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Abstract

Plasma electrolytic oxidation (PEO) processing for light metals is known for decades and has
been established as a well-known industrial surface treatment offering a reasonable wear and
corrosion protection. However, long-term protection is compromised by the intrinsic porosity and
limited range of composition in the PEO layer. A novel approach is to introduce particles to the
electrolyte, aiming at their in-situ incorporation into PEO coatings during growth. The idea is that
with the help of particles the defects can be sealed, and the composition range and the
functionalities of produced coatings can be enhanced. So far, multifunctional coatings with
anticorrosion, self-lubrication, anti-wear, bioactive and photocatalytic properties were produced

with the aid of particle addition.

The properties of particle itself, together with electrical and electrolyte parameters during PEO

processing determine the way and efficiency of particle uptake and incorporation into the



coatings. Normally incorporation of the particles into the coating can range from fully inert to
fully reactive. This paper reviews recent progress on particle-containing PEO coatings formed on
Mg, Al and Ti alloy substrates. The main focus is given to the uptake mechanism of particle into

PEO layers and the introduced microstructural and functional changes.

1 Introduction

Plasma electrolytic oxidation (PEQ), also referred to microarc oxidation (MAO), is a promising
process derived from conventional anodizing to form ceramic-like coatings mainly on
magnesium, aluminum and titanium alloys. The main advantages are enhanced wear and
corrosion resistance together with other features such as improved biocompatibility,
biodegradability, thermal stability and dielectric properties [1-6]. PEO usually employs eco-
friendly alkaline electrolytes and the coatings are formed under a high voltage, when short-living
discharges occur locally at the metal/electrolyte interface leading to a conversion of the metal to
an oxide based layer. Metals or alloys are normally treated in silicate, phosphate, fluoride or
aluminate containing electrolytes, resulting in coatings containing amorphous and/or crystalline
phases stemming from both the substrate and electrolyte compounds. The formation mechanisms
of the PEO coatings are complex due to the involvement of electro-, thermal-, and plasma-

chemical reactions [1, 7].

However, high porosity, limited range of chemical compositions and high energy consumption
are the main restrictions for PEO coatings to achieve a wider range of applications and desirable
properties such as long-term protection or multifunctional surfaces. In general, the properties of

PEO coatings rely on their microstructure and composition, which are mainly determined by the



process and electrolyte parameters. In the case of process parameters, various investigations have
been performed to optimize the electrical conditions, such as applied voltage/current magnitude,
mode, frequency and duty cycle [8-12]. The applied electrical parameters influence the PEO
process characteristics, including the breakdown voltage and the discharge events, both in terms
of discharge intensity and density, which have significant effects on the coating microstructure
and properties. However, it is unlikely to avoid high porosity for PEO coatings, especially for Mg
alloys, and also the coating properties are confined due to the limited influence of the electrical
parameters on coating composition. Modifying the electrolyte composition is another effective
way to optimize the microstructure and composition in order to improve coating properties [13-
16]. Recent developments in this area are focused on the addition of particles into the electrolyte,
aiming at in-situ incorporation or sealing of the porous PEO coatings, and also endowing the
coatings with new functionalities. The addition of particles into the electrolyte influences the
PEO processing because it can change the electrolyte, i.e. pH value, conductivity and viscosity,
which might have an effect on the coating morphology and properties in return. If particles are
incorporated without reaction or no new phase formation, it is considered as an inert
incorporation. This means that the size and shape of the particles do not undergo noticeable
change and the particles can be easily traced and identified in the layer, even if some superficial
reaction may take place in the interfacial region between the particles and the coating matrix. The
second possibility is reactive or partly reactive incorporation. In this case the particles can be
melted by the high-energy discharges in the PEO processing and react with other components
from electrolyte and matrix. This complex process depends on numerous factors, such as the

substrate, the size, melting point, concentration and zeta potential of the particles, the



composition of the base electrolyte as well as the energy provided by the discharges. The present
review gives a critical overview about the influence of different particles on the PEO process, the

coating composition and properties on Mg, Al and Ti and their alloys.

2 Particles used in PEO coatings: characteristics and requirements

In vast majority of the studies, particles are directly added in the form of powder or sol to the
electrolyte, since it is more flexible and confers more alternatives than the particles stemming
from the substrate, e.g., the particle reinforcement in metal matrix composites. Additionally, in-
situ particle formation can occur in the electrolyte intentionally or if the solubility limit of certain
compounds is exceeded during PEO processing. Such systems can also be considered as particle-
containing electrolytes. A challenge is to obtain uniform dispersion of particles in the PEO
electrolyte. Zeta potential is used to evaluate the surface charge of the particles and their
dispersion stability in a certain solution [17]. The magnitude of the zeta potential indicates the
degree of electrostatic repulsion between the adjacent particles in the solution. Particles with
higher absolute value of zeta potential are more stable, resulting in inhibiting agglomeration and
settling in PEO electrolyte. A high zeta potential (absolute value) is desirable in electrophoretic
process as this enhances the rate of particle movement under a given electrical field [18]. It was
found that most of the particles are negatively charged and demonstrate negative zeta potential in
the commonly used alkaline electrolytes. The negative zeta potential could facilitate the
incorporation of particles since the substrate and the coating on top of it serves as anode during
DC or positive pulses under AC conditions. In particular, the absolute value of zeta potential
increases with the pH value of the PEO electrolyte (Figure 1) [19, 20]. The properties of the

particles (e.g., size and density) also determine their stability in the electrolyte. For instance, it is



likely that there is a limitation of the particle size, since the majority of the studies have used
particles which are less than 10 um. Consequently, external forces are generally utilized to avoid
sedimentation and agglomeration of the particles, e.g., mechanical stirring, gas bubbling,
electrolyte pumping and ultrasonic agitation. In some cases, surfactants are utilized to improve
dispersion stability of the particles, e.g., PTFE, MnO, and NiO [21, 22]. Another approach is to
use in-situ formed sol suspensions during preparation of the electrolyte. However, organic
solvents (e.g., ethanol) or specific complexants are often used to synthesize such sols [23-25].
They often act as unwanted additives in the electrolyte and might have an adverse effect on PEO
coatings. Table 1 summarizes various particles which have been introduced to the PEO
electrolyte aiming at improving the properties (corrosion and wear performance) and providing
new functionalities (biocompatibility, antibacterial, ferromagnetic and catalytic activities) for

PEO coatings. Thus a wide field of particles and possible applications are available.

3 Influence of particle addition on electrical response of PEO process

Generally, addition of new components into the electrolyte can have an effect on the electrical
response of PEO process. It was demonstrated that addition of particles can slow down the
voltage ramp during PEO treatment [17, 20, 26, 27]. Li et al. [26] reported that the voltage ramp
was delayed in the presence of Al,Oj3 particles (Figure 2). Lim et al. [27] claimed that addition of
CeO, particles in the electrolyte have decreased the final voltage for PEO processing. However,
controversial results about the voltage response and final voltage were found by other researchers
[28-30]. Wang et al. [29] have found that addition of Al,O3 nanoparticles enables PEO coatings
to grow faster and reach higher final voltage. The size of the particles has an effect on the PEO

processing. Nano-sized particles can facilitate faster transition of the current/voltage response



during PEO treatment in comparison to micro-sized particles [30]. It was also reported that there
is no significant influence of particles addition on PEO processing [19, 31-39]. The addition of
zirconia particles had only minor influence on the coating growth rate and voltage response
during PEO treatment [32, 33]. This discrepancy is probably ascribed to the different power
supplies and electrical parameters utilized during PEO process, as the pH and conductivity of the
electrolyte are not greatly altered after particle addition. However, the addition of particles in
form of alco-sol to the electrolyte has a larger influence on the electrical response of PEO process
[40, 41]. This is probably caused by the main solvent of the alco-sol, ethanol, which decreases the
conductivity of the electrolyte (Figure 3) [40, 42-44]. It was found that breakdown potential, final
voltage and layer growth rate significantly increased with the sol concentration in the electrolyte
[25, 40, 42, 45]. However, it was also reported that addition of such a sol to the electrolyte can
delay the coating growth. Breakdown and final voltage were much lower when adding alumina

sol to the electrolyte [24].

Summarizing, it can be stated that the effect of particle addition to the electrolyte via the sol route
causes more influences on the electrical response of PEO process than the addition of powders.
This is associated with the change of the composition, conductivity and viscosity of the
electrolyte by the organic additives, which plays an important role in the electrical response of
PEO process. Apart from that the influence depends very much on the base electrolyte, substrate,
properties of the particles (type and size), power source as well as the electrical parameters

applied during PEO treatment, so that no clear picture exists.



4 Uptake of particles and incorporation mechanisms of particles added into electrolytes

The mechanisms of particle uptake and incorporation into PEO coatings were discussed in a
number of recent studies. The pores on the coating surface were considered as uptake paths for
particles to enter into the coating, since the pores are normally filled with particles after PEO
treatment [34, 46]. It was confirmed by Seyfoori et al. [47] that the accumulation of nanoparticles
in the vicinity and inside the pores was higher than in the other zones. Arrabal et al. [31, 48]
assumed that the particles were transferred to the interface between the inner and outer layer
through short-circuit paths in the outer layer. A limited inward mass transfer of zirconia, up to a
depth of 50% of the intermediate layer, was observed for three-layered coatings on Al by
Matykina et al. [49] due to the appearance of “soft” sparking. The uptake of the particles was
influenced and weakened by the reduced voltage under the “soft” sparking regime. Necula et al.
[46] proposed that the mechanism of incorporation of Ag nanoparticles into the coating was a
result of three main steps: delivery of particles to the sites of coating growth, entrapment of
particles at the sites of coating growth and preservation of the embedded particles during layer
growth. According to Lee et al. [34], electrophoretic deposition and mechanical mixing were the
main factors leading to the incorporation of particles into the coatings on Mg alloy. It was also
found that electrophoretic deposition played an important role in the incorporation of HA
particles into PEO coatings on Ti [50-53]. Lu et al. [30, 54] have proposed that there are two
steps, uptake and incorporation (Figure 4), to transfer particles from the electrolyte into the
coating. The uptake of the negatively charged particles before the breakdown potential can be
considered as an deposition/adsorption process in regions with enhanced anodic dissolution and

strong re-deposition of conversion products [54, 55]. It was reported that the particle size has an



effect on the uptake process [30, 56]. Yeung et al. [56] proposed that nano-sized HA particles
were more abundant and penetrated deeper in the coating compared to micro-sized particles,

since large-sized particles were hardly to penetrate through the pores on the coating surface.

Particles can achieve either reactive or inert incorporation into the coating, depending on the
substrate, applied electrical parameters, electrolyte composition and the properties of particles
(size, melting temperature and chemical stability). Alteration of the electrical parameters can
influence the incorporation mode [31, 55], which is mainly related to the change of energy of the
discharges. Inert and reactive incorporation into the coating have been observed for ZrO,
particles when using the same electrical conditions but various electrolytes [48]. Particles with
smaller size [30, 54] and/or lower melting point [19, 57, 58] experience more easily reactive
incorporation. Low melting point particles can also achieve inert incorporation into the coating
when they have relatively high chemical stability [21]. In some cases solid state sintering can
occur [59], resulting in fusion of particle boundaries with the surrounding oxide material. For
other particles, e.g. ZrO,, phase transformation was observed if they have different lattice
modifications at different temperatures [48]. A more detailed summary about the observed
reactions and coating compositions of PEO coatings with particle addition is given in the next

paragraph.

5 Influence of particle addition on coating composition, microstructure and morphology

The composition of the PEO electrolyte is one key factor to determine the composition,
microstructure and morphology of PEO coatings. Thus introduction of particles to the electrolyte

will modify the coatings, such as phase composition, pore characteristic, thickness and



compactness of the layer. Detailed information of achieved compositions of PEO coatings as well
as the substrate, electrolyte composition and incorporation mode of the particles is shown in
Table 2 (Supplementary Material). A quick overview of the scope, size and incorporation
mode of the particles for Mg, Al and Ti alloys is given in Figure 5 and the following sections

discuss the particular aspects.

5.1 Mg and its alloys

5.1.1 Oxide particles

Various oxide particles have been used to modify PEO coatings on Mg and its alloys. In general,
oxide particles with low melting point and small size can experience reactive incorporation more
easily in comparison to high melting point and large-sized particles. For instance, clay particles
(< 1200 °C) have achieved fully reactive incorporation into PEO coatings on AM50 Mg alloy [57,
58, 60]. In the presence of particles, the main fraction of the coating in the top and center region
has been transformed from crystalline phase to amorphous phase (Figure 6), which had a
composition close to commercial bio-glasses [57]. The ratio of amorphous to crystalline phases
can be controlled by the KOH and NazPO, content in the electrolyte [60]. Also small-sized
particles (SiO, nanoparticles) were reported to be melted, reacting with other components and
resulting in higher fraction of amorphous phase in the coating. In contrast, the composition of
coatings obtained in electrolytes with micro-sized SiO, particles was not affected greatly except
the presence of inertly incorporated particles [30, 54]. Other oxide particles (ZrO,, TiO, and

Al,O3) with higher melting point were generally found to achieve inert incorporation [19, 23, 27,
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34, 61-65] or partly reactive incorporation, resulting in formation of Mg,Zrs01,, Mg,TiO4 and

MgAl,O4 phases in the coatings [24, 26, 28, 29, 31, 48, 66-68].

The applied electrical and electrolyte conditions also determine the incorporation mode of the
particles as well as the coating composition. For example, it was claimed that the incorporation of
ZrO, particles into the coating can range from inert incorporation [19, 34] to partly reactive
incorporation [31, 48, 68] under different treatment conditions. The Mg,ZrsO;, reaction phase
was only observed in the coating produced from phosphate electrolyte and not from silicate-based
one [48]. However, the ZrO, particles achieved reactive incorporation in the same silicate
electrolyte under AC instead of DC regime [31]. Commonly, the crystallinity of the layer
increased with the energy input (current density/voltage) during PEO treatment [55, 58].
Furthermore the incorporation mode of the introduced particles can be considered as an indirect
evidence for the plasma temperature during PEO treatment. It was found that the monoclinic
zirconia transformed to tetragonal phase, indicating that the local temperature reached at least
1513 K [19, 48]. According to Lee et al. [19], it can be assumed that the temperature of the
plasma was between 2116-2643 K, which are the melting temperatures of TiO, and ZrO,
particles, since Mg,TiO4 was detected while ZrO, particles were inertly incorporated into the

coating.

Introduction of particles has an effect on the microstructure and morphology of PEO coatings,
e.g., pore characteristic, thickness and compactness of the layer. Addition of oxide particles to the
electrolytes can reduce the number and/or size of the pores on the coating surface [23, 24, 30, 34,
38, 45, 57, 62, 65]. For instance, the surface of coatings with inertly incorporated titania from sol

addition was much less porous (Figure 7) [23]. Normally sealing is more effective when adding
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sols to the electrolyte and/or in the case of reactive incorporation. However, it was also claimed
that the coating surface was not influenced too much [27, 61] or became more porous when oxide
particles were added to the electrolytes [29]. The compactness and thickness of the layer can be
altered or enhanced in the presence of oxide particles. It was reported that the outer layer of the
coating became more compact and uniform [24, 27, 31, 45, 61, 68] compared with the coatings
formed in particle free electrolytes. There is no clear trend for the influence of particles on the
coating thickness. It was found that oxide particles were not effective to increase coating
thickness, since the coatings generally demonstrated similar thickness [19, 27, 34] or even
became thinner [30, 61] with addition of particles. Nevertheless, some reports claimed that the
coatings were slightly thicker [28, 29, 62, 68] in the presence of particles. The change of the
thickness of the particle-containing coatings is associated with the altered voltage/current

evolution during PEO processing.

5.1.2 Non-oxide ceramic, organic and metallic particles

Non-oxide particles, e.g., inorganic (hydroxyapatite and SisN4), organic (PTFE) and metallic
particles (Ag), are generally inertly incorporated into the PEO layers [17, 21, 69-71]. In some
cases, partly reactive incorporation can also be observed for HA and SiC particles [47, 72, 73]
when the temperature and lifetime of the discharges are sufficient to melt/decompose the particles.
For instance, the coatings produced from electrolyte containing HA particles were composed of
hydroxyapatite and whitlockite (TCP) [47]. This discrepancy is probably ascribed to the different
substrates, base electrolytes and electrical parameters utilized during PEO process. Inert
incorporated particles are often reported to decrease the porosity of PEO coatings [21, 47, 69-71].

For example, the pores on the coating surface were smaller and more homogenous after
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incorporation of PTFE particles [21]. The coating morphology has also been modified in the
presence of particles. The cross section of the coating was reported to be denser, as through-going
pores and defects were hardly detected in particle-containing coatings [21, 73]. In terms of
coating thickness, thicker coatings were formed in SiC nanoparticles containing electrolyte under
constant current regime [72]. The increment of the coating thickness depends on the applied
current density. It is larger when using lower current density (A thickness=12 um) in comparison
to A thickness=5 pum at higher current density. It contrasts with coatings produced in PTFE and
SizN4 containing electrolytes, which were thinner compared with the coatings produced from
particle-free electrolyte under constant voltage mode [21, 71]. This is probably caused by the

different incorporation modes and applied electrical parameters.

Additionally, the substrate can serve as source of particles or fibers for PEO coatings if metal
matrix composites are used. This review will only concern with the reinforcement similar in size
and composition to the particles that are typically added to the electrolyte, for instance, SiC
particles, usually used as reinforcement in PEO treatment of metal matrix composites [74, 75]. It
was found that SiC particles were partly reactively incorporated into PEO coatings, as some
particles were oxidized and then reacted with MgO to synthesize Mg,SiO,4 phase (Figure 8) [76].
However, such a strong oxidation was not confirmed by Arrabal et al. [75, 77], which might be
attributed to the large-sized embedded particles in the latter case. SiC particles were distributed
throughout the layer and only a thin layer of reaction product, possibly silica, was formed at the
particle/coating interface. The coating thickness was reduced by the particles, while the surface

morphology was not significantly influenced in this case.
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5.2 Aland its alloys

5.2.1 Oxide ceramic particles

Like for the coatings on Mg and its alloys, oxide particles can achieve reactive or inert
incorporation into PEO coatings on Al-based substrates. It was reported that Al,O3 and TiO,
particles can be reactively incorporated into PEO coatings [25, 59, 78], while inert incorporation
also occurred for TiO, particles in some cases [79-81]. The reactively incorporated particles
(Al,O3 and TiO,) resulted in formation of mullite (3AI,03-2Si0,), and Al,TiOs, Ti,O3 and TiO,
respectively. Moreover, the coatings formed in Al,O3 containing electrolyte revealed an increased
fraction of a-Al,O3 phase in the outer coating region [59]. Monoclinic zirconia particles were
often transformed to higher temperature tetragonal or orthorhombic phases without formation of

new compounds [32, 33, 49, 82, 83].

Different effects on the coating morphology were found for coatings with reactively incorporated
oxide particles, which can be ascribed to the various types and sources of the particles used in the
PEO treatment [25, 59, 78]. If titania is added as sol, the coating surface became rougher with
more large-sized pores, and the coating thickness increased with increasing concentration of
titania sol in the electrolyte [25, 78]. It was reported that the reactively incorporated Al,O3
particles did not change significantly the thickness and roughness of the coatings, and the
coatings showed less porosity [59]. Inert incorporation of particles can decrease the coating
porosity [79-81] and increase the coating thickness [32, 33, 49, 81]. Matykina et al. [32, 33, 49]
have found that the distribution of the inertly incorporated ZrO, particles was different under DC

and AC conditions. Zirconia was located at the coating surface and in the defects within the
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coatings, and zirconia-rich regions with a cellular morphology was observed, indicating that
melting of the coating occurred during DC treatment [33]. A limited inward mass transfer of
zirconia, up to a depth of 50% of the intermediate layer, was found for coatings produced by the

AC treatment [49].

5.2.2 Non-oxide and metallic particles

Generally, non-oxide particles, e.g., SiC, graphite, carbon nanotubes (CNTs) and Fe, were
claimed to enter via inert incorporation into PEO coatings on Al and its alloys [20, 84-88]. It was
found that the inertly incorporated CNTs contributed to the formation of more a-Al,O3 phase in
the coating, leading to rougher surface with reduced coating thickness [85]. Coatings can also
demonstrate lower roughness and similar thickness when the coating composition is not altered in
the presence of particles [84, 86-88]. In addition, reactive incorporation of graphite particles into
PEO coatings on 6061 Al alloy was observed by Ma et al. [89]. XRD results showed that the
coatings consisted of n-Al,O3, graphite, Al,Cs, Al,OC and Al;O4C phases, in addition to a-Al,Os,
v-Al,Og, silica and aluminosilicate phases. The addition of these graphite particles had no effect

on the coating thickness.

5.3 Tiandits alloys

5.3.1 Ceramic and metallic particles

It was found that particles (Al,Os, graphite, MoS,, Ag and ceria) can be inertly incorporated [46,
90-93] into PEO coatings on Ti and its alloys or in a partly reactive mode (graphite, ZrO,, HA,

Cu, MnO2/Mn,03 and NiO) [22, 94-97]. For instance, Ti-C bonds were formed between TiO, and
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graphite particles according to XPS measurements [96]. The reactive incorporation of MnO, and
NiO into PEO coatings is mainly due to the addition of surfactants (sodium dodecyl sulfate and
sodium oleate) to the electrolyte [22, 94]. Although the surfactants did not noticeably affect the
content of Mn in the coatings but facilitated formation of Mn silicates, such as Mn,SiO4, MnSiO3
and Mn;SiO;,, whereas without surfactants only Mn,SiO4 was detected in the coatings [94].
However, it was also found that the surfactants can increase the nickel content from 3.2 to 14.3
at. % in the coating, and facilitate formation of Ni,SiO4 [22, 94]. The increased amount of Ni
content was a result of higher final voltage registered for coatings produced from surfactant-
containing electrolyte. In terms of coating morphology, incorporation of particles (graphite, Ag,
MnO,/Mn,03; and NiO) can reduce the number of pores on the coating surface and enable the
coating to be more uniform [22, 35, 91, 94, 96]. It was also claimed that the coating surface (size
and shape of the pores) was not significantly influenced by the additional particles, although
some particles can be observed on the coating surface [90, 95]. Incorporation of particles (e.g.,
MoS; and graphite) into PEO coatings has a negative effect on the layer thickness [90, 96]. For
example, the coating thickness was reduced from 25 pum to 15 pm with addition of MoS; particles
[90]. Jiang et al. [98] have produced PEO coatings with Ce®* doped yttrium aluminium garnet
(YAG: Y3Als052) and found that the particles acted as nucleation sites for crystallization of

titania, leading to reduced grain size from 20-21 nm to 13-14 nm.
5.3.2 In-situ formed particles

Many bioactive Ca-P-containing PEO coatings were formed in electrolytes containing soluble Ca
and P salts, such as calcium acetate and sodium ortho- or hydrogen phosphates [99-102].

However, in reality such electrolytes present suspensions, since the reaction between the above
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electrolyte components leads to the precipitation of calcium phosphates or hydrogen phosphates.
Therefore they can be considered as particle-containing electrolytes. The phase composition of
the coatings produced in suspensions of calcium phosphates strongly depends on the PEO regime.
For instance, Matykina et al. [99] and Whiteside et al. [100] both using constant current DC
regime obtained coatings containing anatase and rutile, where Ca and P were present as an
amorphous phase. Constant voltage AC [101, 102] and bipolar [103] regimes produced
crystalline Ca- and P-containing phases, such as apatite, hydroxyapatite and calcium titanate
(Figure 9). Formation of crystalline phases in constant voltage regime must be apparently
associated with high peak currents (and, hence, temperatures inside the discharge channels)

achieved at the beginning of the positive pulse.

6 Influence of particle addition on coating properties

The demand of modern technological society for light structural materials (Mg, Al and Ti)
emphasizes a combination of good corrosion resistance with wear resistance and functionalized
surfaces. The applications can range from structural and transport components to bioengineering.
Regardless of the final application, improved tailored surfaces are required to prolong service life
and reduce long-term costs. Additional phases, thicker or denser layer can be used to tune better
and/or new properties for PEO coatings (Table 3 and Table 4, Supplementary Material), for
instance, better corrosion performance (ZrO,, TiO, and CeQ,), higher hardness (Al,O3 and SiC),
lubricity (PTFE, MoS, and graphite), bioactivity and biocompatibility (HA and calcium
phosphates), ferromagnetic properties (Co and Fe/Fe,QO3), antibacterial (Ag and Cu) and catalytic

activities (TiOy, ZrO,, Fe,03, Ni/NiO and MnO,/Mn,03).
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6.1 Mg and its alloys

6.1.1 Mechanical and tribological properties

Due to the high porosity and limited range of phase compositions, PEO coatings on Mg and its
alloys are unable to provide long-term wear protection. In order to overcome the drawbacks,
either the porosity of the outer layer is suppressed or new stable phases are formed in the coating
with the aid of particles. Incorporation of hard particles (inert incorporation [30, 62, 77]) or
formation of new phases with high hardness (reactive incorporation [29, 30]) can increase wear
resistance. For the PEO coated Mg alloy AZ31, the hardness increased from 130 HV to 358 HV
due to inertly incorporated Al,O3; nanoparticles. Consequently, the wear track (Figure 10) of
coating with particle addition was much narrower and shallower in contrast to that of particle-free
coating [62]. The hardness of PEO coatings on AZ91D Mg alloy was also increased by reactive
incorporation of Al,O3 nanoparticles [29]. Figure 11 shows that the coating hardness increased
from ~150 HV to ~375 HV with the increase of particle concentration in the electrolyte, which
was related to the significant increase of MgAl,O,4 phase in the layer. PEO coatings can also
demonstrate higher hardness and better wear performance due to the denser and/or thicker layer
after incorporation of particles (SiC and TiO,) [63, 65, 72, 104]. Furthermore, solid lubricant
particles (PTFE) were introduced to PEO coatings aiming to reduce the friction coefficient [21].
As a result, the friction coefficient of coatings with PTFE was stable and much lower (below 0.2)

in comparison to that of coatings free of particles (0.5-0.7), preventing wear of the surface.
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6.1.2 Corrosion performance

Regarding the corrosion behavior, different particles (ZrO,, TiO,, and CeQO;) have been utilized
to improve the corrosion performance of PEO coatings on Mg and its alloys (Table 4,
Supplementary Material), but controversial results have also been found. Enhanced corrosion
properties are mainly caused by newly formed stable phases (reactive incorporation of particles
[28, 68]) or by the inertly incorporated particles [23, 27, 34, 61, 65] which have high chemical
stability. For instance, the corrosion resistance of PEO coatings can be greatly improved by
addition of ZrO, particles [34, 68]. After inert incorporation of ZrO, particles (200-400 nm), the
corrosion current density (icorr) Of the coated Mg alloy was reduced from 7.27 x 10~ " Alcm? to
7.03 x 10" ® A/cm? with respective increase of polarization resistance and shift of the corrosion
potential towards more positive values. Salt spray test demonstrated that the incorporation of
ZrO; particles efficiently minimizes the incidence of pitting corrosion on PEO coated substrates
[34]. Reactive incorporation of ZrO, obtained via sol route can also improve the corrosion
performance of PEO coatings [68]. The corrosion current density was reduced by about two times
and the corrosion potential significantly shifted to positive direction (from -1.50 V vs SCE to -
1.22 V vs SCE). In some cases PEO coatings become denser or thicker thus demonstrating better
barrier properties after inert incorporation [21, 24, 40, 42, 62] or reactive incorporation [45] of
particles. The improvement of the corrosion resistance is often attributed to the denser and thicker
layer after particle addition. However coatings can also be more porous when the particle
concentration in the electrolyte is beyond certain level, which is detrimental to the corrosion
performance of PEO coated Mg [61]. Inertly incorporated particles can be considered as

containers to load inhibitors to achieve self-healing functionality for PEO coatings. Sun et al. [38]
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used halloysite nanotubes as nanocontainers to load inhibitors (benzotriazole). The inhibitor
containing PEO coatings confer active corrosion protection responding to the pH change

triggered by the corrosion process.

HA particles were used not only to improve the corrosion performance but also to provide apatite
formation ability for PEO coatings on Mg alloys [47, 69, 70, 73]. Figure 12 shows the Nyquist
and Bode plots of the coatings with and without particle addition. The resistance of the outer
layer has increased by 3 times as a result of particle incorporation. Moreover introduction of HA
particles endow the layer with superior apatite forming ability. The amount of apatite (Figure 13)
formed on the coating surface after 3 days of immersion was higher than that of blank PEO

coating [47].

Although the abovementioned studies proved that particle addition can provide better corrosion
resistance for PEO coatings, the improved properties show limitations depending on the amount
of particles used in the electrolyte. The long-term performance of the coatings is also an issue. In
some cases additional particles are not effective or even deteriorating the corrosion protection
performance of the coatings during long-term corrosion tests [30, 60, 64, 71]. According to Lu et
al. [30], addition of SiO, particles (12 nm and 1-5 um) can improve the short-term resistance but
deteriorate the long-term resistance of PEO coatings, since the coatings in the presence of
particles demonstrated a faster degradation rate, reaching similar value as the coatings free of
particles. The smaller the particle size was, the more variations in corrosion properties were
observed. Wang et al. [64] demonstrated that coatings produced from electrolytes containing 5

and 10 vol. % titania sol showed worse corrosion resistance than that of the unmodified coatings
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after relatively long-term immersion in SBF (Figure 14), which was attributed to the increasing

amount of amorphous material by the incorporation of TiO..

6.1.3 Other properties

The incorporation of particles allows creating surfaces with different functionalities such as
hydrophobicity or enhanced photocatalytic properties. PEO coated AM60B Mg alloy was
reported to show hydrophobicity after incorporation of polytetrafluoroethylene (PTFE)
hydrophobic particles [21, 105]. The contact angle of the coatings has been increased from 50°-
55° to 92°-101° after inert incorporation of PTFE particles [21]. Based on well-known
photocatalytic properties [106], TiO, particles were introduced to PEO coatings to provide this
additional functionality for Mg alloy surface. It was found that PEO coatings with TiO,
nanoparticle additions on AZ91D Mg alloy showed good photocatalytic performance (Figure 15),
as the inertly incorporated TiO, particles greatly accelerated the decomposition rate of
methylthionine blue solution [28]. Furthermore, additional particles are favorable to colorize PEO
coatings. Introduction of TiO, particles to the electrolyte produced blue PEO coatings [28, 67]

and the white-grey coatings became darker after incorporation of Ag nanoparticles [17].

6.2 Aland its alloys

6.2.1 Mechanical and tribological properties

Introduction of particles to PEO coatings can promote a-Al,O3 formation or coating densification
resulting in enhanced tribological properties of Al and its alloys. The coating hardness can be

increased via addition of high-hardness particles [59]. Figure 16 shows that the addition of
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alumina particles did not modify the hardness of the inner layer but increased that of the outer
layer due to increased proportion of a-Al,O3 phase formation. The wear performance of the
coating produced in the electrolyte with 10 g/L particle addition was even better than that of a
conventional hard chrome coating. Addition of particles (ZrO,, TiO; and Fe) facilitate formation
of thicker [25] or densified layer [80, 83, 84] which can also provide higher hardness for PEO
coatings. The addition of ZrO, particles increased the hardness of PEO coatings on ADC12 Al
alloy from 500 HV to 800 HV, which was attributed to the more compact and uniform coating
after inert incorporation of ZrO; particles [83]. The ZrO,-containing coatings showed improved
tribological behavior with more stable and lower friction coefficient (reduced from ~0.6 to ~0.2).
Particles with lubrication properties (graphite and carbon nanotubes) were introduced to
electrolyte to produce PEO coatings on Al and its alloys [85, 87, 89]. PEO coatings with partly
reactively incorporated graphite particles showed relatively low friction coefficient (0.12) when
sliding against a tungsten carbide/cobalt ball under a load of 5N. In contrast, the friction

coefficient of the coatings without particle addition was 0.6 [89].
6.2.2 Corrosion behavior

Particles have been added to PEO coatings to improve the corrosion performance of Al and its
alloys [20, 37, 79]. Multi-walled carbon nanotubes (MWCNTS) were added to PEO coatings on
7075 Al alloy by Lee et al. [20]. The corrosion current density of the layer decreased from
4.6x 107 Alcm? t08.3 x 107'" A/cm? in the presence of particles in 3.5% NaCl solution.
Bahramian et al. [79] studied the effect of TiO, particles on the corrosion behavior of PEO
treated 7075 Al alloy in 1 M H,SO, solution. Electrochemical measurements showed that the

corrosion current density of the PEO coatings decreased from 40+7 pA/cm? to 15+1 pA/cm? after
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inert incorporation of TiO, particles, but the corrosion potential was not considerably changed. It
was claimed that the improved coating property was attributed to the lower coating porosity with

TiO, addition.
6.3 Tiandits alloys
6.3.1 Mechanical and tribological properties

Solid lubricant particles (graphite and MoS;) have been added to electrolyte to reduce the friction
coefficient of PEO coatings [90, 96]. Although the coating was thinner, the friction coefficient of
the coating was decreased from 0.6-0.8 to 0.15 after inert incorporation of graphite particles,
leading to a reduced volume of the wear track (Figure 17). The wear rate of the uncoated alloy,
coating with and without particle addition was measured to be 5.2 x 107 mm*/N m,

8.6 x 10 mm*/N m and 1.7 x 10> mm®N m, respectively [96].
6.3.2 Catalytic activities

Although the PEO coated Ti substrates has catalytic activities, a limitation of TiO; is a fast
recombination of photogenerated electron-hole pairs, which can be overcome by doping of TiO,
with other semiconductor materials, such as ZrO,. Recently, several studies of photocatalysts
based on ZrO,-containing PEO coatings on Ti alloys have been carried out [107, 108]. For
instance, Luo et al. [108] produced ZrO,/TiO, composite photocatalytic films in colloidal
Zr(OH), particle-loaded electrolyte. The K,ZrFs additive was used in alkaline electrolyte to
precipitate Zr(OH),4 according to the reaction: K,ZrFg+ 4NaOH—Zr(OH)4| + 2KF + 4NaF. The

photocatalytic activity evaluation was based on degradation rate of rhodamine B solution under
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ultraviolet irradiation. The degradation rate was reported to be about 3 times higher for a
ZrO,/TiO, composite coating compared with pure TiO, coating, 0.0442 and 0.0186 h™,
respectively. Another option is to introduce YAG: Ce** to PEO coatings on Ti6Al4V alloy [98].
The composite coatings exhibited much larger specific surface area, higher absorption of visible
light and higher photocurrent (Figure 18) compared to that of the particle-free coatings. Thus the
decomposition of methyl blue increased from 50 % to 70 % after the same exposure time of 3
hours. Incorporation of transition metals, such as Fe cations into TiO, enables the excitation of
the latter in the UV but also in the visible light region, thus enhancing the efficiency of the
photocatalysis under sunlight conditions. Soejima et al. [109] investigated the photocatalytic
activity of Fe**-doped anatase-rutile TiO, films on pure Ti with respect to decomposition of
acetaldehyde as a function of the irradiation time and the concentration of Fe,;Os in the electrolyte.
The optimum Fe content (x=3 g/L of added Fe,O3) showed maximum of both UV and visible
light photocatalytic activity compared with that of pure TiO, films. Another possible application
is the oxidation of CO to CO,. Vasil’eva et al. [94] have studied the catalytic activity of Mn-TiO;
catalysts with respect to oxidation of CO into CO, at 500 °C. Using a gas analyzer and a gas flow
device showed that conversion of CO into CO; is low (11%) but increases up to 20 % and 28 %
for the coatings obtained in the electrolytes with sodium dodecyl sulfate and sodium oleate,
respectively. Incorporation of NiO into PEO coatings on c.p. Ti is even more effective. The Ni-
containing TiO; coatings are demonstrated to be effective catalysts, increasing the CO conversion

up to 80 % at 500 °C [22, 94].
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6.3.3 Ferromagnetic property

Rudnev et al. [110] have produced ferromagnetic PEO coatings by addition of particles. A
Na3PO4/Na;B,07/Na,WO, based electrolyte was used containing, variably, iron oxalate, copper
acetate or nickel (1) salt and Fe,(C,0,)3, the latter being practically insoluble. The coercive force
of the coatings examined at 300 K and 10 K reached maximum values of 124 Oe and 380 Oe,
respectively, which is associated with the presence of conglomerates of ~50 nm crystallites,
containing metallic Fe (predominantly), Ti, W and their oxides located mostly in the outer part of
the coating. Gnedenkov et al. [111] studied the magnetic properties of PEO coatings modified by
nanoparticles of cobalt (33-106 nm) on titanium. The magnetic properties (magnetization and
coercivity) of the coatings (514 Oe at room temperature and 1024 Oe at 2 K) were ascribed to the
nanosize effects of particles embedded in the coating. The particles consisted of a ferromagnetic

Co core and an antiferromagnetic CoO/C0,03 shell.

6.3.4 Bioactivity, biocompatibility and antibacterial activities

Bai et al. [112] have compared the proliferation and alkaline phosphatize activity of mouse
osteoblast cell cultured on coatings with and without hydroxyapatite nanoparticles. The HA-
containing coatings showed positive correlation of the apatite-forming ability during immersion
in SBF solution. In addition, the HA-containing coatings exhibited greater cell proliferation and
ALP levels (i.e. greater maturation of the extracellular matrix) than the coatings without particles,
which is beneficial for osseointegration [113]. Kim et al. [50] corroborates the ALP-related
findings for similarly obtained HA-PEO coatings. Lee et al. [53] have demonstrated that the

osteoblast cell viability increases with the HA content in the electrolyte (and consequently in the
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coating). The size of the HA particles appears to have a considerable effect on their incorporation
and distribution within the coatings and subsequent bioactivity of the latter as recently
demonstrated by Yeung et al. [56], who studied PEO of Ti-6Al-4V alloy in the electrolytes with
added micro-size (2.5 um) and nano-size HA particles. Specifically, the nano-size particles were
found to be more abundant and penetrate deeper in the coating without altering the surface pore
morphology of the coating. This is believed to be related to a greater negative charge and
mobility of nano-sized HA particles compared with micro-sized HA. As a result, the coatings
with nano-HA particles exhibited an enhanced biomimetic precipitation of HA during immersion
in SBF and greater ALP activity of mouse osteoblast cells compared to those with micro-size HA

particles.

The in-vitro biological responses of Ti6Al4V and Ti6Al7Nb alloys with ~10 um-thick PEO
coatings produced in calcium acetate/sodium orthophosphate electrolyte was evaluated by
Cimenoglu et al. [103]. Both coatings comprised anatase and rutile. Additionally, hydroxyapatite
and calcium titanate were present in the coatings formed on Ti6Al4V and Ti6AI7Nb alloy,
respectively. Both coatings exhibited similar hydroxyapatite inducing ability during immersion in
SBF. The human osteosarcoma (SAQOS-2) cell proliferation was greater on the coated Ti6Al4V

alloy than on the Ti6AI7ND alloy.

The influence of different Ca/P atomic ratios generated in calcium phosphate-based suspensions
on the bioactivity of PEO coatings on pure Ti was studied by Mohedano et al. [101]. They
observed a faster mouse osteoblast cell proliferation rate on the coating with Ca and P in the
amorphous phase and Ca/P ratio of 4.0 than on the one with Ca3(PO,), and Ca/P ratio of 1.7. The

authors concluded that high Ca/P ratio is more important to accelerate the initial cell response
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than a high percentage of Ca and P in the coating material, because the chemical activity of
doping Ca ions is higher than that of the ions bound into crystalline compounds. Whiteside et al.
[100] investigated bioactivity of ~8-15 pum-thick Ca- and P-containing coatings produced on pure
Ti under DC conditions in calcium phosphate suspension electrolytes. The Ca/P ratio in the
coating varied from 0.14 to 0.46 and (Ca+P)/Ti ratio from 0.52 to 0.90. Despite these relatively
low values and the absence of crystalline Ca-P phases in the oxide material, the proliferation rates
of primary human osteoblasts cells on the coatings were up to ~37% faster than those for
uncoated reference materials. Additionally, the amount of collagen generated by the cells on the
coatings was up to ~2.4 times greater than for the reference substrates. Not only Ca and P

containing particles and phases do have a positive effect on the bioactivity.

Shin et al. [114-116] have investigated the bioactivity of PEO coatings with tetragonal zirconia
(t-ZrO,) particles on pure titanium. The particles have facilitated the nucleation and growth of
biomimetic apatite on the coating surface during immersion in SBF. Also, the growth and
proliferation rates of the mouse osteoblasts were higher on the coating with t-ZrO, particles
compared to that for the particle-free layers. Although the particles did not affect the size and
fraction of the micropores, they resulted in a surface with higher roughness, which was observed

to facilitate the extension and interlocking of the filopodia.

Due to the good antibacterial activity of Ag [117], PEO coatings with unreacted Ag particles
demonstrated a well-defined antimicrobial effect. Bactericidal coatings were successfully
produced on a titanium medical alloy using Ag nanoparticles containing PEO electrolyte [35].
Quantitative cultures after 24 h of incubation clearly showed the bactericidal activity of the TiO,-

Ag composite coatings (no colonies present on the blood agar plates at any dilution). MRSA
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inocula was completely killed within 24 h, even in the presence of 50% human serum, while
ground and oxidized titanium in the absence of Ag nanoparticles showed a 1000-fold increase in
bacteria CFU. Teker et al. [118] have demonstrated antibacterial activity of Ag-containing PEO
coatings on Grade 4 Ti with respect to Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus). The coatings were produced in calcium acetate/disodum hydrogen phosphate suspension
electrolyte, but the source of Ag was introduced in the form of soluble silver acetate. The
resultant coatings contained hydroxyapatite, CaTiO3z and 4.6 wt. % of Ag and have inhibited the
numbers of E. coli and S. aureus inoculated up to > 99.9% and 99.8%, respectively, after a 24 h
incubation period (Figure 19). Ag-free PEO coating also showed some bactericidal effect,
eliminating 58.3% and 48.7%, E. coli and S. aureus, respectively, which was attributed to the
photocatalytic activity of TiO,: the reactive oxygen species and/or OH  radicals are believed to
attack the bacteria membrane. Another metal which is known for its antibacterial activity is Cu.
The antibacterial effect of Cu nanoparticles in PEO coatings on c.p. Ti with respect to E. coli and
S. aureus was investigated by Yao et al. [95]. Cu nanoparticles (up to 2.5 wt. %) were found on
the coatings surface and embedded in the coating. The XPS examination revealed that Cu in the
coatings mainly existed in the Cu?* state. The qualitative fluorescent examination of the bacteria
inoculated materials showed that Cu-doped coating eliminated most of the two species of bacteria,

although little information exists on the particulars of antibacterial mechanism of Cu.
7 Conclusions and outlook

In summary, introduction of particles is an effective approach to modify and optimize the
composition, microstructure, morphology and properties of PEO coatings. The composition of

the coating is associated with the incorporation mode of the particles. The incorporation mode of
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the particles is mainly related to the possibility of chemical reaction between them and the main
metallic oxides (MgO, Al,O3; and TiO;) generated by the substrate/electrolyte combinations.
Hence oxide particles can more easily achieve reactive incorporation into the coating in
comparison to organic, metallic, carbide and nitride particles. The electrical parameters applied
during PEO treatment play a vital role in the uptake and incorporation mode of the particles as
well. For some particles the mode of incorporation can be changed and controlled by the
electrolyte parameters. In some cases, inert incorporation of particles seems to be more desirable,
since they can enable PEO coatings with new functionalities due to their specific properties. In
other cases reactive incorporation might be beneficial if the structure can be fully altered offering
new properties. Sealing is more effective in the case of a reactive incorporation, while
introduction of particles cannot fully seal the porosity of PEO coatings. The influence of particle
addition on the coating thickness/growth rate is non-significant in comparison to the coating
composition, which is mainly related to the evolution of voltage and current density during PEO

process.

The addition of particles has significant effects on the properties of PEO coatings and provides
multifunctionality for certain potential applications. Although particles can be used as additive to
improve the corrosion performance of PEO coatings for short-term, the intrinsic porosity of the
layer remains an issue for industrial application. Hence duplex/post-treatment is required to
achieve long-term corrosion protection. In terms of wear and bio-application, addition of particles
to PEO layers is of great potential. The layers in the presence of particles can demonstrate
superior hardness and lubricating property providing desirable wear protection for the substrate.

It is likely that particles loaded PEO coatings can exhibit biological properties, such as surface
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bioactivity, antibacterial activities, apatite forming ability and controllable degradation ability.
Incorporation of ferromagnetic particles or insoluble iron salt particles confers magnetic
properties to the coatings for use in microelectronic applications, for instance in

microtransformers and magnetic switchers.

In spite of the large list of possible applications, it must be stated that none of the coatings formed
in electrolytes with particle additions is used commercially in an industrial application up to now,
which might be related to the fact that keeping the particles uniformly dispersed is a challenge
especially in large industrial treatment baths. Research of effective surfactants stabilizing
dispersions is needed for the future. Repeated use of the electrolyte may weaken it due to the
consumption of the particles. However, no quantitative information appears to be available
regarding the effective ampere-hours of the electrolyte, particle consumption rate, degree of the
deterioration of the coating quality, frequency of the electrolyte correction and associated costs
etc. Therefore future work should be dedicated to systematic applied studies required for up-
scaling of the particle-based PEO processes. There are some concerns in using this approach. Use
of small-sized particles can cause health problems, such as respiratory disease, during preparation
and disposal of the electrolytes. Although there are remaining issues and challenges, new
research field can be opened regarding the introduction of particles to PEO coatings. For instance,
particles can be regarded as perspective containers for loading corrosion inhibitors and be
subsequently incorporated into the coating to confer self-sealing functionality during corrosion
process. The metallic surface can be tuned and functionalized by PEO technique via addition of

particles for a wider range of applications.
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Table 1 Particles applied in PEO processing

Particles Properties and field of applications Reference
Polytetrafluoroethylene (PTFE) Lower friction coefficient, chemical inertness and [105]
hydrophobicity
Ag Antibacterial activity [117]
Hydroxyapatite (HA) Osteogenesis and biomaterial [119]
MoS, Solid lubricant [90]
Clay minerals Absorption capacities and filler material [57]
Zr0O, (monoclinic, tetragonal, and High chemical stability [120,
cubic) 121]
SiO; High heat and chemical resistance [122,
123]
TiO, High chemical stability and heat resistance [124]
SizNy High hardness and wear resistance [125]
Al,O3 High hardness and insulator [124]
Ce0,/Ce, 03 High chemical stability, superconductors and sensors  [126,
127]
SiC High mechanical strength and chemical inertness [128,
129]
Graphite Solid lubricant [130]
Calcium phosphates Natural bone component [131]
Fe/Fe,O4 Ferromagnetic material [109]
Co Ferromagnetic material [132]
Cu Antibacterial activity [133]
Ni/NiO, MnO»/Mn,04 Catalytic activity [94]
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Figure captions

Figure 1 Zeta potentials of ZrO, and TiO, powders at different pH levels in alkaline fluoride
based electrolyte [19].

Figure 2 Voltage-time response of coatings produced from aluminate based electrolyte with and
without 10 g/L Al,Og3 particles on AM60B Mg alloy [26].

Figure 3 The conductivity of an 1.0 M Na,SiOj3 electrolyte with varied concentration of silica sol
at (a) 20 °C; (b) 60 °C [40].

Figure 4 Schematic diagram of the uptake and incorporation mechanism of particles into PEO
coating [30].

Figure 5 Overview of the scope, size and incorporation mode of the particles for Mg, Al and Ti
alloys.

Figure 6 TEM micrographs and corresponding diffraction pattern from various regions of the
coating with clay particle addition (a) top surface region, (b) center region and (c) interface
region [57].

Figure 7 Surface morphologies of oxide film formed in an alkaline phosphate bath without (a)
and with (b) addition of 4 vol% titania sol [23].

Figure 8 XRD patterns for (a) SICP/AZ31 composite substrate, (b) 30 um coating, and (c) 80 um
coating [76].

Figure 9 TIi6AIl4V coated in constant voltage bipolar regime (A-anatase, R-rutile, HA-
hydroxyapatite) [103].

Figure 10 Wear tracks (a) coating with Al,O3; nanoparticles, (b) coating without Al,O3
nanoparticles and (c) AZ31 substrate [62].

Figure 11 Vickers hardness of the substrate and PEO coatings with different concentrations of
Al,O3 nanoparticles [29].

Figure 12 (a, b) Nyquist and (c) Bode plots of pure PEO, composite films and bare magnesium
alloy [47].

Figure 13 Apatite forming ability of (a) PEO and (b) PEO incorporated with particles after
immersion in SBF for 3 days [47].

Figure 14 Surface appearance of bare Mg and PEO coatings with different amount of titania sol
after the immersion tests in SBF solution for different time period (arrows indicating the
corrosion sites) [64].

Figure 15 The decomposition rate of Methylthionine blue (MB) (a) blank solution, (b) MB + Mg
alloy with PEO coating formed in the base electrolyte and (c) MB + samples with PEO coating
formed in the electrolyte with 4 g/L TiO, nanoparticles [28].

Figure 16 Hardness profiles of PEO coatings on 6082 Al alloy with and without a-Al,O3 particles
[59].
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Figure 17 3D morphologies of the wear tracks of (a) Ti6Al4V alloy, (b) TiO, coating, (c)
TiO,/graphite composite coatings and (d) the depth profiles [96].

Figure 18 Photo-generated current of pure TiO, and TiO,/YAG: Ce** films [98].

Figure 19 The representative photographs of S. aureus bacterial colonies on the PEO and the
PEO-Ag samples after incubation of 24 h [118].
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