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Effect of NaOH on the Structure and Corrosion
Performance of Alumina and Silica PEO Coatings
on Aluminum

D. Salehi Doolabi, M. Ehteshamzadeh, and S.M.M. Mirhosseini

(Submitted November 20, 2010, in revised form December 30, 2011)

The effect of NaOH content of electrolyte on the properties of ceramic coatings, produced in silicate
solution, was studied. Morphology, chemical analysis, phase composition, and cross-section of the ceramic
coatings were investigated by SEM, EDS, XRD, and OM, respectively. The corrosion resistance and cor-
rosion mechanism were also studied using potentiodynamic polarization and electrochemical impedance
spectroscopy in a 3.5% NaCl solution. To study the surface roughness, a brightness SEM image analysis
method was used. Results suggested that increasing the NaOH concentration of sediment production size
causes thickness and coating roughness to decrease. The lowest corrosion rate belonged to the twofold layer
coating produced in 10 g/L of NaOH. Other samples, with higher concentrations of NaOH, had reduced
porosity, and thus an increase in the corrosion resistance was observed. These coatings mainly consisted of

a/y-Al,O5; and amorphous silica.

Keywords ceramic coating, EIS, NaOH, plasma electrolytic,
roughness

1. Introduction

Plasma electrolytic oxidation (PEO) is an advanced coating
technique, developed during the past two decades. PEO is used
widely to coat light alloys and even some composites, such as
SiCp/A356 with ceramic oxide layers (Ref 1-3). This technique
has been developed because of its special advantages, such as a
high coating deposition rate, and the ability to coat substrates of
different shapes and sizes (Ref 4-6).

Due to the impressive abrasive, cohesive, erosive, corrosive,
electrical and even thermal properties, PEO coatings have found
a wide range of applications in various industries (Ref 4, 7).
Various types of layers, from completely porous to extremely
dense, can be formed on aluminum parts by means of PEO
(Ref 7-9). Properties (Ref 1, 4), formation mechanisms (Ref 10, 11),
simulation (Ref 12), and phase composition, as well as
contribution of oxide layers on aluminum alloys, have been
extensively reported in previous literature.

Silicate-containing electrolytes are commonly used in PEO
to form oxide layers on aluminum. By addition of these
compounds, the oxide deposition rate increases and alumino-
silicate phases come into final coatings. These phases are
normally not as hard as alumina polymorphs and significantly
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reduce the hardness and embrittlement of coatings (Ref 4, 10).
Furthermore, because silicate phases have a lower thermal
conductivity than alumina, silicate-containing coatings present
better thermal shock resistance and can be used as thermal
barrier coatings (TBCs). The coating properties are heavily
influenced by processing parameters such as electrolyte com-
position, concentration, pH, type and density of applied current,
as well as chemical composition of the substrate (Ref4, 10, 13).
Among these factors, electrolyte composition and concentration
are the two most important factors. For instance, an increase in
Si content of the electrolyte enhances the growth rate of the
coating in silicate electrolytes, but also promotes the formation
of softer aluminasilicate phase (Al-Si-O) in the coating
(Ref 14). The addition of inorganic salt (Na,WO,42H,0) to
the electrolyte marginally increases the ratio of the thickness of
internal dense layer to the total coating thickness, while the
coating deposition rate decreases (Ref 10). The film growth rate
decreases significantly with increasing electrolyte concentration
from 0.5 to 2 g/l KOH, since the rate of anodic dissolution
increases (Ref 13). Coatings produced in silicate electrolyte
have a more homogeneous morphology than those produced in
phosphate electrolyte. Silicon atoms locate mainly in the outer
region of the coating, while phosphorus atoms distribute
homogeneously across the coating (Ref 15). A white layer was
formed on aluminum alloy surface in (NaPOj3)s and Na,SiO;
solution. Also, it was shown after addition of 6 g/LL NH4VO; to
the electrolyte that a black ceramic layer was formed (Ref 16).

It should be mentioned that PEO is a technique to produce
hard and thick ceramic coatings on metals, such as aluminum,
titanium, magnesium, niobium and their alloys for applications
needing high temperature, wear, and corrosion resistance. This
technique is usually carried out in alkaline solutions (Ref 4, 16-19).
However, there is not enough information about the effect of
NaOH concentration in electrolyte on the microstructure and
corrosion performance of the PEO coatings. In this work, the
effect of NaOH concentration on the morphology, thickness,
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microstructure, and corrosion behavior of the silicate-contain-
ing oxide layer on commercially pure aluminum was presented.

2. Experimental Procedures

Rectangular coupons (1 x 30 x 25 mm®) of commercially
pure aluminum were used as substrates; the chemical compo-
sition was 0.44% Fe, 0.22% Si, 0.09% Cu, 0.03% Mn, and Al
balance. After polishing on SiC abrasive paper up to grit
number 1200, samples were degreased using a NaOH diluted
aqueous solution and then washed by acetone and distilled
water.

Electrolytes were prepared by dissolving of different amount
of NaOH (10, 20, 30, and 40 g/L) and constant amount of
Na,SiO; (30 g/L) in distilled water (all chemicals were analytical
grade). The samples served as the anode in the electrolysis
process and a predefined DC voltage (500 V) was applied for
1 min (Table 1). The electrolyte was stirred during the process
using a magnetic stirrer to avoid raising the electrolyte temper-
ature next to the sample. After coating, samples were washed
using distilled water and then dried in air. After macroscopic
study of the samples, their centers (10 x 10 mm?®) were cut by
microcutter and used for further investigation.

The phase composition of the coatings was studied using a
Philips X-ray diffract meter with a step size equal to 0.02° in the
range from 5° to 110°. The morphological features of the samples
were obtained by a scanning electron microscope, (SEM,
CAMSCAN 2300 MV equipped with an energy dispersive
X-ray spectrometer (EDS), with a beam energy of 25.0 kV).
Surface roughness (R,) was measured using SEM, and then it
was compared with results obtained by RUGOSURF (Brown &
Sharp) surface roughness tester.

In this technique, the darkness and brightness of SEM
micrographs in the secondary electron (SE) beam mode, as a
function of its gray levels, was calibrated and reported as
roughness of the samples surface. If the gray levels are
interpreted as an elevation in a representation of the surface
image, texture can be replaced with roughness. The well-known
difficulties with stating a precise definition of surface roughness
explains the difficulties with defining the texture as well
(Ref 20).

Using a SEM micrograph photo analyser, roughness of the
top oxide layer was obtained on a 600-um line for a fixed
magnification of 280. This measurement was taken three times
for more accuracy.

In the next step, five samples were cut across their thickness,
mounted, and finally polished using SiC abrasive papers up to
grit number 4000. These samples were used for obtaining the
thickness of the oxide layer using an optical microscope. The
microhardness profile across the film was measured using a
Struers Model DURAMIN20 Vickers microhardness tester
under 50 g load and 10 s duration.

Table 1 Plasma electrolysis conditions

Potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) techniques were employed to study the
corrosion behavior of the coatings in a 3.5% NaCl solution, using
a PARC EG&G Model 263 A potentiostat coupled with a PC14
controller. A three-electrode cell was used, consisting of a
saturated calomel electrode (SCE), a platinum foil counter
electrode and a specimen as a working electrode with a surface
areaof 1 cm?. A Luggin capillary with a porous tip was employed
to minimize the contamination and prevent potential variations in
the reference electrode, as well as positioning it in the desired
point in the cell. Potentiodynamic polarization curves were
recorded in a near complete range of potential around the open
circuit potential at a sweep rate of 2 mV/s. The results were
analyzed using “Softcorr352” software. EIS measurements were
carried out using a 10-mV sinusoidal perturbation applied in the
100 kHz to 10 mHz frequency range with 30 steps per decade.
The spectra were analyzed in terms of an equivalent circuit using
“ZView2” software. To verify data reproducibility, each mea-
surement was carried out for three specimens treated under the
same conditions and the mean values were reported.

3. Results

Morphology of the samples in Fig. 1 shows that raising the
NaOH concentration results in a smaller number and better
splitting of surface hills around the sample.

Table 2 and Fig. 2 illustrate the effect of the addition of
NaOH on the relative decrease in roughness (R,) and increase in
the number of micro-cracks of the top oxide layer, respectively.
In addition, Table 2 shows that the results obtained from image
analysis (SEM) are in good agreement with data of surface
roughness tester.

Optical image cross-sections of grown oxide layers are
illustrated in Fig. 3. Generally, it shows that by addition of
NaOH, the thickness of the oxide layer are reduced (Table 1)
and the final coatings simultaneously gets denser. However,
Sample one has unique characteristics, due to having the
thickest oxide layer as well as having two completely distin-
guished sub-layers which are formed on each other.

Microhardness profile of coating cross-section gradually
increases from the interior layer (600-900 HV) to outer layer
(1000-1200 HV), and with the addition of NaOH, the hardness
of coating increases. Figure 4 is illustrated as an example for
the cross-section microhardness profile of coating samples 2, 4.

EDS analysis of the top oxide layers, as a function of NaOH
concentration, are shown in Fig. 5. Itis clearly seen that as a result
of more NaOH in electrolyte, Al is concentrated in top oxide
layers and the partial fraction of Si decreases simultaneously.

The XRD pattern of sample 2 is shown in Fig. 6. The
minimum of the second derivative was applied to find the position
and intensity of XRD peaks for more accuracy. Using this method
accompanied with overlapping peaks gives optimal results.

Sample no. Concentration, g/L Isiares Alem? Tginishs Alem? Thickness, pm
1 30 g/L Na,SiO3 + 10 g/L NaOH 0.63 0.35-0.41 26.3-28.8
2 30 g/L Na,SiO; + 20 g/L NaOH 0.67 0.27-0.38 25-27.2
3 30 g/L Na,SiO;3 + 30 g/L NaOH 0.76 0.31-0.39 19.9-23.6
4 30 g/L Na,SiO3 + 40 g/L NaOH 0.82 0.36-0.40 13.2-17.3
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Fig. 1 Micrographs of the coatings produced in the silicate solution containing different concentrations of NaOH: (a) 10 g/L, (b) 20 g/L,

(c) 30 g/L, and (d) 40 g/L

Table 2 Roughness R, of the coatings prepared in different concentrations of NaOH (by SEM and roughness tester)

NaOH concentration, g/L Line length, pm R, by SEM, pm Magnification R, by surface roughness tester, pm
10 584.1 1.13 286 1.21
20 619.8 1.08 275% 1.15
30 631 0.92 267x 1.01
40 576.4 0.84 285x 0.92

The broad peak, located between 22° and 24° in Fig. 6,
provides evidence of the existence of silica-based compounds in
final oxide layers. In order to make this peak clear, Y-axis is laid
out as the square root intensity. In addition, for easier and more
accurate identification of the crystalline phase, the background
pattern has been subtracted from the original pattern.

Al peaks in XRD spectra are related to the substrate; the
main crystalline phases of coating are o/y-Al,0O5, and Al,SiOs.
Moreover, SiO, (in the form of crystoballite and tridimite
which are polymorphs of silica) and even mullite (which is an
intermediate solid solution) are involved in top layer, although,
as minor phases.

Polarization curves of samples are presented in Fig. 7 and
derived results from these curves are listed in Table 3.
According to these curves, sample one represented the
minimum corrosion rate and its curve also had the sharpest
anodic branch in comparison with the others. It is clearly seen
that by adding more than 20 g/L. of NaOH to the electrolyte,
corrosion rate of the samples decreased.

Journal of Materials Engineering and Performance

Figure 8 represents EIS results in the form of Nyquist,
Bode-phase, and Bode plots. It is clear that the Nyquist curve of
sample one is completely different from the others. Distin-
guishing characteristics of this sample are due to its lack of
semi-inductive behavior in other samples, and also having two
completely separate capacitance loops.

4. Discussion

4.1 Morphological Study

4.1.1 Distribution of Precipitations and Roughness. By
increasing of the NaOH concentration, the following reaction is

enhanced:
40H™ — O T +2H;0 + 4e™ (Eq 1)

Excessive oxygen and electrons that are produced in this
reaction result in a thicker vapor shield and the existence of
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Fig. 3 Optical microscopy image of cross section of ceramic coating product in silicate solution contains different concentrations of NaOH:

(a) 10 g/L, (b) 20 g/L, (c) 30 g/L, and (d) 40 g/L

more discharge around the samples, respectively. More oxygen
release and a greater difference between the sample’s surface
temperature and boiling point of the surrounding solution make
the vapor layer around the sample change from an unstable
shield to a continuous one (Ref 21, 22). Simultaneous

2198—Volume 21(10) October 2012

occurrence of these two effects leads to a better distribution
of sparks all around the sample and a decreased in roughness of
the final coatings.

4.1.2 Surface Cracks. The following reasons are claimed
to be responsible for more micro-cracks on the top oxide layer:
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(a) The coating’s internal normal or shear stresses can
induce intrinsic, thermal, or structural tensions. Relaxation
of these stresses usually appears as a network of internal
and external cracks on the final coating (Ref 16).
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Fig. 4 Variations in cross-section microhardness of coatings for
samples 2, 4 as a function of the distance from the interface
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Fig. 7 Polarization plots of ceramic coatings produced in different
concentrations of NaOH: (a) 10 g/L, (b) 20 g/L, (c) 30 g/L, and

(d) 40 g/L
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10k g/L mV nA (V/decade) (V/decade)
0 1 1 1 1
0 10 20 30 40 50 Bare —646.4 11,930 4.09E—02 6.38E—01
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Fig. 6 X-ray diffraction pattern of the coating produced in silicate solution containing 20 g/l NaOH (sample 2): (a) Y: square root of the peak
intensity, (b) subtraction of the background pattern and the original pattern, and (c) typical overlap of the crystalline phase peaks
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Fig. 8 EIS plots of ceramic coatings prepared in different concentrations of NaOH: (a) Nyquist, (b) Bode-Phase and (c) Bode

(b) Solidification shrinkage in the fusion zone, at the end of
discharge channels, results in holes and shrinking
defects on top oxide layer. These defects finally lead to
micro-cracks at their tips (Ref 7).

(¢) Due to rapid solidification, the top layer of these coat-
ings usually consists of brittle and unstable phases
(Ref 23). Moreover, the external oxide layer usually has
a greater elastic coefficient and more residual stress
(Ref 24). Also, microhardness investigation across the
coating showed that the average hardness of the outer
layer is more than that of inner layer of coating. This
causes the formation of micro-cracks as a result of stress
relaxation concentrated on the top oxide layer.

4.2 Coatings Cross-Section

The thickness of the oxide layer decreases with increasing
NaOH concentration due to these two reasons: (1) rapid
chemical and electrochemical dissolution of the coatings and
substrate and secondary dissolution of oxide layer (Ref 13), as
well as (2) the increasing ionic ratio of OH /SiO5*~ and pH in
electrolyte. These two reasons cause reaction 1 to occur more
rapidly than reaction 2 and result in decreasing the rate of
precipitation of silicate-containing phases. In this regard, the

rate of coating formation reduces drastically (Ref 14).
Si03*~ + 2H' + (n — 1)H,0 — Si0; - nH,0 (Eq 2)

Also, common reduction reactions occure to supply electron
neutrality, such as hydrogen evolution reaction (HER).

2200—Volume 21(10) October 2012

Large amounts of heat, as a result of discharges, work as an
annealing medium for these coatings (Ref 7). It should be noted
that these heat-affected zones are much larger than the diameter
of each discharge channel. Therefore, annealing affects the
entire coating thickness, whereas, micro-cracks are concen-
trated in the top oxide layer.

4.3 Chemical and Phase Analysis

By addition of NaOH to the electrolyte, reaction 1 occurs
rapidly in contrast with reaction 2. The Al fraction in final
coating increases while the Si concentration decreases. Reac-
tion 1, in effect, releases more O, and causes dissolution of the
substrate. This leads to surpassing the oxidation of Al; and
therefore, Al concentration in the final coating is surpassed.

However, there are two challenges in identifying the effect
of NaOH concentration on the contribution of each phase in
final coatings: (1) overlapping of the peaks of the Al substrate,
0-Al,03, 7-AlL,O3, and Al,SiOs, particularly at 20 = 37.75°,
43.96°, 65°, and 78.18° (Fig. 6¢); (2) various compositions of
amorphous phases in each sample.

It should be noted that although the Gibbs free energy of
formation of mullite from Al,O3 and SiO, is much lower than
these two phases, due to the low precipitation time in this
process, crystalline Al,O3 and amorphous SiO, are more likely
to form instead of mullite.

4.4 Polarization and EIS Analysis

The difference between the EIS curve in sample one
(specially Nyquist) in Fig. 8a, and other samples can be

Journal of Materials Engineering and Performance



attributed to the twofold layer characteristics of coatings
formed on this sample (see a cross-section of this sample in
Fig. 3).
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Fig. 9 Equivalent circuit of sample one (the coating prepared in
30 g/L Na,SiO; + 10 g/ NaOH)

According to results of polarization tests (Fig. 7 and
Table 3), increasing the amount of NaOH in the electrolyte to
more than 20 g/L reduces the porosities and also increases the
corrosion resistance of the samples. Equivalent circuits of
electrochemical reactions for samples 2, 3, and 4 were so
unreliable that they were analyzed several times for accuracy.
But the equivalent circuit suggested for sample one (Fig. 9) was
reliable enough.

The existence of two CPE coefficients in this sample comes
from a coating with double-layer characterization.

Ry and CPE,, which are related to high frequency, can refer
to a porous external layer; R, and CPE,, which are calculated in
low frequencies, comes from an internal dense layer (Ref 25).
Table 4 lists the obtained results from the curves presented in
Fig. 9.

Results of fitting the data obtained from the equivalent
circuit are shown in Fig. 9, and the electrochemical impedance
analysis of the real data is illustrated in Fig. 10. Sample one,
unlike the other coatings that all have semi-induced behavior,
has two separate layers: a porous outer layer and an internal
layer with less porosity.

It should be noted that the inner layer is different from a
barrier layer in anodising or PEO coatings produced in
galvanostatic conditions.

In fact, the inner layer thickness and porosity is larger and
the electrical resistance is smaller, while in the barrier layer
coatings, the resistance of R; to R, is absolutely negligible. The
incomplete induction loops in the low-frequency range

Table 4 Typical fitting data for sample one (the coating prepared in 30 g/L. Na,SiO; + 10 g/LL NaOH)

Element RSulutiom Q sz CPEOuter‘T (F) CPEOuter‘P ROuten Q sz CPEInner‘T (F) CPEInner‘P RInnen Q sz
Value 9.816 1.02E—-06 0.84152 81,029 2.43E-05 0.87237 1.87E+05
9.E+04 —O—real
- 8.E+04 - —%—model
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Fig. 10 Fit result of EIS plots of sample one (the coating prepared in 30 g/L Na,SiOz + 10 g/L NaOH)
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(Fig. 8a.) in all samples except sample one can be the
outgrowth of the relaxation process of Clygs and H,gs ions on
aluminum oxide, or the aluminum substrate (Ref 26).

5. Conclusion

1. Increasing of NaOH content of the electrolyte decreased
the average roughness of the coatings as well as the coat-
ing thickness.

2. Increasing of NaOH content of the electrolyte causes an
increase in aluminum and a decrease in silicon and oxy-
gen on the surface of the coatings.

3. The coating that formed in the lowest NaOH content of
the electrolyte showed the highest corrosion resistance,
which could be attributed to the formation of an internal
low-porosity layer.
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