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A B S T R A C T   

Discharge phenomena in electrolytes were discovered many decades ago. However, the research and develop-
ment of plasma oxidation in electrolytes for surface engineering have only truly been actively performed in 
recent years, particularly stimulated by a review paper entitled Plasma Electrolysis for Surface Engineering 
published in 1999. Among plasma electrolysis processes, plasma electrolytic oxidation (PEO) caught the most 
attention from academic and industrial communities. However, PEO has been largely restricted to valve metals, 
such as Al, Mg and Ti and their alloys. This research intends to explore the current boundaries of the PEO process 
and extend it into non-valve metals. The paper therefore first describes the coating growth mechanisms in non- 
valve metals, which are different from the conventional PEO (conversion) process on valve metals. Particular 
emphasis is given to revealing details of the coating deposition behavior through direct observations and analysis 
of non-valve metallic substrates and their coatings formed at different timescales of the PEO process. Copper and 
ferrous materials are chosen as appropriate non-valve metal substrates and their coating properties in terms of 
mechanical, corrosion, thermal and electrical aspects are summarized. The results show that high hardness and 
adhesion strength, high corrosion resistance, good thermal and electrical insulation performances are achievable 
for PEO-derived coatings on non-valve metals. These properties also open doors for emerging applications, for 
example in electrical vehicles. Such applications are presented by reporting the coating application on an e- 
motor bearing and brake disc as two examples. Future research perspectives are discussed with a hope to stir a 
new wave of PEO research for non-valve metals as realized by the first review paper for the previous wave of 
plasma electrolysis research.   

1. Introduction 

Since the discharge phenomena associated with electrolysis were 
discovered, their practical benefits for surface engineering have been 
exploited extensively. Although the oxide deposition onto various 
metals by the discharging technique in an electrolyte was once termed 
micro-arc oxidation (MAO), the terminology of plasma electrolytic 
oxidation (PEO) was firstly defined and used in Matthews's group as 
shown in Nie's Ph.D. dissertation [1] and the review paper [2]. While the 
term MAO seemingly emphasized the process of electrical discharging, 
the designation of PEO more clearly indicates a coating formation 
mechanism. At an early stage of the PEO processing, oxidation takes 
place by reaction of metal and oxygen within the plasma as it cools (the 
metal is melted and even evaporated from the substrate while the oxy-
gen is generated from electrolysis of the electrolyte) [1–3]. The complex 
coating growth process and coating properties have been intensively 
studied afterwards [3–6]. PEO processing is suitable for preparation of 

uniform and durable thick (up to 250 μm) coatings with strong adhesion 
on metallic components, even those having complex surface features 
[4–8]. Benefits of PEO processing include low dimensional change and 
heating effects on the workpiece, eco-friendly alkaline electrolytes and 
simple equipment. These aspects combined make PEO a good contender 
for industrial applications. 

It is generally agreed that the discharges during PEO processing 
originate from the dielectric breakdown of the passivated and oxide 
layers [1–3,9–11]. It is therefore sometimes stated that the PEO process 
is only applicable on ‘valve metals’ [12], such as Al, Mg and Ti. While 
the terminology ‘valve metal’ is not very well defined, it is usually taken 
to mean that electrical current can only flow in one direction in the 
metal-oxide-electrolyte system [13]. It is assumed that electrons have 
resistance to flow through the oxide during the anodic half of the cycle. 
In this case, as the voltage is raised, the electric field builds up across the 
oxide to such a level that the dielectric strength of the oxide is reached, 
resulting in a discharge. Clyne and Troughton [3] consider these 
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asymmetric discharge effects in PEO and especially in relation to valve 
metals in some detail and offer the plausible explanation that the dis-
charges typically occur during the anodic part of the cycle due to the 
difference of mobilities of H+ and OH− ions. 

The formation of oxides occurs in a time as short as ~10 μs as the 
plasma collapses and cools. The kinetics of combination is therefore 
important [9,14,15]. Since the concentration of hydrogen ions is much 
higher than that of the metal ions in the plasma, oxidation of metal ions 
is only expected to take place to a significant extent when the oxidation 
is energetically much more favored. Thus, the oxidation of non-valve 
metals by PEO processing is kinetically unfavorable as the driving 
force for oxidation of non-valve metals is similar to, or lower than that of 
hydrogen being converted to water [16]. From the above analysis, it is 
evident that the conversion of non-valve metals into oxides by PEO 
processing is difficult. Plating with a layer of valve-metal (such as Al) 
and then producing the PEO coating is an option for non-valve metals 
[17–20], but in practice there are problems with this approach, not least 
because of the inherent difficulty in electroplating the aluminum layer. 
While hot-dipping or spraying are possible solutions, these processes 
may not always be suitable for complex surfaces and a residual 
aluminum layer might exist, which would impair the adhesion strength 
[21]. 

In the 1970s, researchers at University of Illinois Urbana-Champaign 
proposed a surface modification technique named as “spark deposition” 
during which the anions from the electrolyte (including the species of Al, 
Si, P, etc.) were oxidized into complex compounds and then deposited 
onto the metallic surface [22]. Although there are clear differences 
when compared to current PEO processing (conversion coating from the 
substrate), this “spark deposition” technique has three major charac-
teristics common to PEO processing [1,2]: firstly, the electrolysis of a 
liquid environment; secondly, the production of an electrical discharge 
at, or in the vicinity of, the workpiece surface; thirdly, oxidation reaction 
occurs in the plasma. Thus, the concept of PEO should be extended. 
Recently, a few published studies reported the direct PEO processing on 
ferrous materials in electrolytes containing sodium aluminate [23–28]. 
Although a small amount of FeAl2O4 and/or Fe3O4 might exist, the 
coatings can mainly consist of Al2O3. The studies reveal that composite 
coatings can be formed having improved wear and corrosion resistance, 
compared with the bare samples. Li et al. [25] investigated the mecha-
nism for coating formation and the order of breakdown events in a 
(relatively dilute) solution (8 g/L NaAlO2 and 2 g/L Na2H2PO4). They 
have reported that discharges initiated at ~700 V. After 30 min, the final 
voltage reached 800 V and the coating thickness could be as high as ~80 
μm. The EDS analysis indicated that the passivation layer formed (at 
~600 V) mainly consisted of Al and O with small amounts of P and Fe. 
They proposed that the passive film should be aluminum phosphates or 
Al2O3/AlPO4 and that this plays an important role for initiation of PEO 
process on carbon steel. Kulak [29] and Negrea [30] did similar research 
on carbon steel. However, the coating deposition rate was 25–30 μm per 
hour [29], which was quite low. Ko and Shin's group [31] was also able 
to deposit a Al2O3 coating on a steel where a very large current density of 
500 mA/cm2 was applied for 90 s through the dielectric breakdown of 
the gas bubbles. The gas discharging was associated with the ionization 
process in the vapor envelope under a strong electric field of 106–108 V/ 
m throughout the sample surface [2,31]. Iosub successfully prepared a 
SiO2 coating on a steel using a solution containing 25 g/L Na2SiO3 [32]. 
However, almost all reported PEO processing on non-valve metals were 
steel related [33]. Those relevant papers published are also far from 
complete with respect to deposition mechanism and coating properties. 

The authors' group have further developed the PEO process for non- 
valve metals using an electrolyte solution with a higher concentration, 
which enabled a much higher deposition rate at a much lower voltage 
level [34]. The researchers intend to emphasize aluminate-based elec-
trolytes, which are believed to open doors in the production of good 
quality Al2O3 coatings [34]. This paper summarizes the progress made 
very recently related to the PEO processing on non-valve metals with 

focus more on iron and copper as non-valve metal substrates. The 
detailed deposition processing and mechanisms are investigated 
through direct observations on the coating formed at different time-
scales (starting at the very early stage) of the process using scanning 
electron microscopy with energy-dispersive X-ray spectroscope (SEM/ 
EDS), X-ray photoelectron spectroscope (XPS), and X-ray diffraction 
(XRD). The coating characteristics in terms of mechanical, tribological, 
corrosion, thermal conductivity and electrical insulation properties 
were then studied; and their potential applications were exampled based 
on corresponding properties of the coatings. The current report could be 
considered as a whole package to stir more interest in this research di-
rection in the future. 

2. Experimental methods 

2.1. PEO processing on iron, steel and copper 

Compact graphite iron, bearing steel (SAE 52100) and pure copper 
(99.9% copper) samples were polished and rinsed with distilled water 
and ultrasonically cleaned in ethanol. The samples (anode) were 
immersed in electrolyte (15–20 g/L NaAlO2 and 1–5 g/L Na3PO4 dis-
solved in deionized water, pH 12, Sigma-Aldrich) in a stainless-steel 
vessel (cathode). A pulsed (f = 1 kHz) direct current (DC) power sup-
ply was used for the PEO process. Constant voltages of 480–500 V were 
used in this work. Without specific indication, all coatings were pre-
pared under constant voltage mode. 

2.2. Materials characterization 

Phase structures were determined by X-ray diffraction (XRD, PROTO 
AXRD) equipped with a Cu X-ray source, and a Mythen 1K silicon strip 
detector, operated at 30 kV and 20 mA. The XRD measurements were 
performed using Cu Kα radiation, a 2 mm divergence slit, and a step size 
of 0.01 degrees 2theta. The X-ray diffraction patterns were obtained in 
the 2theta region from 20◦ to 100◦. Surface compositions were investi-
gated by X-ray photoelectron spectroscopy (XPS) analyses (Kratos AXIS 
Nova) using a monochromatic Al Kα source (15 mA, 14 kV). The in-
strument work function and dispersion of the spectrometer were cali-
brated with standard Au and Cu samples, respectively. The Kratos 
charge neutralizer system was used for all analyses with charge 
neutralization. XPS survey scan analyses with a pass energy of 160 eV 
were carried out on selected areas of 300 μm × 700 μm, and then high- 
resolution analyses were carried out with a pass energy of 20 eV, which 
is corresponding to Ag 3d5/2 FWHM of 0.55 eV. The microstructures of 
coatings were observed by scanning electron microscopy (SEM, FEI 
Quanta 200 FEG). The hardness of the coating and substrate was 
measured by Vickers hardness tester (Wilson VH1102) with a load of 25 
g and holding time of 12 s. The adhesive strength of the coatings was 
evaluated by adhesive tensile testing (MTS Criterion Model 430) in 
which a test sample was sandwiched and adhered to a pair of holding 
tools with epoxy elastomeric wafers (FM-1000, Sturbridge Metallurgical 
Service Inc.). 

2.3. Pin-on-disc sliding wear test 

Regarding the wear performance, pin-on-disc sliding wear tests were 
conducted on the bare and PEO coated samples, respectively. Before the 
sliding tests, all samples were polished to Rpk = 0.22 μm. For bare and 
PEO coated iron samples, the testing conditions were: dry sliding; 
normal load = 10 N; sliding velocity = 0.05 m/s; and sliding distance =
120 m. SAE 52100 hardened steel balls (5.5 mm diameter, HRC 62) and 
WC-6Co balls (5.5 mm diameter, >1350 HV) were used as the coun-
terpart pins. For bare and PEO coated copper samples, the normal load 
was reduced to 5 N to avoid extremely severe damage on the pure copper 
surface. The different testing parameters were chosen since the pure 
copper is relatively soft and its loading support to the coating is much 
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less than the cast iron substrates. 

2.4. Corrosion test 

Potentiodynamic polarization tests were carried out from − 1 to 0.5 V 
with respect to the corrosion potential (Ecorr) at a scan rate of 1 mV/s 
(BioLogic SP-150). All electrochemical tests were carried out in 3.5% 
NaCl solution, at room temperature. Ag/AgCl (KCl saturated) and Pt 
wire were selected as reference electrode and counter electrode, 
respectively. The working surface area for each specimen was chosen to 
be 0.5 cm2. 

2.5. Thermal conductivity measurement and thermal shock test 

Thermal conductivities of the PEO coatings were measured with the 
guarded heat flow method. For thermal conductivity measurements, 
coatings with different thickness were prepared with a constant voltage 
mode. 

A test sample (compacted graphite iron or copper substrate with PEO 
coating) was aligned between a pair of stainless steel 304 bars (16.2 W/ 
m⋅K at 100 ◦C, National Physical Laboratory, UK). The metallic bars and 
the sample were surrounded by the insulation material which was 
encased in a longitudinal aluminum guard shell. The purpose of this 
design was to minimize the radial heat exchange and the axial shunting 
exchange in the test stack (the two bars and the sample). In addition, a 
hot plate (Scholar 170, Corning Inc., USA) as the heat provider and a 
water-cooled heat sink were placed at the bottom and the top of the test 
stack, respectively. In order to achieve excellent interfacial contact, the 
mating faces of the meter bars were polished up to 0.03 μm finish and 
introduced with a small amount (about 0.1 mL) of high conductivity 
silicone-based thermal grease (3.1 W/m⋅K, Tgrease 880, Laird Tech-
nologies, USA). In this setup, standard grade K-type thermocouples 
(KTSS-062G-06, Omega Engineering Inc., USA) were inserted radially 
into the meter bars. The output from these thermocouples was recorded 
by a 16-channel data acquisition system (OM-DAQ-USB-2401, Omega 
Engineering Inc., USA). The thermal resistance associated with the 
interface and its filling paste was measured by using uncoated samples in 
the same set-up and was found to be repeatable and equivalent to a 10 ±
1 μm thickness of paste. The paste layer therefore contributes a pre-
dictable and repeatable thermal resistance, which was subtracted from 
the apparent thermal resistance of the coated samples in order to obtain 
the effective thermal conductivities of coated samples. 

For thermal shock tests, the samples were heated up to 425 ◦C in a 
muffle furnace and then quenching to 20 ◦C in distilled water for 100 
times. After the thermal shock tests, the coatings' appearance (i.e., to see 
if there is spallation occurring) and micro-structure were observed and 
compared with the as-coated ones. The electrical resistance of the 
bearing coatings and the friction performance of coated brake disc rotors 
were tested using industrial-standard equipment. The testing conditions 
are briefly described in their corresponding sections below. 

3. Mechanism of the PEO processing on non-valve metals 

In the presented studies, focus is given to PEO processing for ferrous 
materials and copper, as two typical non-valve metals with wide engi-
neering applications. 

3.1. Mechanism of PEO processing on iron 

Fig. 1 reveals typical transient data for current density in relation to 
the presented PEO processing of cast iron (and steel) [34]. The slower 
and nonlinear increase of current density during stage II implies the 
formation of a passivation layer. The sudden drop of current density 
after stage II indicates the formation of a ceramic layer and an accom-
panying significant increase of the resistance. The typical coating 
growth rate is 3–5 μm per minute. 

As shown in Fig. 1(I-a), the sample surface was covered with a 
passivation layer which consists of hercynite (FeAl2O4), as determined 
through XPS and XRD analysis (see Fig. 2). This observation is different 
from a literature where AlPO4 was found as the passivation layer [25], 
which is likely to due to different voltage level (~800 V in [25] and 
~480 V in our work). A few tiny footprints of the plasma discharges 
could be observed in Fig. 1(I-b). However, the plasma was not visually 
observable to the naked eye and therefore the formation of the passiv-
ation layer should be solely attributed to an electrochemical reaction 
without the plasma. Hereafter, parts of the passivation layer are con-
verted to coatings with a characteristic dimpled structure (Fig. 1(II-a) 
and (II-b)) through the generation of numerous small plasma discharges 
over the sample surface. EDS point analysis on the dimpled coatings 
illustrates a reduced content of Fe in Stage II (Fig. 1(II-c)) relative to that 
in stage I (Fig. 1(I-c)). As discussed before, the formation of oxides oc-
curs as the plasma collapses and cools in a time as short as ~10 μs, 
meaning the kinetics of combination is critical [9,14,15]. Since the 
concentration of hydrogen ions is much higher than that of the metal 
ions, oxidation of metal ions is only taking place to some degrees 
whenever it is energetically more favorable to oxidation of metal than 
oxidation of hydrogen [3]. However, the free energy change for the 
oxidation of iron is close to that of the hydrogen. The formation of iron 
oxide is therefore expected to be insignificant and the coating mainly 
consists of Al2O3, as demonstrated in Fig. 2e. 

The mechanism of PEO processing in this case is as follows: when the 
anodic polarization was applied, the iron dissolved into the electrolyte 
as Fe2+ cations and the Al(OH)4− anions were attracted to the anode 
surface: 

Fe→Fe2+ + 2e− (1) 

Then, hercynite (FeAl2O4) film was formed on the iron surface by the 
combination of Fe2+ cations and Al(OH)4− anions derived from the 
aqueous NaAlO2 electrolyte (stage I): 

Fe2+ + 2Al(OH)4− →FeAl2O4 • 4H2O↓ (2) 

This electrochemical reaction product deposited on the iron surface 
is shown in Fig. 2a for 6-second coated sample. The product layer is 
hercynite (FeAl2O4) compound and this is confirmed by the XPS 
(Fig. 2b–d) and XRD analysis (Fig. 2f). Fig. 2b shows three peaks of 
which the first two peaks at 710.1 and 713.8 eV are corresponding to Fe 
(II) 2p3/2 in FeAl2O4 and the third peak 723.7 eV to Fe(II) 2p1/2 also in 
FeAl2O4. The Al 2p core level spectrum at peak 74.5 eV is consistent with 
Al(III) in FeAl2O4 (Fig. 2c). Three peaks at 530.5, 531.9 and 532.8 eV 
represent oxygen in Al2O3, AlO2- and water (Fig. 2d) [34]. 

A plasma was initiated following complete coverage of the surface 
with a continuous hercynite film (stage II). In the process, a continuous 
migration of Al(OH)4− anions towards the anode then occurred, which 
were converted into Al2O3 in the ensuing plasma discharges, coupled 
with the release of oxygen in the form of gas bubbles (in stage III and 
beyond): 

4Al(OH)4− →2Al2O3↓+ 4H2O+O2↑+ 4e− (3) 

The final coating consists of Al2O3 and FeAl2O4 as confirmed by XRD 
analysis in Fig. 2e where Al2O3 is the top layer and FeAl2O4 is a thin 
inner layer. SEM/EDS line scanning on cross-section of the coating 
shows a chemical composition gradient from the substrate to the free 
surface that also confirms the layer-like structure (not shown here). 

3.2. Mechanism of PEO processing on copper 

The change of average current density vs. time curve during the 
presented PEO processing on copper is similar to that observed for an 
iron or steel workpiece. The current density is quite high at the very 
beginning (~1.35 A/cm2) followed by a sudden drop (~0.15 A/cm2) 
which could be attributed to the formation of a different kind of 
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Fig. 1. Current density vs. time curve during the PEO process and SEM images of (I-a and I-b) 6 second-coated sample, (II-a and II-b) 12 second-coated sample, (III-a 
and III-b) 100 second-coated sample. (I-c and II-c) EDS spectra corresponding to I-a and II-a [34]. 
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passivation layer leading to significantly increased resistance. Fig. 3 
demonstrates the SEM images of sample 1 (PEO treated for 30 s) and 
sample 2 (PEO treated for 10 min). As shown in Fig. 3a, the surface of 
sample 1 was covered with a passivation layer. At the middle of this 
figure (denoted by B), evidence of plasma discharges was observed. 
Fig. 3b reveals the porous surface structure of the final coating (sample 
2). It is noted that white particles were embedded in the pores. Results of 
EDS analysis on areas A, B and C were summarized in Table 1. The EDS 
analysis shows that the thin passivation layer only contains a negligible 

amount of Cu, while the content of Cu is significantly higher in the 
thicker PEO coating. XPS analysis in Fig. 4 indicates that the passive 
layer on sample 1 consists of Al(OH)3 and Cu(OH)2. As shown in Fig. 4a, 
a high peak at 74.60 eV and a small peak at 77.35 eV represent the Al 
2p3/2 line of Al(III) in Al(OH)3 and the Cu 3p3/2 line of Cu(II) in Cu(OH)2 
or CuO [35,36], respectively. The sole peak in Fig. 4b is related to O 1s 
line of hydroxide species [37]. The presence of shake-up satellite 
structure again indicates the existence of Cu(II) species (Fig. 4c) [38]. 
The shake-up satellites occur when the outgoing photoelectron 

Fig. 2. (a–d) SEM image and high resolution XPS spectra of Fe 2p, Al 2p and O 1s for 6 second-coated sample; (e–f) XRD patterns of samples coated for 10 min and 6 
s, respectively [34]. 
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simultaneously interacts with a valence electron and excites it (“shakes 
it up”) to a higher-energy level. The shape of the Cu LMM spectrum 
confirms Cu(II) should come from Cu(OH)2 instead of CuO (Fig. 4d) 
[38]. However, the amount of Cu(OH)2 seems relatively small in the 
passivation layer evidenced by the weak Cu(II) peaks. 

The XPS analysis allows to propose the coating growth mechanism 
on Cu substrate. During the formation of the passivation layer, two 
anodic reactions, namely the oxygen evolution reaction and the oxida-
tion of Cu, would likely occur: 

4OH− →2H2O+O2↑+ 4e− (4)  

Cu→Cu2+ + 2e− (5) 

The standard electrode potentials of these two reactions, namely 0.4 
V and 0.34 V, are very close. However, the concentration of OH− anions 
is much higher and the oxygen evolution reaction is therefore kinetically 
favored. This oxygen evolution reaction would consume a large amount 
of OH− anions and cause a localized acidification of the electrolyte 
nearby the anode. As a result, Al(OH)3 is precipitated from Al(OH)4−

anions in the NaAlO2 electrolyte: 

Al(OH)
−

4 →Al(OH)3↓+OH− (6) 

The Al(OH)3 nano- or micro-particles were deposited on the anode 
surface by an electrophoresis process and formed a passivation layer, as 
illustrated by area A in Fig. 3. This passivation layer causes charge build- 
up and the electric field across the layer rises. After the dielectric 
breakdown point is reached, plasma discharges occur. A small amount of 
Cu would be evaporated by the discharges and then reacted with 
excessive active species from the electrolyte to form the Cu(OH)2 
compounds: 

Cu+ 2OH− →Cu(OH)2↓+ 2e− (7) 

After this early stage of the PEO process, the coating deposition en-
ters the third stage and beyond. The coating on sample 2 is synthesized 
in the third stage (similar to the third stage of the current density vs. 
time curve in Fig. 1). As demonstrated by the XPS analysis in Fig. 5, the 
PEO coating on sample 2 comprises metallic Cu, Cu2O and Al2O3. The 
peaks at 74.41 eV and 77.05 eV represent the Al 2p3/2 line of Al(III) in 
Al2O3 and the Cu 3p3/2 line of Cu(I) in Cu2O [35,36], respectively. The 
peak at 531.43 eV is related to O 1s line of Al2O3, and the peak at 530.68 
eV is associated with O 1s line of Cu2O [37]. While the shake-up satellite 
structure disappeared, Fig. 5c and d indicates that the coating on sample 
2 should also contain metallic Cu and Cu2O [38,39]. XRD analysis also 
confirms this finding (see Fig. 5e). Crystalline peaks for metallic Cu, 
Cu2O, α-Al2O3 and η-Al2O3 can be identified. 

It is generally agreed that the discharges are more energetic with 
increasing the processing time and thus coating thickness. For sample 2, 
the intensified discharges would evaporate excessive amount of Cu and 
part of them would be oxidized: 

2Cu+ 2OH− →Cu2O↓+H2O+ 2e− (8)  

and rest of the Cu would solidify into metallic Cu. The existence of 

Fig. 3. Surface SEM images of (a) sample 1 (30 s coated) and (b) sample 2 (10 min coated), (c) higher magnification of sample 2 surface, (d) cross-section of 
sample 2. 

Table 1 
Results of EDS point analyses on selected areas A, B and C.   

Cu (at.%) Al (at.%) O (at.%) P (at.%) 

Area A  0.51  23.50  70.26  5.74 
Area B  8.64  26.01  61.14  4.22 
Area C  7.70  35.48  56.20  0.62  
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metallic Cu is demonstrated in Fig. 3c and d, marked with white circles. 
It is plausible that Al2O3 comes from the oxidation of Al(OH)4

− anions 
(see reaction (3)). 

4. Coating properties and applications 

4.1. Thermal conductivity of the PEO coating 

The thermal conductivities of the PEO coatings were measured with 
the guarded heat flow method. The experimental setup is shown in Fig. 6 
and the detailed description can be found in [40]. 

The effective thermal conductivities of the coated iron/steel samples 
(3 mm thick substrate with 40 μm and 70 μm thick coatings) were 
measured and the thermal conductivities of the coatings were calcu-
lated. The effective thermal conductivity of the sample as a whole 
decreased to 12–14 W/m⋅K with a 40 μm coating and 8–10 W/m⋅K with 
a 70 μm coating. The thermal conductivity values were 0.48 ± 0.025 W/ 
m⋅K for coatings on steels and 0.53 ± 0.013 W/m⋅K for coatings on 
irons. Both of these values are considerably lower than the thermal 
conductivities of dense alumina. The low thermal conductivities could 
be attributed to the amorphous materials, nano-sized grains, and mes-
opores which caused strong phonon scattering [40–42]. 

On the other hand, the thermal conductivities of the PEO coatings 
deposited on copper increased from ~3.8 W/(m⋅K) for 25 μm thick 
layers to ~5.1 W/(m⋅K) for 60 μm thick layers as shown in Fig. 7. These 
values are much higher than coatings prepared by PEO processing on 
aluminum alloys [39,40] and ferrous alloys [38]. The relatively high 
thermal conductivity could be attributed to the presence of metallic Cu 
in the composite coating. As evidenced and discussed in Section 3.2, 

metallic Cu is attributed to form due to intensified discharges. It is well- 
known that the intensity of sparks increases with increasing coating 
thickness. The content of metallic Cu is therefore likely to increase with 
increasing coating thickness, leading to the observed increasing thermal 
conductivity of the coatings on copper substrates. 

4.2. Adhesion strength and thermal shock resistance 

The adhesion strength of the PEO coating on ferrous alloy substrates 
was measured by the adhesive tensile test, as shown in Fig. 8a [40]. A 
sample, which had a coating on only one side, was sandwiched and 
adhered with a pair of holding tools with epoxy elastomeric wafers. 
After the tensile test, adhesive failure occurred at the interface between 
the cast iron and glue film on the uncoated backside; no adhesive or 
cohesive failure of the coating was observed. This result implies that the 
PEO coating has excellent adhesion strength with the ferrous alloy 
substrate, higher than 60 MPa. 

Fig. 9 shows the optical images of PEO coated ferrous alloys samples 
after thermal shock tests (heated up to 425 ◦C and quenched to 20 ◦C in 
distilled water). The test coupon size in Fig. 9a–d is 25.4 mm in diam-
eter. Fig. 9a and b present images of selected samples (a) cast iron 
substrates with 40 μm thick coating and (b) 70 μm thick coating after 1, 
25, 50 and 100 cycles (left to right) of thermal shock tests. Fig. 9c is for 
steel substrates with a 40 μm thick coating and (d) 70 μm thick coating at 
the same conditions. SEM images of selected sample cast iron substrate 
with 70 μm thick coating after 100 cycles of the thermal shock test are 
shown in Fig. 9e and g (plain views) and in Fig. 9f (cross-section). The 
arrows in (f) and (g) indicate the formation of small cracks after thermal 
shock test in the coating [40]. 

Fig. 4. (a) Al 2p, (b) O 1s, (c) Cu 2p and (d) Cu LMM XPS high resolution spectra obtained from sample 1 surface.  
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No interfacial spallation was found on any sample after testing for 
100 cycles. The SEM images of selected sample (cast iron substrate with 
70 μm thick coating) confirm that the porous structure was well 
retained. Although some small surface cracks were formed, no crack was 
observed at the interface between the coating and substrate. Considering 
the coatings' thermal barrier behavior is comparable with traditional 
thermal barrier coatings (TBCs), it is to be expected that PEO processing 
has great potential for applications in which thermal management of 

ferrous alloy workpieces is required [40]. 

4.3. Tribology properties 

4.3.1. Tribological behaviors of PEO coated cast iron at room temperature 
The surface morphology, as observed by SEM imaging, and hardness 

profile of the virgin PEO coated cast iron sample are shown in Fig. 10a 
and b respectively [34]. The coating's hardness is 2– 3 times higher than 

Fig. 5. (a) Al 2p, (b) O 1s, (c) Cu 2p and (d) Cu LMM XPS high resolution spectra, (e) XRD spectrum for sample 2.  
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that of the substrate and it is expected to have higher wear resistance. 
The uncoated sample suffered severe ploughing wear accompanied with 
heavy plastic deformation (Fig. 10c). On the contrary, while the PEO 
coating showed uniform flattening, no obvious chipping/peeling was 

observed. The porous dimpled coating also revealed advantages in the 
accommodation of the wear debris generated, which was stored in the 
dimples. This reduces both the degree of abrasive wear and local stresses 
due to an increase in real contact area. 

The surface profiles of the polished PEO coatings before and after the 
sliding test were measured and further verified that wear debris was 
stored in the dimples at the coating surface. After ultrasonic cleaning, 
the wear debris was removed, and the dimple structure was revealed. 
The dimpled surface structure effectively reduces the real contact area 
during sliding, and lower friction coefficient and longer durability of the 
coating are therefore expected [43,44]. 

After being heated at 500 ◦C for 30 min, the ferrous oxide (FeO) in 
the as-deposited PEO coating was oxidized into ferric oxide (Fe2O3) as 
implied by the EDS analysis where the Fe/O ratio decreased from 0.8 
(mixture of FeO and Fe2O3) to 0.67 (merely Fe2O3). Pin-on-disc wear 
tests show that friction coefficients of the PEO coating sliding against 
SAE52100 steel ball and WC ball are higher with larger fluctuation after 
heat treatment, as shown in Fig. 11. Compared with the as-deposited 
PEO coatings, which were barely worn during the wear tests, the coat-
ings after heat treatment showed clear signs of plastic deformation, 
galling and severe adhesive failure, as shown in Figs. 12 and 13. 
Therefore, it could be reversely proved that, compared with ferric oxide, 
the ferrous oxide (FeO) in the as-deposited PEO coating is the reason for 
reduced friction and lead to better tribological behavior. Such a ferrous 
oxide may function as a lubricious oxide like Magneli phase materials 
[45]. 

4.3.2. Tribological characteristics of PEO coated Cu at room temperature 
Copper is a relatively soft metal. Increasing its surface hardness for 

improvement of its tribological properties, such as friction and anti- 
wear, is therefore desirable [46,47]. Hardness tests reveal that the 
micro hardness of the copper substrate and the PEO-derived coating 
(20–25 μm in thickness) are 98 ± 15 HV and 1050 ± 216 HV, respec-
tively. The friction coefficient curves of the uncoated- and coated-copper 
samples against different counter-materials are plotted in Fig. 14. 

The friction coefficient of uncoated copper against a steel ball is very 
unstable and ranges from 0.6 to 1.1, whereas this value is approximately 
0.5 for the coated copper against steel ball and 0.3 for the coated copper 
against tungsten carbide ball, and the latter ones are also more stable. 
Fig. 15 summarizes the surface morphology of the wear tracks after the 
wear tests. As shown in Fig. 15a and d, the worn surface of uncoated 
copper shows severe plastic deformation, the wear track width was 
~900 μm and the maximum depth was ~40 μm. Slight oxidation of the 
copper surface was verified with the EDS point analysis. Adhesion of 
copper on the steel ball surface could be observed from Fig. 15g. The 
steel ball was barely worn. Thus, the uncoated copper experienced se-
vere ploughing wear, which could be attributed to its low surface 
hardness (98 HV) compared with the steel ball (848 HV). Fig. 15b and e 
demonstrate the surface morphology of coated copper sliding against the 
steel ball. The wear track width was ~400 μm while the wear depth 
could barely be measured as the transferred materials protected the 
coating underneath. The steel ball revealed a characteristic grooved 
wear scar as shown in Fig. 15h, which indicates that abrasive wear 
occurred on the steel ball. Apparently, material from the steel ball was 
transferred and adhered to the coating surface. Severe oxidation of the 
transferred iron was also verified by the EDS point analysis. This 
observation reveals an evolution of the tribological contact, which can 
indicate why the friction coefficient increased from ~0.12 to ~0.5 after 
50 m sliding distance, as shown in Fig. 14. The higher friction coefficient 
observed in the latter stages of the tribological test might come from the 
self-mating transfer layer against the steel ball surface. Among the three 
tribotests, the lowest friction coefficient and narrowest wear track 
(~180 μm) were found for the coated copper sliding against WC ball. 
Increased hardness of the counter material (i.e., employing a WC ball) 
resulted in a lower degree of material transfer. During the sliding test, 
only a small amount of wear debris was generated and became 

Fig. 6. (a) Experimental setup for thermal conductivity measurement, (b) a 
sample measurement [40]. 

Fig. 7. Thermal conductivities of the PEO coatings with different thicknesses 
deposited on copper. 
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embedded in the pores of the coating. Therefore, severe three-body 
abrasive wear did not occur, and both the coating and the WC ball 
were insignificantly worn. It should be here emphasized that the PEO- 
coating on Cu indeed had a good mechanical integrity demonstrated 
by the sliding tribotests under a maximum Hertzian contact pressure of 
up to 1.6 GPa (for the WC ball case). 

4.4. Corrosion behaviors of PEO coated cast iron and copper 

Coatings on cast iron are generally used to improve the corrosion 
resistance of non-alloyed and low alloy cast iron. The electrochemical 
corrosion tests were carried out on the PEO coated and blank (uncoated) 
grey cast iron samples in 3.5 wt% NaCl solution and the results are 
shown in Fig. 16 [34]. From the Tafel plot we could find that the PEO 
coated cast iron sample has higher corrosion potential and smaller 
corrosion current density when compared with blank cast iron sample, 
indicating a decreased thermodynamic driving force and slowing down 
of the kinetics for corrosion to take place. The corrosion current den-
sities measured by the potential polarization tests were 4.5 × 10− 6 A/ 
cm2 and 3.5 × 10− 8 A/cm2 for uncoated and coated cast irons, respec-
tively. The corrosion potential (Ecorr) of the coated sample increases 

from − 0.88 V (uncoated one) to − 0.22 V. The polarization resistance of 
coated sample was 300 kΩ⋅cm2, which was much higher than the un-
coated cast iron sample (3.3 kΩ⋅cm2). However, the coated cast iron 
sample has a passivation behavior similar to the uncoated sample during 
the anodic polarization. Thus, a sealing process for blocking pores on the 
coating would benefit the long-term corrosion resistance of the devel-
oped coatings. 

Kulak and co-workers reported the preparation of an alumina 
ceramic coating on carbon steel using PEO in a solution of 0.1 M NaAlO2 
and 0.05 M NaOH [29]. The corrosion current density decreased by 4–5 
times for the alumina coating. After sealing the pores on the coating 
surface, the corrosion current density decreased by 28 times (from 0.86 
× 10− 4 A/cm2 to 3.0 × 10− 6 A/cm2). The research revealed that the 
micro-arc deposition of alumina coating itself is limited by a high 
porosity and then the coating cannot be regarded as offering efficient 
protection. The sealing process improved the corrosion resistance, but 
the Al2O3 coating even without sealing prepared in this study still per-
formed much better. Iosub's research group also used PEO to form 
coatings on carbon steel substrates in electrolyte of 18–25 g/L Na2SiO3 
and 11–15 g/L Na2CO3 [32]. The coating formed consisted of amor-
phous SiO2 and polycrystalline Fe2O3/Fe3O4 iron oxides. The corrosion 

Fig. 8. (a) Illustration of the adhesive tensile test; (b) a typical tensile curve of single-side coated cast iron sample; (c) fracture surfaces after tensile test showing 
adhesive failure on the uncoated side [40]. 

Fig. 9. Optical images of cast iron substrates with (a) 40 μm and (b) 70 μm thick coating, and steel substrates with (a) 40 μm and (d) 70 μm thick coating, after 1, 25, 
50 and 100 cycles (left to right) of thermal shock tests; SEM images of cast iron substrate with 70 μm thick coating after 100 cycles of thermal shock test: (e) and (g) 
(plain views) and (f) (cross-section) [40]. 
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current density of the coating was 4.26 × 10− 6 A/cm2, which was 
decreased from 3.07 × 10− 5 A/cm2 for the carbon steel substrate in 0.5 
M NaCl solution. The polarization resistance was increased twofold 
(from 1.14 kΩ⋅cm2 to 2.27 kΩ⋅cm2). Again, the coating in this study 
behaved better as shown by both corrosion current and polarization 
resistance data mentioned above. 

Electrochemical corrosion tests were also conducted on PEO coated 
and blank copper samples in a 3.5% NaCl solution. As illustrated in 
Fig. 17, the coated Cu sample has much better corrosion performance: 
firstly, the corrosion potential of coated sample was higher than the 
blank sample, indicating a decreased thermodynamic tendency of 
corrosion; secondly, the anodic section of the coated sample was moved 
towards lower current density, indicating that the anodic reactions were 

restrained. The corrosion current density measured by the polarization 
tests was 2.2 × 10− 5 A/cm2 for uncoated sample, which was two orders 
higher than the corrosion current of the coated sample (2.5 × 10− 7 A/ 
cm2), and the polarization resistance of coated sample was 141.7 
kΩ⋅cm2, which was much higher than the uncoated copper sample (4.73 
kΩ⋅cm2). Moreover, the coated Cu sample also demonstrated excellent 
passivation behavior during the anodic polarization. The passive current 
density was two orders lower than that of the uncoated Cu and no 
passivation breakdown was observed. It is concluded that the PEO 
coated Cu sample has excellent corrosion resistance in the 3.5% NaCl 
solution. 

Fig. 10. (a) SEM image and (b) hardness profile of the PEO coated cast iron, inset is the cross-sectional SEM image; SEM images showing wear tracks of (c) the blank 
sample and (d) PEO coated sample after the sliding tests [34]. 

Fig. 11. Comparison in COF data of as-deposited and 500 ◦C heated PEO coatings sliding against (a) steel ball and (b) WC ball, respectively.  
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4.5. Electrical insulation property 

In recent years, bearing electrical failures have been a significant 
concern in electric vehicles. When the electric motor's magnetic field is 

imbalanced, an alternating magnetic flux intersects with the motor 
shaft, inducing the shaft potential. A shaft current flows through the 
bearings on both sides of the shaft when a closed loop is formed. Due to 
the low impedance of the current loop, a high shaft current is produced, 
which is highly damaging to the motor bearings [48]. During the 
operation of electric motors, the overcurrent and spark erosion can 
damage the surface of bearing raceways, rolling bearing components 
and cause lubricants to age prematurely, resulting in motor or generator 
failure [49]. Using insulated bearings at the motor design stage is a more 
cost-effective approach. The production of insulated bearings is usually 
applied to a highly insulating ceramic coating on the external OD (outer 
diameter) surface and of the inner ID (inner diameter) surface of the 
bearing (indicated by dark colour on the bearing in insert of Fig. 17) by 
thermal spraying. However, the high operating temperature may cause 
bearing dimension change which needs extra machining and grinding 
operations. Alternatively, the authors here performed PEO processing on 
a SAE 52100 bearing steel at room temperature as an example to 
improve the electric insulation property of the workpiece. The number 
of surface pores on coatings gradually decreases while the size becomes 
larger with increasing the PEO treatment time. A FLUKE 1550B 
megohmmeter was used for measuring coating's insulation properties. 
Fig. 17 shows the average breaking voltage and average resistivity with 
different PEO processing time (all samples are single side coated). In the 
insulation test results, the average breaking voltage shows a stable in-
crease until 15-minute treatment case, followed by a steep rise later. In 
comparison, the average resistivity shows steady growth for the whole 
testing result. Comparing the 5-minute and 20-minute coated samples, 
the average value of the breaking voltage is almost double, from 414.29 

Fig. 12. SEM images of wear tracks of as-deposited PEO coatings sliding against (a) steel ball and (b) WC ball.  

Fig. 13. SEM Images of wear tracks of 500 ◦C heated PEO coatings sliding against (a) steel ball and (b) WC ball.  

Fig. 14. Friction coefficients for the uncoated sample against a SAE52100 steel 
ball and coated samples against SAE52100 steel and tungsten carbide balls. 
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V to 764.67 V. The average resistivity also increases form 13.6 MΩ to 
93.65 MΩ. Overlapping of two 20-minute coated samples is used to 
imitate the situation when PEO processing was carried out on the inner 
diameter (ID) and outer diameter (OD) surfaces of the bearing. The 
electric resistance (121–143 MΩ) and breaking voltage (914–935 V) of 
the back-to-back overlapped coated samples are much higher than those 
of a single coated sample. 

4.6. Friction performance of a coated brake disc 

Conventional grey cast iron brake discs have drawbacks such as 
excessive wear and poor corrosion resistance. Even though regenerative 

braking on electric vehicles (EV) can reduce the need for conventional 
friction brakes, the combination of regenerative and friction braking 
remains necessary for safety reasons. However, due to the reduced or 
less-frequent usages of the friction brakes and the lower brake disc 
temperature (less chance to keep the surfaces dry) on EVs, corrosion is 
considered very likely occur on the discs [50]. Using a heavy braking 
operation to clean the corroded disc surfaces could result in more 
corrosion-induced materials loss of the brake discs, which would still 
cause a brake emission problem, which is highly undesirable for several 
reasons, not least that automakers are facing an upcoming regulation in 
non-exhaust emissions [51]. 

Previous studies reported the application possibilities of the alumina- 

Fig. 15. SEM images (BSE mode) of the wear track for (a) uncoated copper sliding against steel ball, (b) coated copper sliding against steel ball, and (c) coated copper 
sliding against tungsten carbide ball; (d), (e) and (f) enlarged images of the white boxes in (a), (b) and (c), respectively; (g), (h) and (i) representative surfaces of the 
counter-balls, scale bar 100 μm. 

X. Nie et al.                                                                                                                                                                                                                                      



Surface & Coatings Technology 442 (2022) 128403

14

based coating prepared on cast iron brake discs by the PEO method to 
combat the wear and corrosion issues [52–54]. Combining PEO pro-
cessing with electroless nickel plating (ENP), a hybrid PEO-ENP coating 
was successfully prepared on cast iron and showed excellent anti-wear 
and anti-corrosion properties. Such a hybrid coating has great poten-
tial for the protection of brake discs. Fig. 18a shows a PEO-ENP coated 
commercial cast iron brake disc for an EV. A Dynamometer Global Brake 
Effectiveness Test under SAE J2522 Standard (also called AK Master test 
in Europe) was conducted on the PEO-ENP coated brake disc, without 
yet considering the regenerative braking function. The test without 
cooperation with regenerative braking is for the worst case, but highly 
critical situation of an EV, such as emergency braking. Fig. 18b shows 
the coated brake disc after the dynamometer test. The coating integra-
tion remained under the protection of the thin layer transferred from 
brake pad materials. An SEM image of the PEO-ENP coating surface 
(shown in Fig. 18c) indicates that there were no additional cracks caused 
by the severe dynamometer test. Fig. 18d shows that the average brake 
pads lost mass of 10.49 g while the tested brake disc lost a mass of 2.5 g. 
Comparing to a tested stock disc baseline, typical pad and disc mass loss 

were 20.64 g and 14.5 g. The significant reduction in wear mass loss is 
attributed to the wear mechanism. For the PEO coated surfaces, an ad-
hesive friction mechanism is predominant, while for the uncoated sur-
face, abrasive wear behavior was dominant. 

A model of the coated disc revealing the proposed adhesive contact 
mechanism is proposed in Fig. 18e. The PEO-ENP coating surface still 
had a dimple-like morphology since the nickel-based sealing followed 
the original contours of the surfaces and only partially filled the pores. 
The wear debris generated from the brake pad firstly fills the dimples of 
the coating and then is compacted to form a thin film. The transfer film 
accumulates over the whole wear track with a dynamic replenishing of 
the transfer film occurs thereafter. The thin transferred film/layer pro-
tects the disc surface and results in almost no, or negligible, wear of the 
disc. On the other hand, wear debris generated from the pad may be 
transported between the transfer film on the brake disc and the pad 
surface, which leads to a longer retention of wear products and thus 
reduced pad wear (Fig. 18d). The lower wear mass loss of coated disc 
and pads would indicate reduction of non-exhaust emission from auto 
vehicles. 

Fig. 16. Potentiodynamic polarization curves of (a) PEO coated cast iron samples tested at 25 ◦C, 40 ◦C, 55 ◦C and 70 ◦C 3.5% NaCl; (b) PEO coated and blank copper 
samples at room temperature 3.5% NaCl [34]. 

Fig. 17. The average breaking voltage and average electrical resistance with different PEO processing time.  
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The COF results of the brake dynamometer test on the PEO-ENP 
coated brake disc are presented in Fig. 19. Fig. 19a shows the average 
COF values in each section of the test which is 15 sections in total (COF 
= 0.3–0.6). The COF meets the braking requirement of passenger vehi-
cles well [55]. Too high COF would jeopardize the braking and driving 
comfort of vehicle passenger. It can be noticed that the COF is higher 
than that against steel and WC counterfaces (Fig. 11), which was due to 
the different friction material and adhesive friction mechanism when it 
slid against the braking lining materials (Fig. 18e). The section 4.5 of the 
SAE J2522 test (Fig. 19b) shows the friction performance when the 

speed decreased by braking from 200 to 170 km/h at the consistent 
pressure and then repeated the braking operations 8 times while the next 
braking pressure increased by 10 bars until 80 bars, which simulated 
high speed autobahn driving-braking operations. Fig. 19c presents sec-
tion 12.2 of the test where 8 brake events (from 80 to 30 km/h each) 
were conducted at the increasing pressures (from 10 bars to 80 bars) 
under the same initial barking temperature of 400 ◦C. In the fade sec-
tion, shown in Fig. 19d, the dynamometer decelerated at 0.4 g from 100 
km/h to 0 km/h for 15 times at the increasing initial braking tempera-
tures. The highest temperature reached to 580 ◦C while the test pressure 

Fig. 18. Photos of a PEO-ENP coated commercial cast iron brake disc (a) before and (b) after a dynamometer test; (c) SEM image of the PEO-ENP coated brake disc 
surface after the test; (d) weight loss in the brake disc and pad of the PEO-ENP coated and uncoated cast iron brake disc; (e) friction process model with regards to the 
PEO-ENP coated brake disc. 
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was around 40 bars. Fig. 19e shows the average COF (characteristic 
value) was 0.38 during the 18 braking events (from 80 to 30 km/h each) 
at the pressure of 30 bar and the initial temperature of 100 ◦C, which 
simulated the urban drive braking operations. The results indicate that 
the PEO-ENP coated disc could survive at the braking conditions of the 
high speed (up to 200 km/h), high pressure (80 bar), and high tem-
perature up to 580 ◦C. The excellent friction performance was also 
attributed to the hybrid coatings with the ENP sealing besides the wear 
mechanism altered from abrasive wear to adhesive friction [54]. 

It is expected that the PEO-ENP coated cast iron brake discs may have 
an increased lifespan without a need of brake disc replacement for an EV 
because the coating can significantly improve wear and corrosion 
resistance. The high-quality PEO-ENP coating is likely needed for a front 
brake system which is responsible for handling up to 75% braking power 
of a vehicle. However, the PEO-only coated discs could be used for rear 
brake corners to undertake the remaining 25% braking energy, consid-
ering that the hard braking would transfer almost 50% of the vehicle's 
initial rear axle weight to the front axle. The PEO-only coated discs are 
also believed good enough for the front brake system when a normal 
braking operation is the case of daily driving. Therefore, the proposed 
PEO-ENP hybrid coating (and the PEO coating for rear brake discs at 
least) could benefit future brake systems in terms of better performance, 
sustainability and environmental friendliness. 

5. Summary and prospects 

The PEO process can be directly carried out on non-valve metals 
including iron and copper alloys. Detailed observations on substrates 
and coatings at the very early stage and subsequent stages of PEO pro-
cesses revealed the coating deposition processing and mechanisms. The 
aluminate anions in the electrolytes not only participate into the for-
mation of passivation layers but also contribute mainly to the coating 

deposition by plasma-assisted oxidation. The coatings have high hard-
ness and adhesion strength, high corrosion resistance, good thermal and 
electrical insulation properties. From the tribological point of view, 
although high porosity was observed, the coating still has high hardness 
and excellent wear resistance. The surface dimples could effectively 
reduce the real contact area and the friction coefficient is therefore 
reduced. These dimples could also act as reservoirs and store the wear 
debris, leading to better anti-wear performance. The high electrical 
insulation properties can be utilized for electrical insulation of bearings 
in EV traction motors to avoid possible electrical discharging erosion 
problems. The high corrosion and wear resistance of the coatings can be 
employed to reduce non-exhaust emission for vehicle brake systems, 
benefiting environment, human health and sustainability of the mobility 
industry. 

It is of great significance to recognize that PEO processing on non- 
valve metals is very versatile and flexible due to the high amount of 
variables that can be tuned in the process, most of them associated with 
the composition of the electrolyte and the parameters of the electrical 
supply. In this work, the focus was put on aluminate electrolyte, there is 
therefore enormous scope for research of PEO processing in other elec-
trolytes, such as silicate and phosphate. More intensive research is also 
needed to tailor the PEO coatings to their planned functionality and 
build a full relationship between processing variables, coating micro-
structures and functional characteristics. For instance, the pores and 
cracks in the coatings could impair the corrosion resistance of the 
coating. Thus, pore-sealing treatment, like electroless nickel plating and 
sol-gel dip-coating, is required to achieve excellent long-term corrosion 
protection when exposure under corrosive media. Further studies in this 
area are currently being undertaken in our group. Nevertheless, PEO 
processing on non-valve metals is a promising surface modification 
method for iron (including steel) and copper alloys, which are the most 
commonly used engineering metals, and more R&D activities are needed 

Fig. 19. (a) Average COF of each section during the dynamometer test; COF, temperature, and pressure curves of testing sections (b) 4.5, (c) 12.2, (d) 14 and (e) 15.  
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to promote the transition from lab research to industrial applications. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

The research was sponsored by Natural Sciences and Engineering 
Research Council of Canada (NSERC). Authors thank industrial partners 
for their supports. The brake dynamometer test was conducted by 
NUCAP company in Toronto, Canada. 

References 

[1] X. Nie, Process and Property Effects in Hybrid/Duplex Plasma Treatments Using 
Vacuum Deposition and Electrolysis (PhD Thesis), University of Hull, 2000. 

[2] A.L. Yerokhin, X. Nie, A. Leyland, A. Matthews, S.J. Dowey, Plasma electrolysis for 
surface engineering, Surf. Coat. Technol. 122 (1999) 73–93, https://doi.org/ 
10.1016/S0257-8972(99)00441-7. 

[3] T.W. Clyne, S.C. Troughton, A review of recent work on discharge characteristics 
during plasma electrolytic oxidation of various metals, Int. Mater. Rev. 64 (2019) 
127–162, https://doi.org/10.1080/09506608.2018.1466492. 

[4] R. Arrabal, E. Matykina, F. Viejo, P. Skeldon, G.E. Thompson, M.C. Merino, AC 
plasma electrolytic oxidation of magnesium with zirconia nanoparticles, Appl. 
Surf. Sci. 254 (2008) 6937–6942, https://doi.org/10.1016/j.apsusc.2008.04.100. 

[5] Y. Cheng, E. Matykina, R. Arrabal, P. Skeldon, G.E. Thompson, Plasma electrolytic 
oxidation and corrosion protection of Zircaloy-4, Surf. Coat. Technol. 206 (2012) 
3230–3239, https://doi.org/10.1016/j.surfcoat.2012.01.011. 

[6] S. Durdu, M. Usta, A.S. Berkem, Bioactive coatings on Ti6Al4V alloy formed by 
plasma electrolytic oxidation, Surf. Coat. Technol. 301 (2016) 85–93, https://doi. 
org/10.1016/j.surfcoat.2015.07.053. 

[7] G. Lv, W. Gu, H. Chen, W. Feng, M.L. Khosa, L. Li, E. Niu, G. Zhang, S.Z. Yang, 
Characteristic of ceramic coatings on aluminum by plasma electrolytic oxidation in 
silicate and phosphate electrolyte, Appl. Surf. Sci. 253 (2006) 2947–2952, https:// 
doi.org/10.1016/j.apsusc.2006.06.036. 

[8] A.L. Yerokhin, A. Shatrov, V. Samsonov, P. Shashkov, A. Pilkington, A. Leyland, 
A. Matthews, Oxide ceramic coatings on aluminium alloys produced by a pulsed 
bipolar plasma electrolytic oxidation process, Surf. Coat. Technol. 199 (2005) 
150–157, https://doi.org/10.1016/j.surfcoat.2004.10.147. 

[9] R.O. Hussein, X. Nie, D.O. Northwood, An investigation of ceramic coating growth 
mechanisms in plasma electrolytic oxidation (PEO) processing, Electrochim. Acta 
112 (2013) 111–119, https://doi.org/10.1016/j.electacta.2013.08.137. 

[10] S. Moon, Y. Jeong, Generation mechanism of microdischarges during plasma 
electrolytic oxidation of Al in aqueous solutions, Corros. Sci. 51 (2009) 1506–1512, 
https://doi.org/10.1016/j.corsci.2008.10.039. 

[11] L. Wang, L. Chen, Z. Yan, W. Fu, Optical emission spectroscopy studies of discharge 
mechanism and plasma characteristics during plasma electrolytic oxidation of 
magnesium in different electrolytes, Surf. Coat. Technol. 205 (2010) 1651–1658, 
https://doi.org/10.1016/j.surfcoat.2010.10.022. 
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