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a b s t r a c t

The influence of current and frequency on energy consumption of plasma electrolytic

oxidation (PEO) of a commercial aluminium alloy pre-treated by conventional anodizing in

sulphuric acid has been investigated. The combination of a 20-mm thick precursor anodic

porous film, high current (500mAcm�2) and frequency (400Hz) during PEO enables up to 76%

energy savings compared to direct PEO treatment (50 Hz). The time needed to achieve a

uniformcoating thicknesswas also reduced from3350 s to 750 s, for PEO_50 andAþ PEO_400,

respectively. The wear and corrosion performance of the optimised coatings (400 Hz) were

also improved despite the lower thickness of the coatings. Such improvement was mainly

attributed to themicrostructural refinement associated with high frequency processing and

early transaction to the “soft-sparking” regime. The modification of the frequency has a

stronger influence on the corrosion response than the presence of the anodic precursor. The

best corrosion response was obtained for PEO_400 followed closely by A þ PEO_400.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High energy consumption is currently limiting the application

of plasma electrolytic oxidation (PEO) of aluminium alloys to

niche applications in high-end technologies such as the

aerospace, gas and oil industries, where the excellent range of

mechanical, corrosion and wear properties of these coatings

can be exploited [1].
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During the last years, therehasbeenanincreasingnumberof

studies addressing practical approaches in order to increase the

energy efficiency of PEO processing and make it economically

viable for mass production applications. Examples of these are:

i) substitution of DC by AC and bipolar electric signals, with the

aim to control the energy and lifetime of microdischarges [2,3];

ii) cell and cathode geometry design [4]; iii) electrolyte additives

in the form of complexing agents or nanoparticles [5,6]; and iv)

pretreatment by conventional anodizing [5,7e9]. The latter

approach, which was first proposed by the authors of the pre-

sent study, has been shown to save up to 50% depending on the

alloy substrate [10].
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The idea of a precursor film is based on reducing the energy

consumption required to achieve the coating thickness that is

normally needed to promote the establishment of the so-

called “soft sparking” during PEO [8,11]. This regime in-

creases the coating growth rate and facilitates the formation

of the intermediate dense layer, which provides the main

thermomechanical and tribological properties of PEO coatings

in aluminium alloys [7].

Proper adjustment of current and frequencyhasbeen shown

in the past to be crucial for energy savings in PEO processing of

aluminium alloys [3,12]. However, to the best of the authors’

knowledge, these parameters have not been studied in a com-

mercial aluminum alloy pretreated by conventional anodizing,

which is precisely the main goal of the present study.

Reducing the overall energy consumption of the process

should not compromise the performance of the coatings.

Several works have shown that modifying the processing

parameters such as frequency and current density leads to an

improvement of their corrosion andwear performance [13,14],

although no information is provided regarding their influence

on the energy efficiency. Studies involving the evaluation of

the performance and energy efficiency of precursors for PEO

are quite limited. In a recently published work by the authors

[10], it was reported that the use of anodic precursors on PEO

coatings developed using different phosphate based electro-

lytes improves the energy efficiency up to 66%, although they

did not have a significant positive influence on the corrosion

performance.

The present work presents several strategies based on

optimization of the processing frequency, current density

and use of an anodic precursor that allow significant energy

saving of the process while simultaneously improving the

performance of the developed coatings. The results pre-

sented in this work envisage the feasibility of upscaling PEO

process for components subjected to corrosive and tribo-

logical environments.
2. Methods

2.1. Test materials

2.1.1. Pre-anodizing or precursor film
Rectangular specimens (40 � 20 � 1.5 mm3) of aluminium

alloy 6082 were etched for 30 s in 50 wt% sodium hydroxide

solution, desmutted in a 70 wt% nitric acid solution for 30 s,

rinsed in distilled water and dried in warm air. Masked

specimens (~5 cm2 working area) were pretreated by con-

ventional anodizing in 24.5 wt% sulphuric acid (20 �C,
50 mA cm�2, 800 s) in order to produce a 20 mm-thick

alumina precursor layer.

2.1.2. PEO
PEOtreatmentwascarriedoutbyusinga2kWEAC-S2000power

supply (ET Systems electronic) with a square electrical signal

(þ490V/-110V, 50% duty cycle) and an initial ramp of 60 s. Cur-

rent (rms) and frequency values were set at different values in

the range 50e400Hzand 350e500mAcm�2 respectively. Higher

values could not be studied due to power supply design limita-

tions. The rms voltage and current responses were acquired
electronically, with a sampling time of 0.1 s, employing a KUSB-

3116 Keithley data acquisition card. Instantaneous voltage and

current values weremonitored and recorded using a 2-channel

TektronixTDS2012Boscilloscopeat 100MHzsampling rate. The

treatment was stopped 600 s after a current drop was observed

or when the rms current value decreased to values below

100 mA cm�2, whichever happened first. The electrolyte,

comprising 10.5 g L�1 sodium silicate (1.39 kg dm�3), 5 g L�1 so-

dium phosphate dodecahydrate and 2.8 g L�1 potassium hy-

droxide, was continuously stirred during the treatment in a 2 L

double-walled glass cell with a stainless steel counter electrode

and re-circulating water at 20 �C. After PEO treatment, the

specimens were rinsed in water and dried in warm air.

2.2. The specific energy consumption

The specific energy consumption of the PEOprocess (kWhm�2)

was calculated by integration (Eq. (1)) of the instantaneous

voltage and current waveforms. The data were recorded peri-

odically by the power supply (SM 400AR-8 Systems electronic,

2-channel Tektronix TDS 2012B oscilloscope at 100 MHz sam-

pling rate) at different stages of the treatment: i) first, at 60 s,

120 s and 300 s; ii) then, every 300 s until the drop of the current;

iii) at the beginning of the current drop, at 300 s from the cur-

rent drop and 50 s before the end of the treatment.

ETOTAL ¼
ðt

to

½V i�
�
W s
m2

�
dt (1)

(V: instantaneous voltage, i: instantaneous current density,

t0: the starting point of the experiment, t: the end time of the

experiment).

The total energy includes the sum of energy consumed by

PEO process and the energy consumed during anodic process

when applicable (the energy consumed during conventional

anodizing is ~2 kWhm�2 to obtain a ~20-mm-thick oxide layer).

2.3. Specimen characterization

Coating cross-sections were prepared following standard

metallographic procedures and examined by scanning elec-

tron microscopy (SEM) using a JEOL JSM-6400 microscope

equipped with Oxford Link energy dispersive X-ray (EDS)

microanalysis hardware. Coating thicknesses were

measured by the eddy-current method (Isoscope FMP10,

Fischer) taking the average of 20 measurements at randomly

selected places and later confirmed by SEM examination.

Surface roughness was studied with a focus variation optical

profilometer with a � 50 lense (Alicona InfiniteFocusSL).

Coating hardness was evaluated using an AKASHI MVK-E3

Vickers micro-hardness tester on polished cross sections

under a load of 10 g for 20 s. The cited values are the average

of ten measurements. Phase composition was examined by

X-ray diffraction (XRD) using a Philips X'Pert diffractometer

(Cu Ka ¼ 1.54056�A) at a scanning speed of 0.04� per second for

a scan range of 2q from 10� to 80� with an incidence angle of

90� and 2 s/step of counting time.

Image analysis of the microdischarges was carried out on

optical imagesof thespecimensobtainedatdifferent treatment

times (60, 120 and 300 s) using the software ImageJ. To quantify

https://doi.org/10.1016/j.jmrt.2022.10.049
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the microdischage density and area faction, the images were

transformed into a 8-bit greyscale and a sharpen filterwas used

that increases contrast and accentuate details by applying a

weighting factor to replace each pixel with a weighted average

of the 3� 3 neighborhood. Finally, an automated segmentation

was carried out for the quantification.

2.4. Wear tests

To evaluate the tribological properties of selected coatings, a

MT/60/NI tester (MicroTest) was used in dry conditions at room

temperature (~21 �C) and ~35%humidity. Testswere performed

in ball-on-flat linear reciprocatingmodewith a stroke length of

10mmand amaximum sliding distance of 120m. The coatings

served as the plates and the counterpart was aWCball of 6mm

in diameter and 1800 HV hardness. The normal load was 10 N.

The wear rates (Wr) were estimated dividing the wear

volume (Wv) by the normal load applied and total sliding

distance. The Wv was measured by high resolution 3D mea-

surements (InfiniteFocusSL, Bruker Alicona) of the worn sur-

faces and corresponds to volume inside the wear track below

the adjacent surface. The finalWrwas the average of the three

tests per specimen.

To conduct the wear tests, the outer layer of the coatings

was removed (about 20 mm) by grinding with a P320 SiC

abrasive paper in order to obtain a flat and smooth surface and

eliminate the outer part of the PEO coatings.
Fig. 1 e Rms current-time responses during PEO of 6082 alloy a

direct PEO, 500 mA cm¡2; (c) PEO with precursor film, 350 mA c
2.5. Corrosion evaluation

Electrochemical impedance spectroscopy (EIS) measurements

were conducted after 1 h of immersion to evaluate the

corrosion performance of the selected coatings in naturally-

aerated 3.5 wt% NaCl aqueous solution at ~22 �C.
A three-electrode cell connected to a GillAC computer-

controlled potentiostat (ACM Instruments) was used. The

workingareaof the specimenswasdefinedas1cm2; thecounter

andreferenceelectrodesweregraphiteandsilver/silverchloride

(Ag/AgCl in 3 M KCl), respectively. A sinusoidal perturbation of

10mVamplitude in the frequency rangeof 100kHze0.01Hzwas

applied. All measurements were conducted in triplicate.

Average values of the module of impedance (0.01 Hz) and its

correspondingrelativeerror (logarithmicplot)weredetermined.
3. Results and discussion

3.1. Effect of current and frequency PEO processing with
precursor film

3.1.1. RMS current responses
Fig. 1 shows the effect of applied current density and

frequency on the current-time responses during PEO of 6082

alloy with and without precursor film. In all the cases a

marked current drop is observed at different times of the
t different frequencies for: (a) direct PEO, 350 mA cm¡2; b)

m¡2; (d) PEO with precursor film, 500 mA cm¡2.
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Fig. 2 e Time to current drop vs frequency for the studied

systems.
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treatment, which is related to the moment when the set input

voltage limit is achieved. Theoretically, this limit should be

reached at the end of the 60 s ramp. However, initially the

impedance of the coating is not high enough for the set

voltage, therefore the rms current limit is rapidly reached and

maintained. As the coating thickness grows, its impedance

increases and the rms voltage value rises accordingly, striving

to the set limit. Themomentwhen the voltage limit is reached
Table 1 e K and A constants for the relationship between tdrop

350 mA cm�2

K A

Without precursor �0.81 ± 0.04 3.26 ± 0.09

With precursor �0.94 ± 0.05 3.19 ± 0.12

Fig. 3 e Representation of instantaneous voltage and current
and the current drop is observed, coincides with the uniform

establishment of the “soft sparking” regime over the surface.

This is because “soft” type of discharges, typically observed

under bipolar and AC conditions with cathodic bias, promote

the formation of denser or more compact coatings [15]. The

current drop is always expected to occur whenever the

voltage-controlled PEO set-up is used and once the impedance

of the coating becomes high enough; i.e., the coating growth

can proceed with a lower current output.

As shown in Fig. 1 and Fig. 2, the time to current drop (tdrop)

decreases with increasing frequency (f) and current density

and, as expected from previous results, the specimens with

precursor anodic film reach the current drop in shorter times

[10]. The relationship between tdrop and f can be expressed

with the following equation (2):

log tdrop ¼K log f þA (2)

whereK andA are constants presented in Table 1. Assuming that

this relationship is maintained for frequencies beyond the range

studiedinthiswork it is feasible toreacha tdropas lowas60swhen

using1500Hz,500mAcm�2and20mm-thickprecursorfilmwhich

wouldbe four times less than for a specimenwithout aprecursor.

This gives a clear idea of the great potential of precursor films for

development of what could be called “flash-PEO” processes.

3.1.2. Instantaneous current-voltage responses and surface
appearance
Current and voltage waveforms during PEO were recorded at

different times for all the specimens. Fig. 3 shows an example

of a waveform after 1500 s of PEO at 500mA cm�2 and 50 Hz for

a specimen without anodic precursor film. While the voltage

waveform reveals a square shape, the anodic current signal

features a sharp initial peak up to ~3200 mA cm�2 followed by
and f (Equation (2)).

500 mA cm�2

R2 K A R2

0.991 �0.78 ± 0.05 2.98 ± 0.11 0.988

0.990 �0.85 ± 0.03 2.70 ± 0.06 0.997

signals in the form (a) waveform; (b) polarization curve.

https://doi.org/10.1016/j.jmrt.2022.10.049
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an exponential decay down to ~120 mA cm�2. This initial

current surge is associated with breakdown and loss of film

resistance. The decay is related to regrowth of the oxide film at

the locations of microdischarges and the associated increased

coating impedance, which eventually leads to extinction of

themicrodischarges [9]. During the negative pulse, the current

density gradually decreases to values around �500 mA cm�2.

It is assumed that no microdischarges occur during this

period, although in other works [16,17] the presence of

cathodic microdischarges has been confirmed at specific

conditions during the initial stages of the PEO process of Al

and Mg. An alternative representation of instantaneous

voltage and current signals in the form of polarization curve is

shown in Fig. 3b. The sequence of numbers indicates the

correlation between different regions in both plots (Fig. 3).
Fig. 4 e Polarization curves as a function of treatment time (a) di

the stages of coating growth.
Fig. 4 shows examples of polarization curves as a function

of treatment time with and without precursor. Selected times

correspond to different stages during the PEO process; Region

I: initial “hard sparking” regime, Region II: combination of

“hard” and “soft sparking” and Region III: uniform or homo-

geneous “soft sparking” regime.

Fig. 4a shows the waveforms obtained for the specimen

without precursor film treated at 500 mA cm�2 and 50 Hz. At

60 s (Region I), following the direction marked by the arrows,

the voltage sharply increases from 0 to ~280 V and the current

remains relatively unchanged. This corresponds to thickening

of the oxide film similar to what happens during constant

current anodizing processes. At ~280 V there is an increase of

current, signaling the initiation of microdischarges [18]. Once

the maximum voltage is reached (440 V), a sharp drop of
rect PEO; (b) with precursor. (c) Schematic representation of

https://doi.org/10.1016/j.jmrt.2022.10.049
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current is noted, followed by a voltage drop when the current

falls below 300 mA cm�2. This point possibly marks the

extinction of microdischarges [18]. When the current reaches

zero the voltage of ~400 V is measured which is an indication

of an oxide film with a highly capacitive behavior. During the

cathodic pulse a sharp increase in cathodic current is noted

when a critical negative voltage of ~ �50V is reached. In

several works this has been related to the cathodic breakdown

of the film during cathodic polarization [18][ [17]. Then, the

current goes up again linearly and the system still shows the

typical response of a capacitor since the voltage is �15 V at

zero current. Thickening of the oxide film (1500 s- Region II)

shifts the entire polarization curve to higher absolute values

of current and both higher positive and negative voltages

during the anodic and cathodic pulses, respectively. The lack

of a vertical region during the beginning of the positive pulse

and the higher current values indicate loss of coating imped-

ance during the pre-breakdown period, possibly associated

with heating of the oxidematerial. Unlike in the 60 s response,

the ignition voltage for initiation of microsdischarges cannot

be accurately estimated since there is no marked change of

slope. Most likely, and as reported by other authors, the igni-

tion voltage increases with the treatment time [18]. High

speed camera observations are usually employed in order to

determine more accurately the window of existence of the

microdischarges [19]. Once the soft sparking has been uni-

formly established all over the surface (Region III) the

ascending anodic slope of the polarization curve shifts to

lower currents. This suggests that the loss of coating imped-

ance during the pre-breakdown period associated with heat-

ing is overcompensated by the greater impedance of a more

uniform and compact coating.
Fig. 5 e Development of the surface appearance during the PEO

(exposed area 2.5 £ 2 cm2).
When the precursor is used (Fig. 4b), the most significant

change observed in the polarization curves is the absence of

Region I, which corresponds to the “hard sparking” regime.

From the very early stage of dielectric breakdown the soft

sparking regime is established (the higher the frequency and

the rms current density the more pronounced is this effect).

Then, similarly to the previous case, the polarization curve

shifts to lower current values once soft sparking becomes

homogeneous. A schematic representation of the stages of

coating growth is shown in Fig. 4c.

Fig. 5 shows and example of the development of the surface

appearance during the PEO process with precursor film at

500 mA cm�2 and 100 Hz. Visual observations during PEO

showed that from a very early stage the soft sparking regime is

established characterized. It is by a uniform regime of micro-

discharges that start on the corners and move inward the

specimen towards the center until all the coating is homoge-

neous. After 60 s of treatment the instantaneous population

density ofmicrodischarges is ~6.4microdischarges/cm2 and the

area fraction of coating covering the specimen is ~53%. After

120 s thepopulationdensity increases to~95.4microdischarges/

cm2 with a 92.7% coverage. By 300 s the whole surface of the

specimen is completely covered and the coating is now growing

homogeneously with ~103.2 microdischarges/cm2.

3.1.3. Specific energy consumption, coating thickness and
growth rate
Fig. 6 gathers the specific energy consumption of the PEO pro-

cess calculated by integration of the instantaneous voltage and

current waveforms recorded periodically. The total energy in-

cludes the sum of the energy consumed by PEO process and the

energy consumed during anodizing process when applicable.
process with precursor film at 500 mA cm¡2 and 100 Hz

https://doi.org/10.1016/j.jmrt.2022.10.049
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Fig. 6 e Specific energy consumption of the PEO process for

the different developed systems.
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The comparison of the different treatments in terms of

energy savings reveals the following facts.

Regardless of the frequency and current used for the

coatings formation, the presence of a precursor anodic film

decreases significantly the energy consumption up to 68% in

the best case (A þ PEO_400 compared to direct PEO_400);

which is in concordance with previous studies reporting that

the transition to “soft sparking” occurs once a sufficient

thickness of the coating has been achieved [8].

Using higher frequencies, a significant reduction in the

consumed energy is achieved in all the treated specimens

and frequency's influence is more significant in pre-

anodized specimens (up to 57% savings for A þ PEO_400

compared to A þ PEO_50) than in direct PEO (up to 24%

savings for PEO_400 compared to PEO_50). The current is the

variable that influences the least the overall specific energy

consumption. In general, low current density leads to lower

energy consumption. In the case of PEO with precursor the

savings are in the range of 8e15% depending on the fre-

quency, but a trend cannot be identified. For specimens

without the anodic layer there is an increase of the savings

for higher frequencies so that for 50 Hz there is no differ-

ence on the energy consumed at 350 mA/cm2 vs 500 mA/

cm2, but increasing the frequency, the saving raised up to

20% (for 350 mA/cm2). It is worth mentioning that a lower
Table 2 e Parameters of the PEO coatings obtained under the d

Thickness (mm)

PEO350 A þ PEO350 PEO500 A þ PEO50

50 Hz 100 97 113 89

100 Hz 71 68 73 68

200 Hz 52 52 62.5 57

400 Hz 43 40 54 47
current also requires longer treatment times; so, that is a

handicap to take into consideration.

The combination of a 20-mm thick precursor anodic porous

film, high current (500 mA cm�2) and frequency (400 Hz)

during PEO enables up to 76% energy savings compared to

direct PEO treatment (50 Hz).

Results found in the presentwork provide new evidence on

the effect of frequency, precursor anodic layer and current

density on the energy consumption of PEO coatings. It is

stated that both the use of high frequencies and a precursor

anodic film highly influence the energy consumption whereas

the current applied does not seem to be that significant. Both

conditions (high frequency and precursor anodic layer) induce

a faster transition into the soft sparking regime as it was

visually observed and also determined by the faster drop of

the current in the rms curves related to the achievement of

the soft sparkingmode. The data available for differentmodes

of PEO process of commercial aluminum alloys does not take

this variables into consideration and reported values can be as

high as 26.7 kW h m�2 mm�1 [12].

The thickness and average coating growth rate of the PEO

coatings determined under different conditions are

presented in Table 2. The coating growth rate value is

calculated by dividing the final coating thickness by

treatment time. The results show that the presence of a

precursor anodic film, the use of high frequencies and the

application of high current density promote a faster growth

rate. A combination of these factors is probably leading to

earlier onset of “soft sparking”. The longer the material is

subjected to “soft sparking”, the greater is the overall coating

growth rate.

For instance, the highest oxidation kinetics rate

(⁓15.6 mm min�1) is achieved with the combination of the

precursor anodic film, the highest frequency (400 Hz) and

the highest current density (500 mA cm�2). On the contrary,

the lowest growth rate (⁓1.2 mm min�1) was obtained for

the treatment without precursor layer and both the lowest

frequency (50 Hz) and current density (350 mA cm�2). These

findings are in accordance with the time drop obtained

under the different conditions (earlier for specimens with

precursor anodic film and higher frequencies and higher

current) and are attributed to the faster transition to the soft

sparking regime that increases the overall coating growth

rate [20,21]. The “soft” nature of the sparks under that

regime avoids the undesirable destroying phenomena that

occurs during arc regime [20,22].

In general, the available data on the literature does not

provide a direct correlation among the different parameters

that can be modified during the PEO process (e.g. electrolyte,

wave design, voltage, current, frequency) and the final
ifferent conditions.

Growth rate (mm min�1)

0 PEO350 A þ PEO350 PEO500 A þ PEO500

1.28 2.1 2.7 5.2

1.6 2.8 3.65 4

2.25 3.63 6.25 10.05

2.8 4.2 8.9 15.6

https://doi.org/10.1016/j.jmrt.2022.10.049
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Table 3 e Surface roughness.

Sa (mm) Sz (mm) HV0.05

PEO_50 5.6 ± 0.7 48 ± 4 916 ± 48

A þ PEO_50 5.7 ± 0.4 44 ± 1 643 ± 29

PEO_400 4.5 ± 0.5 39 ± 3 764 ± 47

A þ PEO_400 5.1 ± 0.2 43 ± 3 447 ± 46

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 1 : 2 0 6 1e2 0 7 52068
thickness. This fact is due to the interaction of the different

factors during the development of the coating that change the

discharge thermodynamics and the characteristics of the ob-

tained layer. In the particular case of the applied current, it

has been reported that the coating thickness increase with

increase current density for DC PEO coatings [23,24]. With

regards the effect of frequency, results obtained in the present

work differ from the ones reported by Martin et al. [21] who

showed that increasing the anodic current density and the

pulse frequency simultaneously results in thicker and more

compact coatings, which was related to an increased density

of micro-discharges that promotes the early transition to the

“soft sparking”mode. Possibly the different behavior observed

is associated with the different treatment times, while Martin

used a fixed treatment time, in this work the treatment was

stopped 600 s after the current drop was observed or when the

rms current value decreased to values below 100 mA cm�2

which in the present work led to thinner coatings, despite

having a greater growth rate.

Findings reveal that among the different electrical pa-

rameters, the current applied influences the least the final

energy consumed and growth rate in comparison with the

more significant effect of frequency and precursor film. Based

on that, specimens developed under the extreme conditions

(50 Hz and 400 Hz) with and without precursor anodic film

were selected for further detailed studies. The selected cur-

rent was 500 mA cm�2 due to the obtained faster growth rate

along with no significant differences on the energy consumed

compared to 350 mA cm�2.
Fig. 7 e SEM surface views of selected coatings (a) direct PEO, 50

PEO with precursor, 400 Hz.
3.2. Coatings characterization

SEM surface views of selected coated specimens are shown in

Fig. 7. All the layers reveal the typical surface morphology of

plasma electrolytic oxidation coatings with a mixture of

pancake-like structure surrounded by a sponge-like

morphology [25]. The micro-cracks and pores are located at

the sites of the discharge channels and associated with ther-

mal stresses and gas evolution through the molten oxide

material during the PEO treatment [26].

The presence of the precursor anodic layer does not affect

significantly the final surface morphology of the coatings. It

can be observed that the use of a high frequency leads to the

formation of a more sponge-like structure covering basically

the whole surface. The pancake-like surface morphology has

been associated with the exposition to hard sparking with the

characteristic discharge channel usually localized at the

centre of the pancake; whereas an sponge-like structure has

been related to a softer sparking regime [27]. The surface

roughness values of the coatings (Table 3) are quite similar
Hz; (b) PEO with precursor, 50 Hz; (c) direct PEO, 400 Hz; (d)
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and only a slight decrease is observed when the frequency

increases, which can be associatedwithmore areas of sponge-

like morphology.

The cross sections of the studied coatings (Fig. 8) show a

thickness in a range of (⁓40e100) mm depending on the
Fig. 8 e Backscattered electron images of the PEO coating cross

50 Hz; (e,f) direct PEO, 400 Hz; (g,h) PEO with precursor, 400 Hz.
treatment. The presence of three distinct sublayers (indicated

in Fig. 8 b) is observed which are characteristic of PEO coatings

growth on aluminium alloys: highly-porous outer part, denser

intermediate layer with smaller porosity and a sub-micron

size barrier layer [28]. The pre-anodized alloys reveal a
-sections: (a,b) direct PEO, 50 Hz; (c,d) PEO with precursor,
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growth rate 2 or 3 times higher than non-anodized PEO for

treatments conducted at 50 Hz and 400 Hz respectively.

Therefore, the anodic precursor film promotes even a faster

growth rate for treatments conducted at higher frequencies

(Table 3).

It is worth mentioning that layers developed after pre-

anodizing seem to be slightly denser. However, PEO coatings

tend to contain inter-connected networks of fine-scale

porosity not detectable by conventional microscopy tech-

niques [29]. Rogov [30] analysed by high-angle annular dark-

field imaging (HAADF) the microstructural features of PEO

coatings developed under arc and “soft-sparking” conditions

at the metal/oxide interface and observed significant differ-

ences. Under the arc condition, the first fewmicrons from the

interface showed a combination of nano- (50e100 nm) and

micro-sized (1 mm) porosity, while the coatings formed under

“soft sparking” condition showed a thin sub-layer with low

nano-porosity, a 3e4 mm sponge-like band with nano-sized

porosity, followed by a more compact region.

XRD patters of all coatings (Fig. 9) reveal peaks corre-

sponding to Al (ICDD card 00-004-0787), indicating that the X-

Ray beam reached the substrate although the diffraction set-

up was designed to have an approximate penetration of the

X-rays below 5 mm (for alumina density values of 4.05 g/cm3 -

crystalline and 2.66e3.4 g/cm3 - amorphous). The identifica-

tion of the substrate may be associated with the inherent

porosity of the coatings and/or some edge effect (e.g. coating

damage after cutting the coated sample).

Regarding the crystalline phases of the coatings, the

applied frequency seems to have an important effect on the

different formed phases, whereas no substantial differences

between samples with and without precursor anodic layers

are observed.
Fig. 9 e X-ray diffraction patt
Coatings developed under low frequencies (50 Hz) are

composed of a mixture of alumina g-Al2O3 (ICDD card 00-050-

0741), a-Al2O3 (ICDD card 00-046-1212) phase and mullite

(ICDD card 01-079-1450). The formation of high-temperature

phases such as a-Al2O3 and mullite are associated with

mainly two factors: i) a high temperature of non-equilibrium

micro-discharges that develop over the processed surface

[31] and ii) a longer duration of the treatment (due to the delay

in current drop for the layers at 50 Hz). The fact that speci-

mens were exposed to the microdischarges and high tem-

peratures for longer time, which contributed to formation of

hard alumina phases [26], is in concordancewith other studies

reporting that long PEO treatments lead to the formation of

more high-temperature stable phases [32].

For coatings developed a high frequencies, the major con-

stituent formed is g-Al2O3, which is associated with high cool-

ing rates favoring the solidification of molten alumina into

metastable g-Al2O3 nuclei over the stable a-Al2O3 phase [33].

The fact that PEO coatings with high growth rate produce

low temperature crystaline phases was reported for oxide

layers developed in electrolytes with high silicate concen-

trations [34]. This is in accordance with the results obtained

in this work in which low temperature crystalline phases

were obtained in PEO coatings with high growth rate

(developed at 400 Hz).

It is clear that high-temperature stable phases (a-Al2O3

and mullite) are only found in coatings formed at 50 Hz

(with a lower growth rate compared to layers developed at

400 Hz). It is also worthy to mention that among those

coatings (PEO_50 Hz and A þ PEO-50 Hz) the crystalline

phases peaks are more intense in precursor-free coating

formed in longest treatment time and with the lowest

growth rate.
erns of selected coatings.
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Table 3 shows the microhardness values (HV0.05) of the

developed coatings. As expected, the coating with a higher

amountofa-Al2O3 (PEO_50) shows thehighest valueofhardness

(916 ± 48 HV0.05), while the one with a higher proportion of g-

Al2O3 (Aþ PEO_400) presents the lowest value (447 ± 46 HV0.05).

Interestingly, the PEO_400 shows a higher hardness (764 ± 47

HV0.05) thanAþPEO_50 (643±29HV0.05) despitehavingaslightly

smaller amount of a-Al2O3. This could be associated with two

factors, (i) thepresenceofmullite,which isslightlysofter thang-

Al2O3 (14 vs. 17 GPa [35]) and (ii) the microstructural changes

induced by the precursor anodic film that promotes the forma-

tion of inter-connected networks of fine-scale porosity that

might affect the overall hardness of the material.

3.3. Wear properties

Findings in the present work reveal that the appropriate se-

lection of the frequency and a pre-anodizing step lead to a

considerable reduction in energy consumption. However, it is

essential to ensure that both wear and corrosion performance

of the oxide layer are not compromised.

The average values of friction coefficientswere in the range

of (0.75e0.83) with non-significant differences among the

developed coatings. The obtained results were relatively high

and comparable to those found in other works [33,36].

Fig. 10 shows thewear volume and the calculatedwear rate

of the selected PEO coatings. The presented results are the

average of 3 specimens from which 20 mm of the coating was

removed to avoid the contribution of the looser outer part of

the coating. These results demonstrate the benefit of using

high frequency (400 Hz) PEO treatments for enhanced wear

performancewith respect to the coatings formed at 50 Hz. The

wear rate values are reduced up to one order of magnitude

from 4.234 � 10�5 for PEO_50 to 4.752 � 10�6 mm3 N�1 m�1 for

PEO_400, despite its lower microhardness. This is probably

related to the change in the crystallinity of the main forming

phases and the modification of the porosity of the interme-

diate layer of the coating. It has been stated repeatedly that

the early establishment of the “soft-spark” regime leads to a

densification of the intermediate layer which contributes

positively to the wear response.

Regarding the use of the precursor anodic film, a different

trend was found depending on the frequency range. In the case

of 50Hz, theprecursor anodic filmshows apositive effectwith a
Fig. 10 e (a) Wear volume and (b) estimate
reduction of the wear rate up to 57% for the pre-anodized

specimen. Whereas in the case of 400 Hz, the specimen with

the anodic precursor film (Aþ PEO_400) reveals a slightly worse

wearperformance,although it isstill 18%better thanAþPEO_50

and 65% better than PEO_50. This improvement in thewear rate

of the coating that also presents the highest energy efficiency

(76%energy saving for Aþ PEO_400 vs. PEO_50) is still 12%better

than thewear rate of hard chromeplating coatings testedunder

a similar load (1.7 � 10� 5 mm3 N�1 m�1) [33], which are known

for their exceptional tribological properties.

The backscattered SEM images of the wear tracks of all PEO

specimens are shown in Fig. 11aed. The differences between

coatings in the wear track width are evident and are in good

agreement with the Wr trend shown in the previous section:

PEO_50 < A þ PEO_50 < A þ PEO_400 < PEO_400. The higher

magnification details of the wear track of the coatings devel-

oped at 50 Hz (Fig. 11eef) show a relatively uniform and

cracked tribolayer. The track of the coatings developed at

400 Hz show some slight differences (Fig. 11 g-h). PEO_400

shows regions with a high density of microcraks surrounded

by uniform monolithic regions containing fewer but bigger

cracks, probably formed as a consequence of the stresses

induced by the sliding counterpart [37]. In the latter region,

some abrasion grooves parallel to the sliding direction can

also be identified. The A þ PEO_400 shows a rougher surface

and some signs of delamination, which are commonly

observed in PEO coatings [33]. The cross sectionalmicrographs

of all coatings do not show a noticeable curvature of the sur-

face and in all cases the worn tracks show a relatively uniform

tribolayer across the whole tested area.

Table 4 gathers the EDS measurements located in the

wear track (point 1 marked in Fig. 11 i-j). It discloses the

presence of elements from the oxidation of the substrate

(O, Al) and species derived from electrolyte (Na, Si, P, K).

The treatments parameters and the removal of the looser

outer part of the coating might influence in the obtained

composition. It is worth mentioning that the analysis also

shows relatively high amounts of W (12 at. %) for the

PEO_50 layer, indicating the damage of the WC counterpart

and its transfer to the tribolayer (adhesion during the

friction process). The amount of W is lower for the rest of

the coatings (down to 0.6 at.% for PEO_400) which is in

agreement with the values of wear volumes obtained and

SEM observations.
d wear rate for the selected coatings.
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Fig. 11 e SEM images of the wear tracks of selected PEO specimens: (aed) plan view; (eeh) detailed inside the track; (iel) BSE

cross-section. (a,e,i) direct PEO, 50 Hz; (b,f,j) PEO with precursor, 50 Hz; (c,g,k) direct PEO, 400 Hz; (d,h,l) PEO with precursor,

400 Hz.
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3.4. Corrosion behaviour

Electrochemical Impedance Spectroscopy (EIS) was used to

evaluate the corrosion resistance in naturally aerated NaCl

3.5 wt% solution after 1 h of immersion. Bode plots are

depicted in supplementary material (Supplementary Fig. S1).
Table 4 e Composition determined by point EDS analyses
for Fig. 11(iel) (at. %).

O Al Na Si P K W

PEO_50 61.3 17.1 0.4 0.3 0.6 1.2 12.1

A þ PEO_50 75.9 15.9 0.3 0.2 0.3 0.7 1.4

PEO_400 82.5 13.7 e 0.5 0.3 0.2 0.6

A þ PEO_400 80.5 15.9 e 0.7 0.3 4.2 1.3
Coatings developed at 400 Hz clearly show two capacitive

relaxation processes at high and low frequencies related to

the responses of the porous part (combination of outer and

intermediate layers) and inner barrier layer. For coatings

formed under 50 Hz the high-frequency relaxation process is

hard to distinguish, which can be associated with a weaker

response of the porous part probably due to the presence of

more through-going discharge channels and porosity. The

precursor anodic film does not seem to have a significant

influence on the magnitude or phase of the transfer function

versus frequency.

Fig. 12 shows the module of the impedance at low fre-

quencies, which provides a good estimation of the overall

corrosion performance of the material, and its relative error.

Increasing the processing frequency results in an
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Fig. 12 e Module of the impedance at 0.01 Hz (log scale) along with its relative error after 1 h of immersion in naturally

aerated NaCl 3.5 wt% solution. The values of |Z| are given in U cm2.
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improvement of 2e3 orders of magnitude of the overall

corrosion resistance of the coatings, while the presence of the

precursor anodic film does not influence significantly the

corrosion response. The positive effect of high processing

frequencies has been reported previously for both Al [14] and

Mg [38] based materials. Such improvement is usually asso-

ciated to the refined microstructure resulted from the change

of the thermodynamic properties of themicrodischarges; high

frequencies lead to shorter pulse times, which promotes the

formation of a higher population density of less intense

microdischarges. This results in a refinedmicrostructure with

reduced porosity in terms of pore size, which impedes the

access of the electrolyte and therefore, delaying the corrosion

initiation process. Moreover, the reduction of the intensity of

the microdischarges also prevents the damage of the inner

compact barrier layer during the arc regime [39].

As discussed in Section 3.1, both increasing the pro-

cessing frequency and the application of the precursor

anodic layer, promote the transition from the arc to the

“soft-sparking” regime with the consequent microstructural

improvement. Additionally, the presence of the precursor

anodic layer promotes a faster transition. All coatings have

been exposed to the “soft sparking” regime for the same

period of time (600 s), while the exposure to the arc condi-

tions is different in each coating since the transition to the

“soft” regime depends on the used processing conditions.

Therefore, the coatings with the precursor anodic layer were

processed for a lower treatment time compared to their

counterparts. While the coatings developed under “soft

sparking” are usually denser and more homogeneous which

leads to a higher corrosion resistance, increasing the treat-

ment time does not have a straightforward influence on the

properties of the coating: longer treatment times under arc

conditions increases the porosity, however it also leads to
thicker coatings [40]. As the film grows thicker, the size of

the discharge channels increases because a higher energies

are needed for the current to pass through the film [41].

Therefore, it is key to optimize the treatment time to

minimize the porosity while maintaining a sufficient

thickness to maximize the corrosion properties of the

coatings. The results presented in Fig. 12 clearly show the

previously described trends. The coatings developed at

400 Hz had shorter processing times (~1200 and ~750 s for

PEO_400 and A þ PEO_400, respectively) than those obtained

at 50 Hz (~3350 and ~1700 s for PEO_50 and A þ PEO_50,

respectively) (Fig. 1), limiting the negative effect of the arc

stage on the porosity. However, when comparing the per-

formance of PEO_400 and A þ PEO_400 it can be observed

that the reduction of the processing time as a consequence

of the precursor anodic layer, slightly decreases the corro-

sion resistance. This is probably related to the slightly lower

thickness of the coating.

It can be concluded that the modification of the frequency

has a stronger influence on the corrosion response than the

presence of the anodic precursor. The best corrosion response

was obtained for PEO_400 followed closely by A þ PEO_400

indicating that the proposed strategy, not only improves the

energy efficiency of the process, but also increases the corro-

sion performance of the material.
4. Conclusions

In this work three strategies are evaluated to improve the

energy efficiency of PEO processes on aluminium substrates:

optimization of the processing frequency, processing current

density and application of a precursor anodic film. The main

conclusions are summarised as follows:
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- The time to current drop decreases with increasing fre-

quency and current density and the specimens with pre-

cursor anodic film reach the current drop in shorter times.

- Both the use of high frequencies and a precursor anodic

film highly influence the energy consumption whereas the

applied current does not seem to be that significant.

- The combination of a 20-mm thick precursor anodic porous

film andhigh current (500mA cm�2) and frequency (400Hz)

during PEO enables up to 76% energy savings compared to

direct PEO treatment.

- The improvement on the wear and corrosion performance

is related to the microstructural refinement associated

with high frequency processing and early transaction to

the “soft-sparking regime”.

- The modification of the frequency has a stronger influence

on the corrosion response than the presence of the anodic

precursor. PEO_400 is the coating with the best corrosion

and wear performance and shows an improvement in the

energy savings of 24% compared to direct PEO at 50 Hz.

- A þ PEO_400 Hz is the coating with the highest energy

savings of 76% and it maintains very similar wear and

corrosion properties to those of PEO_400.
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