, a
capability unavailable to monolithic PEO coatings. PEO combined with PVD topcoats such
as DLC or TiN similarly exploits the PEO layer as a hard, well-bonded intermediate that
improves adhesion of PVD films to lightweight metal substrates, directly addressing the
adhesion limitations that prevent PVD from being applied directly onto soft aluminum or
magnesium. Multilayer PEO systems deposited in stages with varied electrolyte chemistry
or electrical parameters between stages allow compositional and porosity gradients within
the coating cross-section, decoupling functional requirements: hardness and adhesion at
the substrate interface, and friction and surface integrity at the contact surface [34,51,72].
Table 5 summarizes PEO post-treatment methods, their limitations, and benefits.

Table 5. PEO post-treatment and duplex strategies: method summary, primary tribological benefit,

key limitation, and supporting references.

Primary Tribological

Treatment Method Summary Benefit Key Limitation Ref.
Epoxy matrix 1nf11trat'es Softens or decomposes at
. surface pores under capillary Reduces Ra and COF; i
Polymer sealing . . . . s elevated temperatures; not
or vacuum action, creatinga  improves run-in stability . [22]
(epoxy) . . . suitable for
smooth ceramic-supported and corrosion resistance . .
sliding interface high-temperature service
Thin oxide or hybrid ceramic Seals pores while .
. e . . . More complex processing;
deposited within pores via maintaining ceramic coating properties sensitive
Sol-gel sealing electrochemical process; composition; >2000 h salt & prop . [23]
e . . . . to precursor chemistry
silica, alumina, or hybrid spray protection with and oH
organic-inorganic precursors appropriate formulation p
. Coating exposed to Seals microcracks; converts . d to substrates with
high-temperature aqueous metastable to stable oxide . . .
Hydrothermal . - reactive oxides; requires
environment; secondary phases; particularly [31]
treatment . . . controlled aqueous
oxide phases nucleate and effective on Mg alloys via . :
s processing environment
grow within pores MgO growth
High-energy pulsed laser Greatly reduces surface aﬁggﬁ:jﬁ CIZ) rﬁg(s)i Ir?ziro ¢
. locally melts and rapidly porosity; increases P L
Laser surface remelting - e . thermal cracking or [73]
re-solidifies PEO near-surface coating overmelting if
surface zone density and hardness &1
parameters drift
Abrasive polishing or Reduces run-in wear and .
oo . R Does not improve
grinding removes brittle initial COF; removes .
. _ sub-surface porosity or
Mechanical polishing outer porous layer and weakest outer zone; [47]

reduces surface
asperity height

stabilizes initial
sliding contact

provide corrosion sealing;
surface-level benefit only
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Table 5. Cont.
Treatment Method Summary Primary Tl‘lb.() logical Key Limitation Ref.
Benefit
Higher-hardness oxide

Dense metallic Ti or Al-Ti-Cu phases from interlayer Adds process steps and

Cold-spray layer cold-sprayed onto chemistry; improved capital cost; requires [17]
interlayer + PEO substrate before PEO; PEO load-bearing capacity and cold-spray equipment in

formed on top of interlayer  corrosion barrier; 3 x faster addition to PEO facility

PEO growth kinetics

5.4. Synergistic Effects on Hybrid PEO Systems

The tribological performance of hybrid PEO systems consistently exceeds the additive
combination of individual constituent properties, and understanding the mechanistic
origins of this synergy is essential for rational coating design. The most well-documented
synergistic effect is the structural interaction between the porous PEO ceramic network
and an infiltrated lubricant phase. In PEO-PTFE systems, the pore network simultaneously
functions as a mechanical anchor for the polymer and a supply reservoir that replenishes
the lubricating surface film as it is consumed during sliding. This is a dual function that
only emerges from the combined architecture and enables sustained low friction and low
wear rates at loads up to 70 N that neither standalone PEO nor standalone PTFE can
sustain [74]. In duplex PEO-chameleon architectures, the surface porosity of the PEO
base layer provides mechanical interlocking sites that prevent delamination of the solid
lubricant topcoat under shear, while the load-bearing PEO layer supports contact stresses
that would crush a freestanding lubricant film; together they achieve COF below 0.05 in dry
nitrogen, unreachable by either component independently [71]. Surface texturing combined
with PEO coating represents a further synergistic configuration: bionic surface textures
applied prior to PEO are preserved through the oxide growth process and create structured
topographies that trap abrasive wear debris, preventing its re-entrainment in the sliding
contact, while the PEO ceramic provides hardness and corrosion resistance [11,37]. The
common design principle across these systems is functional decoupling: each component
fulfills a distinct tribological role, load support, lubrication, debris trapping, or adhesion
enhancement, and synergy emerges from their complementary simultaneous operation.
Rational hybrid PEO design should therefore begin by identifying the specific tribological
deficiency of standalone PEO in the target application and selecting the complementary
treatment to address that deficiency precisely [67].

6. Environmental and Extreme-Condition Tribology
6.1. High-Temperature and Thermal Cycling Behavior

Tribological performance of PEO coatings at elevated temperatures is governed by
the thermal stability of the ceramic oxide phases, the coefficient of thermal expansion
(CTE) mismatch between coating and substrate, and the temperature dependence of domi-
nant wear and oxidation mechanisms. The ceramic oxide phases formed by PEO exhibit
high intrinsic thermal stability relative to the underlying alloy substrates: rutile TiO; is
thermodynamically stable to approximately 1800 °C, and x-Al,Oj3 retains high hardness
well above the ~200 °C softening threshold of aluminum alloy substrates. PEO coatings
incorporating ZrO, nanoparticles on TC21 titanium alloy have demonstrated 3-5x im-
provement in high-temperature oxidation resistance at 650-750 °C relative to uncoated
alloy, attributed to the dense ZrO, /TiO, composite barrier layer that retards inward oxygen
diffusion [75,76]. However, the thermal stability advantage of the ceramic layer creates
a critical mismatch with a softening substrate: as temperature rises, the ceramic retains
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its hardness while the substrate deforms, generating shear stress at the coating—substrate
interface that promotes delamination under contact loading [12]. This makes substrate yield
strength at elevated temperature the ultimate load-bearing limit of PEO-coated systems in
high-temperature service.

Thermal cycling is a more severe condition than isothermal exposure because CTE
differences between the ceramic coating and metal substrate generate cyclic tensile-
compressive stress amplitudes during each temperature excursion, progressively accumu-
lating fatigue damage at the coating—substrate interface and within the coating microstruc-
ture. Aluminum and magnesium substrates have substantially higher CTEs than their
PEO oxide coatings, placing the coating in tension during cooling and creating preferred
crack propagation conditions at pre-existing pores and discharge channel voids. Coatings
with controlled porosity and higher «-phase content on aluminum substrates demonstrate
better thermal cycling resistance due to their greater density and reduced crack initiation
site population [13]. For temperature-adaptive performance, duplex PEO-chameleon coat-
ings on Ti-6Al-4V exploit the temperature dependence of solid lubricant shear strength:
friction coefficients decrease with increasing temperature in both humid air and dry ni-
trogen as the dominant lubricating phase shifts from graphite at lower temperatures to
MoS,-Sb,O3 synergistic lubrication at elevated temperatures [71]. The reversibility of
this adaptive response under repeated thermal cycling was confirmed, demonstrating the
potential of PEO as a base layer for temperature-responsive tribological systems addressing
variable-environment aerospace demands.

6.2. Tribo-Corrosion Performance

The wear mechanisms discussed in Section 4 primarily describe material removal
processes occurring under mechanical contact, including abrasive wear, adhesive wear,
brittle fracture, and delamination. In contrast, tribo-corrosion involves the simultaneous in-
teraction of mechanical wear and electrochemical corrosion, where degradation is governed
not only by contact mechanics but also by corrosion kinetics, passive film disruption, and
repassivation behavior. Consequently, tribo-corrosion cannot be interpreted as an extension
of conventional wear, as the combined degradation often exceeds the sum of the individual
wear and corrosion contributions [77]. The synergy arises because mechanical wear disrupts
protective surface films, exposing fresh metal to the corrosive medium and accelerating
electrochemical attack, while corrosion products alter mechanical contact conditions and
modify wear debris composition in a positive feedback loop [78]. PEO coatings provide
tribo-corrosion resistance through two complementary mechanisms: the thick ceramic
oxide layer substantially increases electrochemical impedance, reducing ionic attack on
the base metal; and the high hardness of ceramic phases resists mechanical removal of the
protective film during sliding, maintaining barrier integrity under loads that would rapidly
strip thinner anodic or conversion coatings. Pezzato et al. [79] studied the tribocorrosion
properties of PEO coatings on AZ91 magnesium alloy. By using open circuit potential,
potentiodynamic polarization, and electrochemical impedance spectroscopy, conclusions
were drawn on the improvement in corrosion resistance during tribological interactions.
As shown in Figure 6, the PEO-coated surfaces provided a measurable improvement in
corrosion resistance, improving the corrosion potential during sliding and increasing the
polarization resistance in Figure 6a. The key vulnerability is inherent surface porosity: once
the outermost porous layer is removed during run-in, direct ionic pathways to the substrate
become accessible, initiating a progressive degradation cycle. The governing factors and
recommended mitigation strategies are systematically summarized in Table 6.

https://doi.org/10.3390/coatings16070778


https://doi.org/10.3390/coatings16070778

Coatings 2026, 16, 778

19 of 37

ocP [v]

-0.5

Voltage [V]

-25

2000

2500

100x10* 1.00x107 1.00x10*

100x10° 1.00x10* 1.00x10" 1.00x10

1000 1500 3000 ' 1.00x10°
Time [s] Current Density [A/cm?]
1400
(c) .
1200 PED
1000 =
& 800
5
E 600
oo - - ke -
f:..-- e . ..-
200 5 ':
b :
0 T T . T
1] 200 400 600 800 1000 1200 1400
2 [Dem?)
Figure 6. (a) Open circuit potential, (b) potentiodynamic polarization, and (c) electrochemical
impedance spectroscopy results from a study on PEO-coated magnesium alloy with Si and P addi-
tive. [79] Coatings, MDPI 2018.
Table 6. Governing factors in PEO coating tribo-corrosion: mechanism, coating response, recom-
mended mitigation strategy, and qualitative severity rating.
. . . Recommended .
Factor Effect on Tribo-Corrosion Coating Response e Severity Ref.
Mitigation
Open pores provide direct Dense inner barrier Sol-gel sealing or
ionic pathways to layer sustains polishing of outer
Surface porosity substrate once the outer electrochemical porous layer High [39]
porous layer is worn away protection as outer significantly reduces
during sliding Zone wears tribo-corrosion rates
. . . High hard f o .
Disrupts protective oxide 1511 NATeness o Maximize coating
. . ceramic phases resists ;
. films, exposing fresh . hardness and density
Mechanical wear - film removal and .
L metal to corrosive S . through process High [44]
(sliding) . maintains barrier Lo
medium; accelerates . . optimization and
. integrity under .
electrochemical attack post-treatment sealing
contact loads
Corrosion weakens Hybrid PEO systems
coating matrix, promoting Total material loss with
Corrosion- further mechanical consistently exceeds corrosion-inhibiting
accelerated wear removal—a positive arithmetic sum of pure additives or sealing Very High [43]
(synergy) feedback loop whose total wear and layers address both
effect exceeds the sum pure corrosion failure modes
of parts simultaneously
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Table 6. Cont.
. . . Recommended .
Factor Effect on Tribo-Corrosion Coating Response e Severity Ref.
Mitigation
nghe‘r chloride . . Hybrid or sealed PEO
concentration, lower pH, Coating effectiveness
. - systems are preferred
Environment (CI~, and elevated temperature degrades faster as . .
. . over standalone coatings Variable [43]
pH, O) all accelerate barrier environmental . .
. o in marine or
degradation and severity increases . . .
o biological environments
ionic ingress
. Load- . .
Low load: electrochemical oad d?Pendent Match coating thickness
degradation dominates transition to and phase composition
Applied contact & o substrate-dominated . Load-
after run-in; high load: . . to expected service load; [6,45]
load corrosion rapidly dependent

mechanical fracture
exposes substrate directly

undermines coating

avoid exceeding
load-bearing threshold

integrity at high loads

Post-treatments that seal surface porosity without compromising load-bearing ca-
pacity, primarily sol-gel sealing and polishing of the outer porous zone, are the most
effective mitigation strategies for tribo-corrosion environments, addressing both the electro-
chemical pathway and the mechanical wear component simultaneously [23]. The relative
contributions of wear-accelerated corrosion and corrosion-accelerated wear depend on the
aggressiveness of the environment and contact conditions. In mildly corrosive environ-
ments at low loads, the electrochemical component tends to dominate after run-in when
the dense inner layer becomes the primary contact surface. Under high loads in aggressive
environments, mechanical fracture of the ceramic layer exposes the substrate, causing a
sharp transition to substrate-dominated corrosion. For applications in marine, biomedi-
cal, and offshore environments, hybrid PEO systems incorporating corrosion-inhibiting
additives or secondary sealing layers are preferable to standalone coatings, as they address
both the mechanical and electrochemical vulnerabilities simultaneously [78].

6.3. Performance in Vacuum, Humid, and Marine Environments

The tribological performance of PEO coatings is strongly influenced by the surround-
ing environment, as humidity, oxygen availability, and the presence of corrosive species
all alter dominant friction and wear mechanisms at the sliding interface. In ambient air
with moderate humidity, adsorbed water molecules on ceramic oxide surfaces reduce
surface energy and adhesive interactions, generally lowering steady-state friction relative
to completely dry conditions. For solid lubricant-containing PEO systems, however, the
effect of humidity is lubricant-dependent: graphite performs best in humid environments
where adsorbed water facilitates inter-layer shear, while MoS; performs best in dry or inert
atmospheres due to its sensitivity to oxidation. In duplex PEO-chameleon coatings, this
difference is measurable—COF values of 0.10-0.15 in humid air shift to 0.06-0.09 in dry
nitrogen as the dominant lubricating phase transitions between graphite and MoS, [71]. In
vacuum and inert gas environments, bare PEO coatings face greater tribological challenges:
without atmospheric oxygen or moisture to facilitate tribochemical oxide layer formation,
adhesive wear between the ceramic surface and metallic counterfaces becomes more promi-
nent, motivating the use of adaptive solid lubricant topcoats that maintain lubrication
in oxygen-free conditions [71]. In lubricated environments, PEO coatings leverage their
porosity as micro-reservoirs retaining fluid lubricants in the contact zone; in graphene
nanoplatelet-containing ethanol, PEO-coated AZ31 magnesium alloy achieved a COF of
0.07, attributed to tribolayer formation from graphene platelets deposited within the wear
track and surface pores [39]. In marine environments, standalone PEO coatings provide rea-
sonable short-term chloride protection, but immersion in seawater progressively degrades
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barrier performance as Cl~ ions penetrate through pores; composite polymer-topcoated
PEO systems substantially outperform standalone coatings in marine immersion by block-
ing ionic ingress pathways while the ceramic base maintains mechanical hardness [78].

6.4. Fatigue and Impact Resistance

Fatigue and impact resistance are critical performance dimensions for PEO-coated
aerospace and automotive components, as coating defect structure and residual stress
state can either degrade or preserve substrate fatigue life depending on the processing
approach. Unmodified PEO coatings frequently reduce the fatigue life of aluminum alloy
substrates relative to the uncoated condition: tensile residual stresses generated in the
ceramic layer during rapid thermal cycling of discharge events, combined with stress
concentration at surface pores, microcracks, and discharge channel voids, promote fatigue
crack initiation at the coating—substrate interface [26]. The severity of this fatigue penalty
scales with coating thickness, porosity, and discharge channel diameter, all associated with
more aggressive processing conditions. Shot peening of AA2024 prior to PEO has been
reported to increase fatigue life by approximately 85% relative to PEO alone, by introducing
compressive residual stress that counteracts the tensile PEO process stresses and delays
crack initiation [47]. Ultrasonic surface rolling pretreatment (USRP) before PEO on titanium
alloys restores low-cycle fatigue life to levels comparable to the uncoated substrate while
improving high-cycle fatigue life through compressive stress introduction and gradient
nanostructure formation in the substrate surface layer [26]. Pore-sealing post-treatments
contribute by filling stress-concentrating defects in the outer coating zone, removing crack
initiation sites and delaying fatigue crack growth [9,80]. Impact resistance is primarily
governed by the high adhesion strength of the metallurgically bonded PEO-substrate
interface; however, repeated low-energy impacts can accumulate sub-critical interfacial
damage analogous to fretting fatigue, and coating architectures with controlled porosity
gradients denser near the substrate and more compliant toward the surface distribute
impact energy more effectively and reduce peak interfacial stress.

7. Engineering and Industrial Applications

PEO coatings have been implemented across a diverse range of engineering sectors,
with application-specific requirements determining the preferred coating architecture,
substrate, and post-treatment strategy. Table 7 provides a sector-by-sector overview of
key applications, substrates, primary functional benefits, and representative performance
metrics. The following subsections provide a detailed discussion of each sector.

Table 7. PEO coating industrial applications by sector: key component, substrate, primary tribological
or functional benefit, and notable performance metric.

Notable Performance

Sector Key Application Substrate Primary Functional Benefit Metric Ref.
Wear res.lstance comparable Tribological
. . to cast iron; porous outer
Engine cylinder laver acts as lubricant performance
Automotive bores (cast iron Al-Si alloys yer . comparable to cast [46,78]
reservoir during start-stop; . s e
replacement) - iron liner; significant
conformal coating reaches .
mass saving
complex bore geometry
Tribo-catalytic effect at PEO
L surface promotes in situ
Valve train with
. . . i i ion > 409
Automotive MoDTC lubricant Ti alloys MOSZ. f.llm formatlon' f:rOIT‘l COF reduction 40 e [1,5]
additives additive decomposition; vs. uncoated Ti

substantially lower COF
than untreated Ti
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Table 7. Cont.
Sector Key Application Substrate Primary Functional Benefit Notablel\;’:tifi:rmance Ref.
Electrical insulation > 3 kV; .
: ) Isolation voltage > 3
Battery pack simultaneous corrosion
enclosures; resistance and thermal kV demonstrated;
Automotive (EV) . ’ Al alloys . substantially reduced [37,80]
aluminum management; brake disks wear
brake disks reduce non-exhaust . ..
icul .. particle emissions
particulate emissions
Hard ceramic resists
Airframe panels simultaneous fretting and ~85% fatigue life
’ corrosion; conformal coating improvement with
Aerospace/Defense fas]:ericel;i[(s),les AA2024 reaches complex internal USRP; eliminates (18]
geometries inaccessible to ~ chromate replacement
line-of-sight methods
Substantially reduces
Aeroengine fretting wear; duplex
components, blade PEO-chameleon coatings COF 0.03-0.15 across
Aerospace/Defense p ’ Ti-6Al-4V . & all conditions; stable [9,18,33]
root attachments, stable from ambient to 300 erformance to 300 °C
fasteners °C in both humid air and p
dry Np
Hard TiO; ceramic reduces
micromotion wear debris; Orders-of-magnitude
Biomedical Orthop'edlc and Ti alloys, B-Ti Ca/P electrqutes P rov1c'le reduction in metal ion [5,44]
dental implants osseointegration-promoting .
surface chemistry release vs. uncoated Ti
simultaneously
Offshore structural TSA./ PEO duplex .
substantially outperforms Projected 15-20 yr
. components, sonar Al alloys (TSA/ . ; - ) 7
Marine housines PEO duplex) either constituent alone in corrosion protection in [11]
subsea harflv:/are p tribo-corrosion tests in seawater service
synthetic seawater
Dense ZrO, PEO layer acts
as diffusion barrier reducing 3-5x improved
Accident-tolerant O, and N ingress; higher ~ oxidation resistance at
Nuclear energy fuel cladding ZIRLO Zr alloy cubic ZrO, content 900-1000 °C vs. [36,57]
improves steam uncoated alloy
reaction resistance
Near-zero wear over 1000 h
test durations in PEO-PEEK
Industrial Al molds, dies, Al allovs hybrid systems; 26%—-88% Near-zero wear at
manufacturing fixtures; L-PBF AlSil Ol\}jIg, wear improvement and 1000 h (PEO-PEEK [47,80]

AM components

37%-53% corrosion
improvement on
L-PBF parts

hybrid)

7.1. Automotive and Transportation Systems

The automotive industry is among the primary drivers of PEO coating develop-

ment, motivated by lightweighting demands, emissions regulations, and the tribological

challenges of replacing ferrous components with aluminum, magnesium, and titanium

alloys [14]. Engine cylinder bores represent one of the most demanding automotive tribo-

logical environments, involving high-temperature reciprocating contact under lubricated

conditions. PEO coatings on aluminum-silicon alloys have demonstrated wear resistance

comparable to cast iron liners in tribological testing, while the porous outer layer acts

as a lubricant reservoir, maintaining oil films during boundary lubrication conditions at

engine start-stop, and the conformal deposition process accommodates complex internal
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bore geometry inaccessible to line-of-sight methods [1,4,81]. In MoDTC-lubricated valve
train systems, PEO-coated titanium components exhibit a tribo-catalytic effect, promoting
in situ MoS; film formation at the ceramic surface, achieving substantially lower friction
than untreated titanium [1]. The rapid growth of electric vehicles has created new applica-
tion domains: battery pack enclosures in aluminum alloy require simultaneous electrical
insulation, corrosion resistance, and thermal management, a combination that PEO de-
livers with isolation voltages exceeding 3 kV, demonstrated on coated components [80].
Aluminum brake disks treated with PEO represent an emerging EV application where elim-
ination of cast iron rotors reduces unsprung mass while substantially reducing non-exhaust
particulate wear emissions [67].

7.2. Aerospace and Defense Applications

Aerospace and defense represent the most demanding end-use environment for PEO
coatings, combining extreme wear resistance, corrosion protection, fatigue durability, and
minimal mass penalty across components operating under cyclic loading, vibration, and
temperature excursions. The conformality of PEO processing is particularly critical in
aerospace, where complex machined geometries, internal channels, and blind features on
airframe components cannot be reached by PVD or thermal spray [47]. Aluminum alloy
2024, extensively used in aeronautical structures for its specific strength, benefits directly
from PEO’s simultaneous wear and corrosion protection, addressing co-occurring fretting
and corrosion degradation modes at fastener holes, brackets, and panel edges [47]. For
additively manufactured components in AlSi10Mg, PEO has been shown to improve wear
resistance by 26%—-88% and corrosion resistance by 37%-53% relative to uncoated L-PBF
components, with polished substrates consistently outperforming as-built surfaces [21].
Titanium alloys, extensively used in aeroengine components and structural attachments,
are natural PEO candidates given titanium’s inherently poor tribological properties; fretting
wear at blade root attachments and fastener interfaces is a critical failure mode, and PEO
substantially reduces this damage through hardness and thickness advantages [25]. Duplex
PEO-chameleon coatings on Ti-6Al-4V maintain stable, low-friction performance from
ambient to 300 °C in both humid air and dry nitrogen, making them directly applicable to
aerospace tribological pairs that encounter variable environmental conditions through the
flight envelope [71]. The regulatory pressure to eliminate hexavalent chromium processes
under REACH and RoHS further strengthens the case for PEO as a strategic replacement
technology across commercial and defense aerospace platforms [3].

7.3. Biomedical and Marine Components

Biomedical implants and marine hardware share the common challenge of simultane-
ous corrosive aqueous exposure and mechanical loading, making tribo-corrosion resistance
the dominant performance requirement. For orthopedic and dental titanium implants,
PEO provides hard TiO,-based ceramic layers that substantially improve wear resistance
in simulated body fluid environments while maintaining biocompatibility [67]. Treatment
of B-titanium alloys in calcium- and phosphorus-containing electrolytes simultaneously
achieves tribocorrosion resistance and osseointegration-promoting surface chemistry in
a single processing step—addressing the dual functional requirements of implant sur-
faces [25,26]. The porous structure of PEO coatings is additionally exploited to load an-
timicrobial agents such as silver nanoparticles or zinc ions, addressing implant-associated
infection without compromising mechanical performance. In marine applications, PEO
coatings on thermally sprayed aluminum (TSA) layers applied to offshore structural steel
have demonstrated substantially improved sliding wear resistance and tribo-corrosion pro-
tection in synthetic seawater, with the TSA /PEO duplex system significantly outperforming
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either constituent coating alone [1,9]. For sonar housings, underwater instrumentation, and
high-speed marine components where complex geometry precludes line-of-sight coating,
PEQO’s conformality and tunable porosity make it particularly well-suited, with salt spray
testing on sealed PEO aluminum components demonstrating projected corrosion protection
lifetimes of 15-20 years in seawater service [11].

7.4. Energy and Industrial Manufacturing Applications

In nuclear energy, PEO coatings on ZIRLO zirconium alloy fuel cladding have demon-
strated 3-5x improved high-temperature corrosion resistance in nitrogen-steam environ-
ments at 900-1000 °C, with the dense ZrO, ceramic layer acting as a diffusion barrier
reducing inward oxygen and nitrogen transport [37]. The phase composition of ZrO,,
controllable through electrolyte chemistry and discharge energy, directly determines high-
temperature stability, with higher cubic ZrO, content producing slower steam reaction
rates and reduced thermal crack formation [29]. In industrial manufacturing, PEO protects
aluminum and magnesium tooling components, molds, and fixtures against repeated me-
chanical contact where internal surface geometries preclude conventional thermal spray
or PVD. Hybrid PEO-polymer systems combining PEO ceramic base layers with PEEK
topcoats have demonstrated near-zero wear over 1000 h test durations on aluminum cast-
ing alloy components, supporting PEO in long-run production tooling where extended
maintenance intervals reduce manufacturing cost [67]. Across these energy and man-
ufacturing applications, the common requirement is sustained functional performance
under conditions that progressively degrade competing coatings, precisely where PEO’s
metallurgically bonded, thick, and thermally stable ceramic structure provides its strongest
practical advantage [1].

8. Benchmarking and Comparison with Competing Coatings

Selecting PEO coatings for industrial applications requires direct comparison against
competing surface engineering technologies across the metrics relevant to the target service
environment. Table 8 provides a structured side-by-side comparison of PEO with hard
anodizing, HVOF thermal spray, PVD, and hard chrome plating across key performance
and process characteristics.

Table 8. Comparative performance metrics for PEO (MAO) and competing surface coating technolo-
gies. Values are indicative ranges; actual performance depends on specific alloy, process parameters,
and test conditions.

Coating

Adhesion Salt Applicable  Environ-

Technol- Ha;;i‘rlless Thickness Mecha- COF Spray Sub- mental ReClatlve References
ogy (HY) (km) nism Life (h) strates Impacts ost
Uses Mo.derate
aqueous equipment
electrolytes o :rralactlin
Metallur- with P costs &
gical 0.4-0.8 relatively associated
PEO 1000- 10-200 bond (in (0.05-0.2 >2000 Al, Mg, Ti, low chemical with hich- [1-
(MAO) 2000 situ compos- (sealed) Zr hazards but volta ge 3,52,82]
oxide ite) requires &
growth) high SEOWI?;S
electrical Sg d
energy
input. process
control.
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Table 8. Cont.

Coating Hardness Thickness Adhesion Salt Applicable  Environ- Relative
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Generates
acidic waste
streams Low to
requirin moderate
q 5 cost due to
treatment mature
Hard Electroch- anc;,l:1 ;islslscce)sal industrial
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High fuel resulting
from spe-
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vironmental OZeration

burden. require-

ments.
Produces ngh

minimal capital .and

chemical operating

Mechanical waste but cositst d
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deposition and 1.0 W

svsterns deposition
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8.1. PEO vs. Hard Anodizing

Hard anodizing (Type III) is the most direct commercial competitor to PEO for
wear and corrosion protection of aluminum alloys. PEO substantially outperforms hard-
anodized coatings in hardness: plasma-assisted crystallization introduces stable «-Al,O3
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and mullite phases unavailable to hard anodizing, which produces predominantly amor-
phous Al,Os at low voltages in sulfuric acid, raising hardness to 1000-2000 HV com-
pared to 300-500 HV for hard anodizing [3]. This translates directly to wear resistance:
PEO systems reduce dry sliding COF from 0.5-0.8 on uncoated substrates to 0.1-0.3 on
optimized coatings, with wear rates reduced by one to two orders of magnitude [45].
Hard-anodized coatings on 6061 and 5005 aluminum alloys show specific wear rates of
1.0-4.6 x 1075 mm3 N~! m~! under moderate loads, increasing sharply as the brittle colum-
nar oxide fractures at higher contact pressures [6,84]. PEO achieves wear volume losses
approximately one order of magnitude lower, with particle-reinforced PEO on Al10SiMg
alloy showing approximately 18 times lower wear volume loss and COF of ~0.51 versus
~0.72 for hard anodize in direct comparison [44,49]. Corrosion resistance similarly favors
PEO, with appropriately sealed coatings exceeding 2000 h in salt spray testing versus
200-500 h for hard anodizing [3]. Hard anodizing retains advantages in process cost and
established industrial infrastructure; however, using hard-anodized layers as PEO precur-
sors reduces PEO energy consumption by 50%—-60% while retaining superior tribological
performance [44], offering a practical pathway toward economically competitive PEO for
demanding applications.

8.2. PEO vs. Thermal Spray and PVD Coatings

Thermal spray processes, such as atmospheric plasma spray (APS), high-velocity oxy-
fuel (HVOF), and arc spray, deposit feedstock materials as molten or semi-molten particles
through mechanical interlocking. While HVOF coatings on WC-Co cermets achieve hard-
ness of 1100-1400 HV and very low porosity, thermal spray coatings on lightweight alloys
are limited by adhesive bonding strength of 20-70 MPa, susceptibility to delamination un-
der cyclic loading, and line-of-sight deposition geometry that restricts coverage of internal
surfaces [3,52]. PEO’s in situ metallurgical bond produces adhesive strength indistinguish-
able from substrate fracture toughness, substantially higher delamination resistance under
impact, thermal cycling, and fatigue loading, and full geometric conformality is unavail-
able to any deposition-based process [1,3,67]. The duplex combination of cold-sprayed
aluminum interlayers with PEO enables treatment of non-oxidizable substrates (steel, mag-
nesium) with growth kinetics three times faster than on bulk aluminum, demonstrating
complementary rather than competing applications [72]. PVD coatings, principally TiN,
CrN, and TiAIN deposited by magnetron sputtering or cathodic arc, achieve very high
hardness (2000-3500 HV) and low friction, making them well-suited to cutting tools and
precision components. However, PVD coatings are typically thin (1-5 um), limiting load-
bearing capacity under abrasive contact; their line-of-sight vacuum deposition process
and residual stress-driven fatigue life reduction on lightweight alloy substrates represent
additional limitations relative to PEO [1,52]. PEO coatings, while generally softer than PVD
nitrides, offer 10-200 times greater thickness, full geometric conformality, and a compres-
sive neutral-to-beneficial residual stress state that does not compromise substrate fatigue
life when properly processed [45]. In summary, thermal spray excels for thick cermet
coatings on large steel components; PVD excels on precision tool surfaces demanding max-
imum hardness in thin films; and PEO occupies the distinct space of conformally bonded,
thick ceramic coatings on lightweight alloy substrates, combining corrosion protection,
wear resistance, and full geometric coverage in a single aqueous process unavailable to
either competing technology.

8.3. Advantages, Limitations, and Cost Considerations

The principal advantages of PEO derive from its in situ electrochemical growth
mechanism: metallurgical adhesion strength equivalent to substrate fracture tough-
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ness; full geometric conformality including internal and re-entrant surfaces; hardness
of 1000-2000 HV; corrosion resistance exceeding 2000 h in salt spray with appropriate
sealing; thermal stability to several hundred degrees Celsius; inherent dielectric properties;
and biocompatibility, a combination of functional properties in a single processing step
unmatched by any competing technology [80]. The process uses dilute alkaline aque-
ous electrolytes, generates no hazardous waste, and produces no hexavalent chromium,
positioning it as a direct environmental replacement for hard chrome and chromate con-
version coatings under REACH and RoHS [83]. The primary technical limitations center
on inherent surface porosity and roughness (Ra typically 1-5 um as-processed), requiring
post-treatment for precision tribological applications; the substrate constraint limiting PEO
to valve metals, excluding ferrous components; and high energy consumption [14]. Specific
energy consumption of 5-15 kWh-m~2-um~! of coating thickness is substantially higher
than hard anodizing [85]. Research into energy reduction strategies, anodic precursor
layers, soft-sparking regimes, and machine learning-assisted process optimization has
demonstrated savings of 60%-68% without compromising coating performance [85]. On a
total cost-of-ownership basis, PEO is most compelling where component replacement costs
are high, environmental compliance eliminates lower-cost alternatives, or multifunctional
performance would otherwise require multiple sequential processing steps [67].

8.4. Application-Specific Performance Metrics

Selecting PEO coatings for a given application requires translating general tribo-
logical performance data into the specific metrics that govern component life in that
service environment. For dry sliding, the most discriminating metrics are specific
wear rate and steady-state COF: bare PEO coatings on aluminum and magnesium sub-
strates typically yield dry sliding COF of 0.4-0.8 against steel and specific wear rates of
107 to 10> mm3 N~ m~!, representing improvements of two-to-three orders of magni-
tude over uncoated substrates [45,86,87]. For lower friction alongside wear resistance, solid
lubricant composite PEO systems achieve a COF of 0.05-0.15 in dry conditions; chameleon
coatings over PEO bases achieve a COF of 0.10-0.15 in humid air and 0.06-0.09 in dry
nitrogen [71]. For lubricated sliding in engine cylinder bores, valve trains, and gearboxes,
the governing metrics shift to scuffing resistance, oil retention capacity, and compatibility
with lubricant additive packages: PEO’s porous outer layer provides natural lubricant re-
tention sustaining hydrodynamic films during start-stop transients, and the tribo-catalytic
decomposition of MoDTC additives on PEO-coated titanium generates in situ MoS; films
that have no equivalent in hard-anodized or thermally sprayed coatings [81]. In fretting
contact at aerospace fasteners, blade attachments, and press-fit assemblies, the relevant
metrics are fretting wear volume and critical displacement amplitude for gross slip: PEO
alone reduces fretting damage significantly relative to uncoated titanium, and duplex
PEO-chameleon coatings extend this advantage through self-adaptive lubrication across
both humid and dry environments [71]. For tribo-corrosion in marine, biomedical, and
offshore environments, the appropriate metrics combine electrochemical impedance, open
circuit potential stability under sliding, and cumulative material loss, accounting for the
synergy between mechanical wear and corrosive dissolution, all of which PEO addresses
more effectively than hard anodizing or thermal spray by maintaining electrochemical
protection during sliding contact [75,88]. These application-specific metrics make clear that
no single PEO formulation is universally optimal; the appropriate coating design must be
selected by identifying the dominant failure mode in each specific service environment.

https://doi.org/10.3390/coatings16070778


https://doi.org/10.3390/coatings16070778

Coatings 2026, 16, 778

28 of 37

9. Manufacturing, Scalability, and Sustainability
9.1. Process Scalability and Industrial Implementation

Although PEO has matured from a laboratory curiosity into a commercially viable
surface treatment, scaling from bench-top reactors to full industrial production introduces
a distinct set of engineering constraints. Laboratory PEO systems typically operate with
electrolyte volumes near 25 L and power supplies of ~10 kW, while industrial installations
can exceed 3500 L and require power supplies rated above 300 kW to sustain the necessary
current density across larger workpiece surface areas [15]. Because PEO current density
requirements scale near-linearly with immersed surface area, treating large or geometri-
cally complex parts demands proportional increases in power capacity, cooling capability,
and electrolyte recirculation, constraining the maximum practical part size that can be
processed economically in a single batch [69]. Scanning PEO (SPEO), in which a localized
counter-electrode is rastered across the workpiece to restrict plasma discharge to a moving
treatment zone, enables selective coating of large components without full-immersion tank
requirements, achieving comparable coating performance while dramatically reducing
power demand and electrolyte volume [15]. Bipolar pulsed power supplies have largely
displaced DC systems in modern industrial installations due to their superior discharge con-
trol, reduced defect formation, and improved energy efficiency at production scale [69,89].
Persistent scale-up challenges include process repeatability as bath chemistry drifts dur-
ing continuous operation, uniform current distribution on complex geometries, fixturing
design for electrochemical uniformity, and integration with upstream and downstream
finishing operations. Addressing these through closed-loop process control and standard-
ized qualification protocols is essential for broader industrial adoption across aerospace,
automotive, and energy sectors.

9.2. Energy Consumption, Research Gaps, and Standardization

Energy consumption remains the most significant economic and environmental limita-

1 is substan-

tion of PEO processing. Specific energy consumption of 5-15 kWh-m~2-um™~
tially higher than hard anodizing per unit area treated, making coating cost sensitive to
required thickness and part area [82]. Strategies to reduce energy consumption include
anodic precursor layers that reduce the time to reach the plasma discharge threshold (cut-
ting energy by 50%—-60% in some implementations), soft-sparking regimes that maintain
beneficial discharge conditions with reduced arc formation, and machine learning-assisted
process control that dynamically adjusts electrical parameters in response to real-time
process signals [32,40,82]. Despite these advances, the lack of standardized energy effi-
ciency metrics across the published literature, with reported values spanning wide ranges
depending on electrolyte composition, substrate, and target thickness, makes quantitative
industrial comparison difficult and underscores the need for community-agreed bench-
marking protocols [89].

A critical gap that pervades the PEO tribology literature is the absence of standard-
ized tribological testing and reporting methodologies. As highlighted throughout this
review, variability in applied load, counterface material, sliding speed, lubricant condi-
tions, and environmental parameters between studies makes direct comparison of coating
systems essentially impossible without common reference benchmarks. Recent compre-
hensive reviews have similarly emphasized that inconsistent testing methodologies hinder
meaningful comparison and slow translation of laboratory findings to engineering appli-
cations [32,82]. Equally significant is the largely empirical nature of current PEO process
understanding; limited mechanistic models describe how electrical parameters, electrolyte
chemistry, and thermal effects interact to control discharge behavior and resulting mi-
crostructure, constraining the ability to predict coating properties from process parameters
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without extensive experimental campaigns. Integrated modeling approaches capable of
correlating energy input, discharge characteristics, and coating architecture to functional
performance metrics are essential for transitioning from trial-and-error optimization to-
ward predictive coating design [32,40,82]. The role of controlled porosity also remains
underexplored: while porosity is often treated as a deficiency to be minimized, emerging
work suggests that engineered pore architectures can enhance lubricant retention, debris
accommodation, and tribological stability in lubricated systems, a conceptual shift from
defect minimization toward functional pore engineering that warrants greater research
investment [1,32].

9.3. Environmental Impact and Electrolyte Management

PEO uses dilute aqueous alkaline electrolytes of inherently low toxicity, a significant
environmental advantage over chromate-based anodizing and strong-acid hard anodiz-
ing processes. The higher electrical energy consumption of PEO introduces an indirect
environmental cost through electricity-related carbon emissions, though this is substan-
tially offset by the dramatically extended service life of PEO-coated components: longer
replacement intervals reduce part manufacturing frequency, lubricant consumption, and
material waste [36,74]. The net environmental benefit is therefore lifecycle-dependent
and application-specific, favoring PEO most strongly where component durability is the
dominant lifecycle cost driver. During processing, electrolyte properties evolve due to
temperature rise, evaporation, and accumulation of dissolved metal ions and reaction
byproducts, which alter local conductivity, pH, and discharge intensity, potentially caus-
ing inconsistent coating thickness, increased porosity, or transition to unstable arcing
regimes [32]. Industrial systems require continuous monitoring of electrolyte conductivity,
temperature, pH, and contamination levels, with active cooling, agitation, and filtration to
maintain uniform processing conditions. Development of standardized electrolyte man-
agement protocols, including defined thresholds for chemical drift and contamination,
remains an important gap in current industrial PEO practice that must be addressed for
reproducibility and scalability [67].

9.4. Lifecycle and Recycling Considerations

Lifecycle considerations for PEO-coated components extend beyond initial perfor-
mance gains and must account for the balance between processing inputs, service life
extension, and end-of-life material handling. While PEO coatings significantly improve
wear and corrosion resistance, extending component lifespan and reducing maintenance
frequency, the ceramic oxide layer presents specific recycling challenges: it does not remelt
with the base alloy during conventional recycling and accumulates as slag or scale on
the melt surface, requiring removal to prevent contamination of recycled metal streams
and increasing refining costs [89]. This introduces potential trade-offs between improved
in-service performance and end-of-life recyclability, a tension not adequately addressed in
current lifecycle assessment frameworks for PEO technology. Limited strategies exist for
coating removal or refurbishment, restricting reuse pathways for high-value components. A
comprehensive lifecycle approach must balance processing energy input, service life exten-
sion, and end-of-life material recovery to ensure that PEO technologies align with circular
manufacturing and sustainability objectives, a dimension of PEO research that warrants
substantially greater attention from both the academic and industrial communities.
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10. Challenges, Future Innovations, and Outlook
10.1. Controlling Porosity and Brittleness

Controlling porosity and brittleness are the two most persistent technical challenges in
PEO coating development for tribological applications, because both arise inherently from
the plasma-assisted formation mechanism and both directly govern load-bearing capacity,
crack initiation, and tribological durability. Excessive porosity reduces hardness, promotes
crack propagation under contact loading, and provides ionic pathways for corrosive attack;
yet a controlled level of porosity is beneficial for lubricant retention, debris accommodation,
and tribo-corrosion mitigation in sliding systems, a distinction that argues for engineered
pore architecture rather than wholesale porosity minimization. Similarly, brittleness driven
by high crystalline phase fractions is necessary for the hardness and wear resistance that
constitute the primary advantage of PEO, but must be balanced against fracture toughness
requirements to prevent microcracking, brittle fracture, and third-body abrasive debris
generation under dynamic loading. Emerging strategies to address this balance include
ultra-high-frequency pulsed power supplies that refine pore size distributions through
reduced individual discharge energy [29]; composite electrolyte formulations that co-
deposit toughening secondary phases such as ZrO, or Y,O3 alongside the primary oxide;
and graded multilayer architectures with dense inner zones transitioning to more compliant
outer zones. Development of predictive models correlating process parameters to pore size
distribution and phase composition would substantially accelerate progress in this area by
reducing dependence on empirical trial-and-error optimization.

10.2. Smart and Self-Lubricating PEO Coatings

Smart and self-lubricating PEO coatings represent an emerging class of adaptive
surfaces that reduce friction and wear without external lubrication by releasing lubricat-
ing species from the porous ceramic reservoir in response to contact events. In the most
advanced “chameleon” configurations, the dominant lubrication mechanism adapts to
environmental changes in humidity or temperature, enabling stable performance across
variable service conditions, which is directly relevant to aerospace fretting interfaces,
automotive actuators, and biomedical devices where conventional lubrication access is
limited [90]. Current research challenges include achieving uniform distribution of lu-
bricant species throughout coating depth beyond near-surface pore filling, maintaining
lubricant reservoir longevity over extended service life, preventing oxidative degrada-
tion of humidity-sensitive lubricants such as MoS,, and preserving mechanical integrity
while incorporating sufficient lubricant loading to achieve target friction reduction. Hy-
brid approaches co-incorporating complementary lubricant species, such as MoS; for dry
and low-humidity conditions alongside graphite for ambient and humid environments,
within a single PEO coating address the environmental adaptability challenge, though
uniform co-distribution remains a significant processing difficulty [64,67]. The integration
of phase-change materials and thermally responsive polymers within PEO pore networks
for triggered lubricant release represents a longer-term research direction with potential
application in precision mechanisms operating in harsh environments.

10.3. Al-Guided Process Optimization

The highly coupled, nonlinear parameter space of PEO processing, where voltage,
current density, electrolyte chemistry, frequency, duty cycle, and processing time simultane-
ously influence discharge behavior, microstructure, and tribological performance, renders
traditional one-variable-at-a-time optimization fundamentally inadequate for discovering
optimal process windows. Machine learning (ML) and artificial intelligence (Al) approaches
offer transformative potential for accelerating PEO process optimization by identifying
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nonlinear relationships across large multi-parameter experimental datasets and enabling
data-driven prediction of coating properties from process inputs [82]. ML models trained
on existing datasets have been used to predict coating hardness, wear rate, and corrosion
performance, enabling virtual parameter optimization before physical experimentation
and substantially reducing the number of experimental trials required to achieve target
properties. Al-driven real-time process control analyzing in situ signals such as volt-
age transients, acoustic emissions, and optical discharge measurements to dynamically
adjust parameters and maintain stable coating growth represents a near-term industrial
implementation pathway [91]. The principal current limitations are the scarcity of large,
standardized, and publicly accessible experimental datasets, a direct consequence of the
non-standardized testing practices identified throughout this review, and the difficulty of
incorporating physics-based mechanistic understanding into purely data-driven models,
which limits extrapolation reliability outside the training data distribution. Future advances
will focus on hybrid physics-informed ML approaches that embed mechanistic constraints
on discharge behavior and phase thermodynamics into model architectures, producing
more robust, interpretable, and transferable optimization strategies for industrial-scale
PEO applications.

Several machine learning strategies are particularly promising for PEO process op-
timization. To reduce experimental burden, active learning and Bayesian optimization
can be employed to iteratively select the most informative experiments, allowing optimal
processing windows to be identified with substantially fewer trials than conventional
design-of-experiments approaches. For non-standard and sparse datasets, transfer learning,
ensemble learning, and Gaussian process regression offer robust prediction capabilities
while quantifying uncertainty in limited-data environments common to PEO research.
Hybrid physics-informed machine learning approaches can further improve model reli-
ability by embedding known relationships between electrical parameters, energy input,
coating growth kinetics, and phase evolution into the learning framework, thereby con-
straining predictions to physically realistic solutions while maintaining the flexibility of
data-driven models.

10.4. Emerging Applications and Research Directions

Emerging PEO applications are increasingly targeting multifunctional, adaptive, and
application-specific surface systems well beyond conventional wear and corrosion protec-
tion. Self-healing coatings incorporating corrosion inhibitors or chemically reactive species
within the PEO porous structure for in-service damage repair are demonstrating promising
corrosion protection durability in saline environments [92]. PEO-modified biodegradable
magnesium alloys for biomedical implants with controlled degradation rates and improved
biocompatibility represent a rapidly growing biomedical direction, where tunable dis-
solution kinetics can be matched to clinical bone regeneration timescales [8,24]. Recent
studies of plasma-assisted nanomaterial synthesis have demonstrated the importance of
vapor-phase transport and remote nucleation phenomena in governing microstructural
evolution [93]. Although these mechanisms remain largely unexplored in PEO systems,
improved understanding of species transport within discharge channels and the surround-
ing electrolyte may provide new opportunities for controlling coating composition, phase
formation, and defect development. Superhydrophobic and anti-fouling PEO coatings
achieved through combined roughness control and fluorinated surface chemistry modifica-
tions are gaining traction in marine and energy applications, offering improved corrosion
resistance and reduced biological fouling without biocidal agents [12]. Hybrid processing
approaches combining PEO with additive manufacturing, sol-gel processing, and cold
spray are enabling composite microstructures and expanded geometric design flexibil-
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ity for next-generation aerospace and automotive components [94]. Bioinspired gradient

TiO, /MoS; coating architectures grown on titanium alloys through combined plasma and

hydrothermal processes demonstrate improved tribological performance for articulating

implant and mechanical surface applications [61]. Collectively, these developments signal a

fundamental shift from PEO as a protective coating technology toward PEO as an enabling

platform for multifunctional, environment-responsive, and bioinspired surface engineering.

Based on the research gaps identified throughout this review, Table 9 presents current

challenges with possible future research directions and expected benefits.

Table 9. Current challenges, emerging research directions, and anticipated benefits for next-generation

PEO coatings.
Current Challenge Propo.sed F uture Expected Benefit References
Direction
. . . Advanced electrolyte Re(%uce.d defect
High coating porosity . . . density, improved
. engineering, nanoparticle .
and microcrack .. wear resistance, and [34-36,39-41]
. additives, and controlled .
formation enhanced corrosion

discharge regimes

protection

Brittleness of ceramic
oxide phases under
high contact loads

Duplex and multilayer
coating architectures,
including metallic
interlayers and
graded coatings

Improved fracture
toughness,
load-bearing capacity,
and resistance
to spallation

[40,51,70-72]

High friction
coefficients under dry
sliding conditions

Incorporation of solid
lubricants (MoS,, h-BN,
graphene, PTFE) and
self-lubricating
hybrid coatings

Lower friction,
reduced wear rates,
and extended
service life

[31,58,59,63—
65,67-69,90,95]

Limited
understanding of In situ diagnostics, Improved predictive
process— machine learning, and capability and [15,18,37]
microstructure— data-driven accelerated coating T
tribology process optimization development
relationships
Variability in Development o.f Improvc.ed cross-study
. . . standardized testing comparison and more
tribological testing . [6,45,51]
. protocols and reliable performance
methodologies . . .
reporting practices benchmarking
Tribofilm instability 0 i‘:rffcs tex;furiltng, nd Enhanced tribological
and third-body ehgthee edegl(")isos ya stability and reduced [11,43]
abrasive wear . abrasive wear
management strategies
Thermal mismatch Functionally graded Improved thermal
and degradation coatings and fatigue resistance and [71,72]
during thermal high-temperature high-temperature !
cycling adaptive coating systems durability
L Multlfu.nc.tlonal coa't M85 Increased durability
Degradation in combining corrosion in marine. biomedical
tribo-corrosive resistance, wear ’ ’ [35,36,56,64,67]
. - and energy
environments protection, and ..
. S applications
self-healing capabilities
Limited industrial Al-guided process Reduceq processing
adoption due to control, scalable power costs, improved
P ) supplies, and automated  reproducibility, and [15,18,37]
process complexity manufacturin reater industrial
and cost - g & .
integration implementation
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11. Conclusions

This review has critically examined the fundamental mechanisms, processing sci-
ence, tribological performance, hybrid coating architectures, environmental behavior, in-
dustrial applications, and future directions of plasma electrolytic oxidation coatings for
tribological service. PEO produces metallurgically bonded, multiphase ceramic oxide
coatings (10-200 pm) on aluminum, magnesium, titanium, and zirconium alloys with a
hardness of 1000-2000 HYV, full geometric conformality including internal surfaces, and
environmental compliance unmatched by competing deposition technologies. Tribological
performance is governed by the coupled effects of phase composition that determines
hardness and thermal stability, porosity architecture that governs lubricant retention,
crack resistance, and tribo-corrosion susceptibility, and residual stress state that controls
fatigue resistance. No single microstructural metric can be independently optimized;
application-specific trade-offs among these variables are the central challenge in PEO
tribological design.

Bipolar pulsed power supplies, composite electrolyte formulations incorporating
solid lubricant precursors and ceramic nanoparticle reinforcements, and post-treatment
sealing strategies represent the most effective current approaches for improving friction,
wear resistance, and tribo-corrosion performance beyond the baseline of as-deposited PEO
coatings. Hybrid and duplex architectures, combining PEO with solid lubricant topcoats,
PVD films, cold-spray interlayers, or polymer impregnation, achieve tribological perfor-
mance that substantially exceeds either constituent alone through synergistic functional
decoupling, whereby the PEO ceramic layer provides load support and adhesion, and the
complementary phase provides lubrication, toughening, or debris management.

Critical research gaps limiting broader industrial adoption include the absence of
standardized tribological testing and reporting protocols; incomplete mechanistic under-
standing of tribo-film evolution, fatigue crack initiation, and synergistic tribo-corrosion
in hybrid PEO systems; and the lack of quantitative lifecycle assessment frameworks ac-
counting for end-of-life recyclability. Emerging directions, including Al-guided process
optimization, smart self-lubricating adaptive coatings, gradient and bioinspired architec-
tures, and integration with additive manufacturing, position PEO as an enabling platform
for next-generation multifunctional surface engineering. Advancing PEO coatings toward
these emerging applications will require coordinated progress across fundamental dis-
charge physics, predictive process modeling, standardized tribological characterization,
and application-driven design validation.
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