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Abstract: This work evaluates the effect of sodium meta-silicate pentahydrate (SMS) and potassium
hydroxide concentrations on properties of Al,O3-TiO, coatings produced through plasma electrolytic
oxidation in a solution containing 3 g L1 potassium titanyl oxalate, (PTO), using a unipolar waveform
with constant current density. The surface and cross-section characteristics of PEO coatings including
morphology, elemental distribution, and phase composition were evaluated using FESEM, EDS,
and XRD techniques. Voltage-time response indicated the concentration of SMS and KOH had a
significant effect on the duration of each stage of the PEO process. More cracks and pores were
formed at the higher concentrated solutions that resulted in the incorporation of solution components
especially Si into the coating inner parts. Ti is distributed throughout the coatings, but it had a
dominant distribution in the Si-rich areas. The coating prepared in the electrolyte containing no
silicate consisted of non-stoichiometric y-Al,O3 and/or amorphous Al,O3 phase. Adding silicate
into the coating electrolyte resulted in the appearance of x-Al,O3 besides the dominant phase of
v-AlyO3. The corrosion behaviour of the coatings was investigated using the EIS technique. It was
found that the coating prepared in the presence of 3 g L~! SMS and 2 g L~! KOH, possessed the
highest barrier resistance (~10 MQ cm?), owing to a more compact outer layer, thicker inner layer
along with appropriate dielectric property because this layer lacks the Si element. It was discovered
that the incorporation of Ti** and especially Si** in the coating makes the dielectric loss in the coating.

Keywords: Al,O3-TiO, coating; plasma electrolytic oxidation; silicate-based electrolyte; corrosion
resistance

1. Introduction

The aerospace and automotive industries have extensive potential to use aluminium
and its alloys owing to their high strength to weight ratio, good shape-ability, and non-
magnetic characteristics. However, the weak corrosion resistance, particularly intergranular
and pitting corrosion resulting from intermetallic compounds in the Al alloy matrix has
largely confined the broad use of aluminium alloys [1,2]. Therefore, ceramic coatings
have been employed to enhance their corrosion behaviour. Plasma electrolytic oxidation
(PEO) as a cost-effective and environmentally friendly process is a powerful technique
to apply a ceramic coating on light metals, particularly Al and its alloys, and improve
their hardness, wear and corrosion resistance significantly [3,4]. Exertion of a high voltage
during PEO creates spark discharges and various electrochemical and plasma chemical
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reactions, resulting in a corrosion-resistant dense layer next to the interface followed by a
porous layer [5].

PEO processing parameters including electrical parameters such as type and magni-
tude of applied current density, frequency, duty cycle, and also electrolyte composition
have a complex effect on the PEO coating properties.

One of the important challenging properties of PEO coatings is porosity, which was pro-
posed to be created by trapped oxygen in molten oxide produced by micro-discharges [6,7].
Researchers have been trying to control the porosity of the PEO coatings by applying appro-
priate electrical parameters and using an optimum coating bath. Electrolyte components
have a complicated effect on the PEO process since they affect pH, conductivity, substrate
passivation, with consequent impact on the properties of coating (especially dielectric)
properties. Other important parameters are the interaction between the electrolyte com-
ponents, which could influence the incorporation of foreign species into the coating, and
other interactions of incorporated species into the coating. The silicate-based solution is
one of the most conventional electrolytic baths used for the production of PEO coatings.
It is well-established that NaySiO3 improves discharge characteristics including spatial
density, frequency, a lifetime of micro-discharges during PEO coating of Al alloys and
it also enhances the growth rate of the coating [8,9] Moreover, it increases the surface
roughness [9]. Chen et al. [10] observed that the degree of polymerization of silicate ions,
which influences the mechanism of coating formation, and the thermal-driven gel-forming
process under sparking, depend on the concentration of NaOH and Na,SiOs. A wide range
of Na,SiO3 (2-36 g'L_l) and KOH or NaOH (2-8 g~L_1) concentrations were used in the
electrolytic solution for PEO of Al alloy [7,11-16]. Cheng et al. [7] prepared PEO coating
in dilute (8 g L~! Na,Si03-9H,0) and concentrated (36 g L~! Na,Si03-9 H,0) silicate
solutions, and observed that the coatings formed in the dilute solution provided better
wear resistance than those formed in the concentrated solution, due to better mechanical
properties of the outer layer, and fine bonding of the layers. Lee et al. [8] obtained Al,O3
PEO coating in 1 g L~! KOH electrolytic solution by adding various concentrations of
Na,SiO3 (2-14 g L 1). It was shown that the discharge characteristic was changed by
the Na,SiO3 concentration, especially, higher Na;SiO3 concentration leads to the lower
dielectric breakdown voltage and a decrease in the spatial density of micro-discharges (the
number of discharges per unit area) and an increase in the size of micro-discharges. Yang
et al. [17] investigated the effect of Na;5iO3-9 H,O concentration (0, 1.85, and 9.17 g LY
in solutions containing 1 g L~! NaOH and 4 g L~! NasP30;0 on corrosion protection of
alumina coating. It is reported that the silicate deteriorated the corrosion performance of
the coating, which was attributed to the poor compactness of the coating.

It was reported that the addition of titania into alumina during some processes es-
pecially plasma spray can reduce porosity and enhance the corrosion properties [18-21].
Al,O3-TiO; is well known for its excellent toughness, high wear resistance, low thermal
conductivity, and low thermal expansion. Regarding these properties, this ceramic material
is widely used in textile manufacturing tooling, butterfly valves, automotive and hydraulic
parts, and electrical insulations [22,23]. In our previous research, Al,O3-TiO, PEO coatings
were obtained by adding potassium titanyl oxalate, PTO, into the silicate-based electrolyte.
The incorporation of TiO; into alumina developed a more compact outer layer along with
a thicker and continuous inner layer. In order to achieve high-quality coatings, it was
revealed that a sufficient high entrance of Ti into the coating is required [24]. Regarding the
literature, despite the significant positive effect of silicate on the PEO process, it harms the
compactness of the PEO coating. However, there is no clear discussion about the possible
mechanism of the Si effect on the compactness and porosity and the porosity mostly was
attributed to the oxygen entrapment into the oxide. Therefore, here we are aiming to track
the effect of silicate and KOH components on Al,O3-TiO, PEO coatings. Regarding that
the degree of polymerization of silicate ions depends on the silicate and hydroxide concen-
trations, the concentration of these components was changed in small quantities. As above
mentioned, the amount of Ti-incorporated is important to have a compact alumina coating.
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Therefore, it is important to see whether the amount of silicate and KOH can affect the
amount and distribution of Ti entered into the coatings. Regarding other research [24,25]
and our observations in the trial and error phase, the incorporation of electrolyte compo-
nents in bipolar waveforms is less than that of DC and the unipolar one. Therefore, it was
difficult to realize the performance of the incorporated species in the coating performance.
Thus, the unipolar waveform was applied to enter enough amount of electrolyte compo-
nents into the coating. Another advantage of using the unipolar waveform was that the
electrical parameters were less and the real effect of the composition of electrolyte on the
PEO process and the coatings could be investigated properly. EIS technique was a very
strong way to discover the effect of components’ effects on the dielectric properties of the
obtained PEO coatings.

2. Materials and Methods

Disk-shaped samples of Al 7075 with a diameter of 20 mm and a thickness of 3 mm
were used as substrate. The substrate’s composition (wt.%) included 5.8% Zn, 3.3% Mg,
1.3% Cu, 0.3% Cr, 0.4% Fe, 0.2% Mn, and balance Al. The specimens were polished by
abrasive SiC papers (using the finest paper 1200 grit size) and cleaned by distilled water
and ethanol after connecting to the copper wire. PEO coatings were grown in an alkaline
silicate solution (Na;Si03.5H,0, SMS) containing potassium titanyl oxalate (K, TiO(Cp04)s,
PTO) and KOH. Since the effect of SMS and KOH concentration on Ti incorporation is
the aim, the PTO concentration was set constant at an optimized amount of 3 g L' (as
determined in our previous research [24]). A series of experiments was carried out with 7
samples. The baths differed in SMS and KOH concentrations. In the presence of 3 g L1
PTO, Ti incorporation was high enough, in addition to the higher stability of the electrolytic
solution. Table 1 displays the code of the specimens, the concentration of each component
along with pH and conductivity of the coating baths. The codes were suggested according
to the concentration of SMS and KOH in the bath.

Table 1. Specimens codes, and composition, pH and conductivity of the coating solutions.

Specimen Code SMS (gL-1) PTO (gL 1) KOH (gL-1) pH Conductivity (mS cm—1)
SO0K2 0 3 2 11.37 4.82
S2K2 2 3 2 12.01 7.15
S3K2 3 3 2 12.13 8.20
S4K2 4 3 2 12.22 9.19
S5K2 5 3 2 12.28 10.20
S3K1 3 3 1 11.76 5.52
S3K3 3 3 3 12.3 8.37

The PEO process was conducted by utilizing a full-switching double isolated power
source of 750 V/30 A capacity, (Yekta mobaddel Pars Co, Yazd, Iran). During the PEO
process, the substrate was set as anode and a 7 L cylindrical stainless-steel container was
applied as the cathode. The process was carried out by applying a unipolar waveform with
a constant current density 6 A dm~2, 20% duty cycle, and 2 kHz frequency for 60 min. The
temperature was kept constant at 20 &+ 2 °C by placing the cylindrical container in a 100 L
water-filled plastic-body container cooled down by an electrical pump. After the coating
process, the specimens were washed with distilled water and ethanol and then dried in
warm air.

The cross-sections of the coatings were cut and mounted in epoxy resin and ground
down to 2400 grit size, then polished by Buehler alumina powder (0.5 pum). The morpho-
logical features, elemental composition, and distribution, and also thickness of the coatings
were investigated by evaluating the surface and cross-section of the specimens using an FEI
Quanta FEG-450 field emission scanning electron microscope (FESEM, FEI, Hillsboro, The
United States of America (USA)) equipped with an energy-dispersive X-ray spectroscopy
system (EDS, FEI, Hillsboro, OR, USA). The average thickness and porosity percent of the
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coatings were measured on the cross-section and surface of SEM micrographs using Image
J 1.44p software (version 1.6), respectively. The thicknesses of the coatings were measured
in at least ten points in each specimen and the average value with the standard deviation
was reported.

The constituent phases were determined by the Bruker D8 Discover as the X-ray
diffractometer (Bruker, Billerica, MA, USA) at the measurement range of 20 to 80° using
a Co Ka radiation source (A = 1.79 A) and a LynxEye-XE detector operating at 40 kV and
40 mA. The angular step width and the step time were 0.03° and 8 s, respectively.

The corrosion behaviour of the coatings was evaluated using the electrochemical
impedance spectroscopy (EIS) technique conducted with a potentiostat/galvanostat (AME-
TEK model PARSTAT 2273, Ametek, Berwyn, IL, USA) in 3.5 wt.% NaCl solution at pH 4,
regulated by dilute HCl solution. The pH was adjusted at 4 for intensifying the corrosivity
of the solution and preventing any natural healing of the coatings during long immer-
sion times [26,27]. After 24 h immersion, the EIS response was recorded using a typical
three-electrode cell including a saturated Ag/AgCl reference electrode, platinum plate as
the counter electrode, and the PEO-coated sample as the working electrode. The test was
performed in the frequency range from 102 to 10° Hz using a perturbation amplitude of
10 mV. The EIS tests were repeated 3 or 4 times, assessing that they showed meaningful
reproducibility.

3. Results and Discussion
3.1. Voltage-Time Response

Figure 1 displays the change of cell voltage versus the treatment time for the coatings
prepared by applying a constant average current density of 6 A dm~2 for 60 min in
solutions containing different concentrations of SMS and KOH. The voltage-time transients
are typically divided into four stages [28], where the border of each stage is determined by
slope variation.
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Figure 1. Voltage-time response curve recorded during the PEO process in the various coating
solutions. The attached table presents the slope of different PEO stages. The stages are distinguishable
by bullets at the end of stages IT and III.
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Stage I shows a sharp linear increase of voltage within a short time (~1.2 min) and cor-
responds to the formation of an initial compact film. Stage II, with the slope of 3-7 V min~!,
initiates through reaching dielectric breakdown and occurrence of tiny white sparks.
Stage III, with the lower slope of 2-3 V min~!, is known as the micro-arc stage when
red-orange sparks occur. In stage IV, the slope is very low (<0.7 V min~!), and relatively

intensive sparks form.

3.1.1. SMS Effect on Voltage-Time Response

By increasing the SMS concentration, a remarkable decrease in the breakdown voltage
occurs (see Figure 1, SOK2, 52K2, S3K2, S4K2, and S5K2 graphs). The values of breakdown
voltage for the coatings grown in the solutions containing 0 and 5 g L~! SMS are 494 and
426 V, respectively. The above-mentioned stages are not seen evidently for SOK2, while a
decrease of voltage occurs in the last times of the process, indicating deterioration of the
coating. As observed in the tabular inset of Figure 1, S2K2 does not experience stage III.
However, in the solutions containing SMS concentrations higher than 2 g L~1, all the stages
are obvious. The comparison of the voltage-time transient for S3K2 with those for S4K2 and
S5K2 shows that by increasing the SMS concentration to 4 and 5 g L ~!, stage IV becomes
extended at the expense of stage III.

The reduction in the breakdown voltage with increasing SMS concentrations is at-
tributed to: 1—the passive promotion of Al alloy by SMS [29] and 2—the enhancement of
the ability of the bath solution for electron injection to the conduction band of the growing
oxide or gaseous shell formed on the anode surface [30]. In stage I of the PEO process, ionic
migration is the dominant mechanism of coating growth, which is driven by the high-filed
condition built up across the oxide due to the applied potential. Once the coating reaches
the critical thickness, the ionic migration stops; therefore, the applied potential is spent on
the formation of the electric field within the oxide and the increase of energy level of the
electrons of the species in the bath. By increasing the applied potential, the energy level
of the electrons of the electroactive species in the electrolyte becomes beyond that of the
conduction band of the oxide coating; therefore, electrons enter the conduction band and
result in a charge carrier avalanche leading to dielectric breakdown [31]. Regarding silicate
promoting Al passivation, therefore the critical thickness is achieved faster by the increase
of SMS concentration, and therefore, decreases the breakdown voltage. On the other hand,
by increasing the electrolyte conductivity, more anionic species, especially hydroxyl ions,
array at the anode-electrolyte interface and inject more electrons into the interface, which
encourages the charge-carriers avalanche [32].

3.1.2. KOH Effect on Voltage-Time Response

As shown in Figure 1, increasing KOH from 1to 3 g L~! (S3K1, S3K2, and S3K3 graphs)
decreases the breakdown voltage and significantly extends stage IV at expense of stages II
and III. Furthermore, in the presence of 3 g L~! KOH, the duration of stage IV is longer
than that of 2 g L~! KOH (S3K2 specimen).

3.2. Coating Surface Morphology
3.2.1. Effect of SMS on the Surface Morphology

Figure 2 displays the surface morphology and cross-section of the PEO coatings.
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Figure 2. SEM images of surfaces and cross-sections of the PEO coated specimens: (a,a’)-S0K2,
(b,b")-S2K2, (c,c’)-S3K2, (d,d’)-54K2, (e,e’)-S5K2. Inserted values in the cross-section images are
thickness, T.
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The thickness of the coatings is inserted in the related cross-section images. A coralline
morphology is observed for SOK2 coating (Figure 2a), which reveals ~17% surface porosity,
suggesting the low growth rate of the coating in the solution containing no SMS additive. By
adding SMS, the morphology of the PEO coating undergoes a significant change. The SEM
images of the coatings produced in the presence of different contents of SMS (Figure 2b—e),
exhibit a pancake morphology rich in Al along with nodular structures rich in Si and Tj, as
also observed in our previous work [24]. This kind of morphology reveals lower than 2%
surface porosity. Micro-discharges play a major role in the development of microstructure,
especially surface morphology. Hussein et al. [28] studied the type of micro-discharges
occurring during the PEO process by optical emission spectroscopy in the visible and
near the ultra-violet band. Three main micro-discharges were proposed including A- and
C-type micro-discharges, which originate from gas discharges at the surface holes and
relatively deep holes, respectively. These micro-discharges make the coating material rich
in electrolyte species. There is also B-type micro-discharge raised by dielectric breakdown,
which originates at the metal-oxide interface, resulting in a coating material rich in substrate
species. According to the mechanism proposed by Hussein et al. [28], the molten substrate
is ejected out from the substrate-coating interface through the discharge channels, then
oxidized, solidified, and finally forms the pancake structure. By the increase of SMS
concentration, most of the pancakes are covered by the nodules. This confirms that the
nodules are majorly formed by the participation of solution constituents through interfacial
micro-discharges [33].

As seen in the cross-section images (Figure 2a’—¢’), the coatings have a bilayer structure:
a thicker defective outer layer containing cracks and pores, and a thinner more compact,
and less defective inner layer. Also, the lateral micro-pores are present at the interface
of outer-inner layers. The outer layer of the SOK2 specimen is non-continuous and SMS
addition into the bath results in a thicker and continuous outer layer. By increasing the SMS
concentration from 2 to 4 g L™!, the coating thickness increases from 22 to 34 um (Figure 2).
However, further increase of the SMS concentration does not change the coating thickness
significantly. Comparison of the cross-sections of S3K2, S4K2, and S5K2 coatings shows
that SMS concentrations higher than 3 g L~! create more nano-pores near or inside the
inner layer and more cracks and pores in the outer layer.

As disclosed by Figure 2, the coating thickness (especially for the outer layer) increases
with increasing SMS concentration. Alkaline solutions tend to dissolve aluminium oxide,
while silicate can inhibit such a process due to the formation of a protective film over the
oxide surface [34]. According to the literature, the silicate species in a given environment
might be monomeric, polymeric, and amorphic ones. which are determined by pH and
silicate concentration of the environment [35]. As observed in Table 1, pH values of the
coating bath containing SMS are higher than 12 and SMS concentration is in the range
of 2g L1 (0009 mol L™ }) to5 g L~ (0.024 mol L~1), where the monomeric anions,
Si(OH),, Si(OH)%f, are the dominant species [35]. These silica species have a higher
affinity to aluminum oxide surface and are chemisorbed and physisorbed at the surface [36].
Therefore, thanks to the consequent suppression of the anodic dissolution of oxide formed
during PEO and the incorporation of silica in the coating, the presence of sodium silicate
can effectively raise the coating growth rate and thus increase the coating thickness. In
addition, the increment of SMS concentration promotes the conversion rate of Al substrate
into Al,Oj3 by facilitation of frequent micro-discharge formation due to a lower breakdown
voltage and thus increases the coating thickness [37].

3.2.2. Effect of KOH on Surface Morphology

SEM images from the surface and cross-section of the coatings obtained from the
electrolytes containing 1 and 3 g L~! KOH are displayed in Figure 3.



Coatings 2022, 12, 33

8 of 21

T:24+5 pm

“ R !

Figure 3. SEM images of surfaces and cross-sections of the PEO coated specimens: (a,a’)-S3K1,
(b,b”)-S3K3. Inserted values in the cross-section images are thickness, T.

Regarding Figure 3a, the pancakes in the S3K1 specimen are free of any nodules and
are larger than those of S3K2, Figure 2c. However, the S3K3 specimen has a pancake
morphology covered with nodules. Increasing the KOH content raises the coating thickness
(Figures 2¢’ and 3a’,b’), but at 3 g L~! KOH, many nano-pores in the inner layer and more
micro-cracks and nano-pores in the outer layer are formed, indicating the occurrence of
deteriorating discharges. Therefore, S3K2 has less defective layers along with the thickest
inner layer.

The PEO process of the S3K1 specimen is carried out under significantly higher
voltage, which results in larger pancakes and deeper micro-cracks between the pancakes as
compared with the S3K2 specimen (Figures 2¢,c’ and 3a,a’). These cracks are the potential
places for interfacial micro-discharges which result in the incorporation of Si between
the pancakes instead of their surface. This is confirmed by EDS mapping on the S3K1
surface (Figure 4), which shows the highest Si content between the pancakes. However, the
pancakes are mostly rich in Al

The cross-section image of S3K2 indicates that this specimen experiences better sin-
tering, and thus, the depth of surface micro-pores and micro-cracks are low; therefore,
the scattered interfacial micro-discharges occur on the pancakes’ surface and develop the
nodules.

Generally, the increase of SMS and KOH concentration in the PEO bath increases the
coating thickness. In addition to the reasons stated before, it is attributed to the increase
of pH, as seen in Table 1, which means the raise of available OH™ for the formation of
aluminium oxide. Despite the higher voltage during the PEO process of the S3K1 specimen,
the growth rate is low, which might be due to the lower pH.
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20 um

Figure 4. SEM image and elemental map on the surface of S3K1 specimen.

3.3. Elemental Composition Analysis

20 pum

Table 2 lists the surface elemental compositions of the PEO coatings and Figure 5
presents the EDS elemental maps of Al, Si, and Ti of the coatings in the cross-sections.

Table 2. EDS results of the PEO coatings prepared in different coating solutions.

samgztc"de SOK2 S2K2 S3K2 S4K2 S5K2 S3K1 S3K3
0 454 412 526 432 421 43 37
Na 0.03 1.75 2 24 2.8 12 27
Mg 0.4 0.66 06 0.87 0.7 0.69 0.54
Al 42.8 34.56 28.1 315 27.7 35.2 329
Si - 10.94 8.3 143 182 113 187
K 0.02 1.54 1.9 24 3 1 53
Ti 10.7 93 6.4 5.3 53 7.7 8.8
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Figure 5. Elemental map on the cross-section of the PEO specimens prepared from coating solutions
containing different concentrations of SMS and KOH.

3.3.1. The Effect of SMS on the Elemental Composition of the Coating

The elements on the surface of the coating produced in SMS-free solution are mainly
Al O, and Ti. As soon as SMSis added to the bath, Si is present in the coating. By increasing
the SMS concentration from 2 to 3 g L™}, the incorporation of Si into the coating decreases,
and in higher concentrations, it increases from ~8 to 18 at.%, while Ti does not change
significantly. According to Figure 5, Al has a uniform distribution throughout the coatings.
In S3K2, 54K2, and S5K2 specimens, the distribution of Ti is dominant in some areas of the
inner layer and also the coating surface. In them, Si is found mainly on the top surface of
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the outer layer. However, in S4K2, and S5K2 specimens, Si also exists inside the pore walls
located beneath the outer layer and also in the inner layer.

It is well known that the negatively charged TiO, nanoparticles are produced in
alkaline electrolytes and drawn toward the anode by electrophoretic force and mechanical
admixture [38,39]. An opposite surface electrical charge contacts TiO, nanoparticles to
silica gel on the specimen surface, and then, encourages the formation of bonds between
silica and TiO, nanoparticles. TiO, may be anchored on silica gel in two possible ways
including either penetrating the pores of silica gel or adsorption on the outer layer of silica
gel [40,41]. Because of TiO;, adsorption on silica gel, Ti map distribution overlaps with that
of Si.

On the other hand, as explained in our previous research [24], mild B-type discharges
with a uniform distribution all over the surface are critical for the incorporation of Ti
into the coating. The higher existence of Si in the interior sections of S4K2, and S5K2
shows that the electrolyte reaches the inner parts of the coatings via short-circuit path in
the outer layer including cracks and pores resulting from the strong B-type discharges
governed at the latest times of stage IV [42]. It is interesting that despite the increase of SMS
concentration from 2 to 3 g L™}, the incorporation of Si element into the coating decreased.
As discussed in Section 3.2.1, Si-rich parts were seen as the nodules on the coating surface
and they were created by A- and C-type micro-discharges occurring in the surficial holes.
According to the cross-section images (Figure 2), the outer layer of the S3K2 specimen
(Figure 2¢’) is more compact and less defective than S2K2 (Figure 2b’). This means that
the number of A- and C-type micro-discharges responsible for Si incorporation decreased,
which resulted in the lower Si content. However, Si incorporated significantly higher in
the coatings prepared from the electrolyte containing 4 and 5 g L~! SMS, ~14 and 18 at.%,
respectively. As mentioned in Section 3.1.1, silicate increases the electrolyte conductivity
which enhances micro-discharge intensity by injecting electrons to the conductive band of
growing oxide. Strong micro-discharges can make more micro-cracks and then promote
electrolyte diffusion and Si incorporation in the inner part of the coating. On the other
hand, Al,O3 can be stabilized against sintering by silica that is well known as a thermal
stabilizer of alumina [43]. Beguin et al. [44] stated that silica-containing precursor grafted
to alumina is capable to fill the oxygen vacancies of alumina, which are the important
agents of thermal sintering, and then weakens y-Al,O3; densification. This effect of silica
on y-Al,Oj3 is profitable in the preparation of porous y-Al,Os3 as a stable catalyst at high
temperatures [44]. Regarding sintering as an important step in the formation of compact
PEO coating [45], higher incorporation of 5i in S4K2 and S5K2 retards y-Al,O3 densification
and makes more porous and more defective coating.

3.3.2. The Effect of KOH on the Elemental Composition of the Coating

According to Table 2, Similar to the effect of SMS, the incorporation of Si and Ti
decreases with increasing KOH concentration from 1 to 2 g L1, but increases in the
presence of 3 g L~! KOH. Intensive micro-discharges and then higher incorporation of Si
in the coating make the defective outer layer and inner layer in the S3K3 specimen.

3.4. Phase Composition

For evaluation of SMS and KOH effect on the phase composition of the coating, the
specimens were analyzed by XRD technique and the results are presented in Figure 6.
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Figure 6. (a) XRD patterns of the Al 7075 substrate and the PEO coatings. vy, and « symbols are
related to y-Al,O3, and «-Al,O3, respectively. (b) shows the magnified (400) and (113) peaks of
v-Al,O3 and -Al, O3, respectively, related to S3K1, S3K2, and S3K3 specimens.

Since the coatings are porous, strong diffraction peaks of the substrate are detected.
As observed, non-stoichiometric y-Al,O3 (Al 44704, JCPDS card number: 01-080-1385) is



Coatings 2022, 12, 33

13 of 21

the dominant phase in all specimens; since Mg and Zn existed in the substrate are released
by anodic dissolution and impede the transformation of y-Al,O3 to a-Al,O3 [46,47].

3.4.1. Effect of SMS Concentration on Phase Composition

By adding SMS into the coating solution, the intensity of y-Al,Os is raised and «-Al;,O3
is formed. The lack of Si compounds peaks in the XRD patterns (Figure 6) indicates that this
element should be incorporated as an amorphous phase due to the higher glass-forming
ability of Si [48]. As reported in our previous work [24], Raman spectroscopy revealed
the incorporation of Ti in the coatings as the rutile and anatase polymorph. According to
Figure 6, the alumina peaks in the SOK2 specimen, especially y-Al,O3 ones, shift to the
lower angles rather than those related to other coatings. This finding can be explained by
assuming the formation of a non-stoichiometric y-Al,O3 and/or amorphous Al,O3 phase
due to the possible incorporation of Ti inside the alumina (Table 2).

It is valuable to be mentioned, only x-Al,Oj3 is considered a thermodynamically stable
polymorph of alumina and other polymorphs including y-Al,O3 are metastable [49]. In
the PEO treatment, heat and mass transfers play important roles in phase formation [50].
Metastable polymorphs, especially the y-Al,O3, develop due to the high cooling rate of
molten material in direct contact with solution and substrate. Incorporation of Ti into
alumina accelerates grain boundary diffusion and grain boundary mobility, and therefore,
increases the transformation of the metastable allotropes to x-Al,O3;. However, SOK2
with ~11 at.% Ti contains no x-Al,Os; because another critical parameter required for
transformation of metastable polymorphs to x-Al;Oj5 is the low thermal conductivity [51].
SMS increases the thickness and hence the heat maintaining capability of the coatings.
Therefore, x-Al,O3 peaks can appear in the coating grown from the solutions containing
SMS.

3.4.2. Effect of KOH Concentration on Phase Composition

The relative quantity of y-Al,O3 and «-Al;O3; can be deduced by comparing the
intensity of their strong peaks diffracted by (400) plane at 26 = 53.801° and (113) plane at
20 =50.783° from y-Al,O3 and «-Al, O3, respectively [52]. As seen in Figure 6b, given the
constant amount of x-Al,O3, it can be concluded that the increase of KOH in the electrolyte
raised the content of y-Al,Os.

3.5. Corrosion Behaviour of the Coatings

The corrosion resistance of the PEO coatings was evaluated using the EIS technique in
3.5 wt.% NaCl solution adjusted at pH 4 using dilute chloric acid.

3.5.1. Effect of SMS Concentration on Corrosion Behaviour

Bode plots of impedance magnitude | z| and phase angle (6) as a function of frequency
(f) are presented in Figure 7.

The ingress of the corrosive solution toward the substrate leads to the local corrosion
attack presented by a double layer capacitance parallel with a charge-transfer resistance at
the low-frequency region [53]. Observing higher impedance values at the low-frequency
region indicates suitable protection against corrosive solution [54]. The S2K2, S3K2, 54K2,
and S5K2 coatings show good corrosion performance evidenced by increased |z! val-
ues at low frequencies. However, SOK2 specimens show a transmission behaviour from
capacitive to resistive at the low-frequency range indicating the corrosion attack at the
substrate/coating interface due to the presence of cracks, pores, or other defects in the
coating inner layer that allow ingression of corrosive solution. The impedance value at
low frequencies, |z |1 1, indicates that the S3K2 with the highest modulus value above
10 O cm?, provides the higher corrosion performance compared to other coatings.
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Figure 7. (a) Bode magnitude of impedance and (b) Bode phase plots of the PEO coatings prepared

from coating solutions containing different concentrations of SMS recorded after 24 h immersion in
3.5 wt.% NaCl solution at pH 4.
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Bode phase plots of SOK2 coating shows a wide and unsymmetrical hump of the phase
angle indicating the overlap of two-time constants. Partial corrosion attack of the substrate
makes this kind of impedance response [55]. Also, as seen in the Bode |z plot, a small
resistive behaviour exists at low frequencies, which indicates the ingression of corrosive
solution into the coating toward the substrate. In addition, the sharp decline of 0 vs. f at
the low-frequency region shows a corrosion attack at the substrate/coating interface.

The S3K2 specimen exhibited two humps at high and low frequencies, however, S2K2,
54K2, and S5K2 show a capacitive loop at high frequencies and another at the middle
to low frequencies. The high-frequency hump is related to the outer layer and another
is raised by the inner layer. The shift of the low-frequency hump to the higher angles
indicates that the inner layer of S3K2 has a higher corrosion resistance than other coatings.
In the high-frequency region, shifting the hump toward high frequencies and decreasing
the value of 6 reflect the decrease of coating corrosion performance owing to more defects
on the coating surface [56,57]. As seen before, the outer layer of S3K2 is denser than other
coatings, therefore, it has a higher 0 at the high-frequency region.

Based on EIS results, an equivalent electrical circuit (EC) can be offered. Different
circuits are proposed due to the difference in the shape of EIS plots of the coatings, Figure 8a.

(a)

NaCl solution (pH:4)

Rs

Figure 8. Equivalent circuits used for the impedance response fitting: (a) for SOK2 specimen, and
(b) for S2K2, S3K2, S4K2, and S5K2 specimens.

The corrosion behaviour of the SOK2 specimen is modelled using the EC in Figure 8a.
In this model, Rs is uncompensated solution resistance between the coating and the solution
interface, Rpore and Rt are the pore resistance and charge transfer resistance, respectively.
CPE. and CPE are related to constant phase elements of the coating and electrical double
layer, respectively. The corrosion property of other coatings is simulated by the EC in
Figure 8b, in which, R;, and CPE;, indicate resistance and constant phase element of the
inner layer, respectively, and Ryt and CPEyy; are related to resistance and constant phase el-
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ement of the outer layer, respectively. After appropriate fitting of EIS plots, electrochemical
parameters are summarized in Table 3.

Table 3. Fitting results of EIS analysis for the PEO coatings prepared from the coating solutions
containing different concentrations of SMS after 24 h immersion in 3.5 wt.% NaCl solution at pH 4.

Rs Rpore/out CPE/out Retfin CPEgy/in
Samples (Q cm?) (k?} cm?) (uF s—1 cm~2) m (MQ cm?) (uF s—1 cm—2) 2
SO0K2 50+17 0.02 +0.01 0.05 + 0.01 1.00 £ 0.10 0.20 £ 0.1 9.30 + 4.3 0.58 +0.12
S2K2 44 + 14 62+21 0.80 + 0.30 0.70 + 0.00 1.30 £ 0.15 1.10 + 0.78 0.60 + 0.14
S3K2 41 +18 49.2 +22.8 0.17 + 0.02 0.80 4+ 0.00 10.00 + 0.56 1.53 £0.76 0.64 + 0.04
S4K2 42 +8 43+1.1 0.77 £ 0.41 0.74 4+ 0.04 1.73 £ 0.26 2.77 £0.12 0.66 + 0.04
S5K2 8 +38 35+14 0.75 + 0.40 0.70 + 0.07 2.00 + 1.05 2.30 +0.78 0.60 4+ 0.07

As expected, the resistance of the inner barrier layer, Ry, is higher than that of the outer
layer, Royt, indicates that it majorly contributes to the overall coating corrosion resistance.
For this reason, corrosion protection of PEO coatings is mainly given by the inner layer. As
seen, the resistance values of outer and inner layers of S3K2 coating are remarkably the
highest.

The microstructure, phase composition, and density of the coatings are the main
parameters that determine the corrosion behaviour of the ceramic coatings [58]. In general,
more compact and thicker coatings consisting of thermodynamically stable phases would
result in higher protection against corrosion agents [5]. As mentioned previously, the S3K2
specimen possesses a more compact outer layer and fewer defects along with a thicker
inner layer than others. Thus, there are fewer pathways in this coating for penetration
of the corrosive solution. Also, the barrier property of alumina in acid solutions highly
depends on the presence of the minor constituents. Impurities such as Si** Ti**, and Mg?*
cause a rise in the number of free charge carriers participating in the interfacial polarization.
Si** has limited solubility in alumina and formed a glassy phase, in which, ionic diffusion
is significantly fast. On the other hand, Si incorporation prevents the sintering of alumina
and makes porous alumina. Thus, Si** decreases the barrier property of the coating more
significantly than other ions [59]. It can be suggested that the incorporation of Si** in inner
layers of 54K2 and S5K2 coatings provides the lower barrier property for these coatings
compared to S3K2 one. As seen in Table 3, the CPE of the inner layer is higher than that of
the outer layer despite the higher charge-transfer resistance of the inner layer in respect to
the outer layer. The CPE model correlates with the equivalent complex relative permittivity,

¢ (w), according to the following equation:

Elw

Cxd
RN v

where Cy is the CPE factor in F-s"~! and # is an exponent, while 1 = 1 gives an ideal
capacitor, n = 0 is related to an ohmic resistor and n = 0.5 corresponds to the Warburg
element due to the diffusion process. A and d are the surface area, and the thickness of
the double layer on the surface of the coating layer, respectively, and ¢ is the permittivity
of the vacuum [60]. The dielectric constant of a substance is changed by density and
ingredients [61,62]. As mentioned before, the presence of Si*t, Ti**, and Mg2+ in alumina
causes a great rise of the dielectric constant, which is called dielectric loss [59]. It is valuable
to notice, in a capacitor from a lossy dielectric, the dielectric absorption causes the value of
e and thus C, to change with frequency [63]. The dielectric loss is intensified at the low-
frequency region and the decay in capacitance with frequency will be more pronounced for
a dielectric with the higher dielectric loss [63]. Therefore, it could be concluded that the
mentioned cations added have an adverse effect on the dielectric properties of alumina.
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3.5.2. Effect of KOH Concentration on Corrosion Behavior
Bode plots of Iz| and (8) as a function of frequency (f) related to S3K1, S3K2, and
S3K3 are present in Figure 9.
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Figure 9. (a) Bode magnitude of impedance and (b) Bode phase plots of the PEO coatings prepared

from coating solutions containing different concentrations of KOH recorded after 24 h immersion in
3.5 wt.% NaCl solution at pH 4.
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S3K1 and S3K2 specimens similar to SOK2 are exposed to corrosion attack, which is
observable by the transmission behaviour from capacitive to resistive and the sharp decline
of 0 vs. f at the low-frequency range in Bode plots of |z| and (0), respectively. EC in
Figure 8a is used for simulation of the corrosion behaviour of S3K1 and S3K3 specimens and
Table 4 shows their electrochemical parameters. The resistance of the coating for these two
specimens is significantly lower than the R;, of the S3K2 specimen due to higher defects.

Table 4. Fitting results of EIS analysis for the PEO coatings prepared from the coating solutions
containing different concentrations of KOH after 24 h immersion in 3.5 wt.% NaCl solution at pH 4.

Samples Rs Rpore CPE, n Ret CPEdl n
p (Q cm?) kQ cm?) (uF s~ 1 cm—2) 1 (MO cm?) (uFs~1 cm—2) 2
S3K1 31 +24 19+24 0.37 + 0.08 0.78 £ 0.06 0.80 £ 0.05 1.40 +0.10 0.58 + 0.06
S3K3 99 + 52 31.8+5.0 0.45 + 0.10 0.76 + 0.01 0.65 + 0.20 1.60 4 0.35 0.68 + 0.06

To sum up, silicate and KOH significantly influence the PEO process stages. It indicates
that they modify the density and intensity of micro-discharges significantly. In the lower
concentration of SMS and KOH, the growth rate and the continuity of the layers, especially
the outer layer, were less. This might be attributed to the low quality of micro-discharges.
However, in the higher concentrations of SMS and KOH, the porosity was increased in
the outer layer and inner layer. This is related to the higher incorporation of Si** in the
layers induced by higher micro-discharges which weaken the sintering process of alumina;
however, the bath related to the S3K2 specimen made a more compact outer layer and
a less-defect inner layer without any incorporation of Si**. This shows this bath has an
appropriate potential to create good micro-discharges during the PEO process. It should
be noticed that OH™ is also released in the bath by hydrolyzation of sodium metasilicate.
Therefore, the KOH effect overlaps with the effect of sodium metasilicate, especially the
effect on conductivity. It can be summarized that OH™, as an electroactive species in the
electrolyte, injects electrons to the conduction band, and thus, promotes micro discharging
at lower voltages. Also, it provides OH™ required for alumina formation. From our point
of view, one of the important effects of OH™ is on the PEO process stages as described in
Section 3.1.2. In addition, it is valuable to be mentioned why we chose a narrow range
of KOH concentrations, because it significantly affects the viscosity of bath by changing
the forms of silicate species from monomeric ones to other forms (such as polymeric and
amorphous ones).

It is valuable to be noticed despite the negative effect of TiO, on dielectric properties
of alumina, it was observed in our previous work [24], the coating prepared from the
electrolyte without PTO had significant lower corrosion resistance than the coating prepared
in the electrolytes containing 3 and 5 g L' PTO. The coating obtained from electrolyte
without PTO had a higher thickness (~36 pm) in comparison with the coatings obtained
from the electrolytes containing 3 and 5 g L~! PTO (~29 um). Considering that the corrosion
resistance depends on various parameters including thickness, phase composition and
density of the coatings, improvement of the electrochemical behaviour of Al,O3-TiO,
coating is due to the thicker and more continuous inner layer and also more compact outer
layer. Now, by clarifying the role of each component in the PEO process and their effects on
the properties of PEO coating in detail, it will be feasible to design complicated waveforms
to reach a coating more compact with higher corrosion and wear resistance.

4. Conclusions

The effect of silicate and potassium hydroxide as the two major constituents of the PEO
coating bath on Al,O3-TiO, coatings was investigated. These components significantly
changed the voltage-time response. In the absence or at a low concentration of SMS
(<2 g L71), the micro-arc stage was absent. At low KOH concentration (1 g L™1), higher
voltage made stage II significantly long in the voltage-time graph. The surface and cross-
section morphology of the coatings were modified by SMS and KOH. In all coatings
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prepared in the presence of SMS, a pancake-nodular structure was observed except for the
coating obtained from a solution containing 1 g L~! KOH, in which Si-rich zones located
mostly between the pancakes. SMS and KOH increased the growth rate and made the
thicker coatings; however, at higher concentrations, they induce the formation of more
pores and cracks in the coatings’ cross-sections. In this way, higher Si entered into the inner
section of the coating weakens the dielectric properties of alumina. Adding SMS into the
bath electrolyte increased the amount of y-Al,O3 phase and created o-Al;,O3. According to
EIS results, the coating produced in the solution containing 3 g L~! SMS and 2 g L~ ! KOH
provided the highest barrier resistance of ~10 MQ) cm? thanks to more compact layers and
high-purity inner layer.
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