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Abstract—Microstructure of ceramic coatings formed on commercially pure aluminum by plasma electro-
lytic oxidation using different amounts of sodium silicate was studied. Analysis of chemical composition and
microhardness measurements of the coatings were carried out to characterize the morphology of the coatings.
The addition of sodium silicate (1–3 g/L) increased the thickness about 8 orders of magnitude and promotes
the growth of the coatings. Chemical analysis of the coatings showed that with increasing sodium silicate con-
centration in the electrolyte from 1 to 3 g/L, the amount of manganese in the coatings was reduced ∼12%.
The contribution of aluminum and silicon changed with a reciprocal relationship. When the concentration of
Na2SiO3 changed from 1 to 2 g/L, the aluminium content was reduced about 26% and silicon increased about
80%. When the concentration of Na2SiO3 changed from 2 to 3 g/L, the aluminium content increased about
38% and the concentration of silicon reduced about 60%. The microhardness of the coatings was increased
about 2 orders of magnitude by increasing the concentration of sodium silicate from 1 to 3 g/L.
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INTRODUCTION
Plasma electrolytic oxidation (PEO) is a well-

known process for protecting the surface of aluminum
and its alloys via producing ceramic coatings on the
surface [1]. The morphology of PEO coatings on Al
alloys has been studied in several research papers.
Aliofkhazraei et al. [2] investigated the effect of PEO
processing time on the morphology and microstruc-
tures of ceramic coatings with and without nanoparti-
cles added to the electrolyte. They concluded that the
thickness and the diameter of the discharge channels
increased with increasing the coating time [2].

Sevidova et al. [3] demonstrated that the sodium
silicate concentration is a key factor in PEO of alumi-
num alloys which correlates to the roughness of the
coatings. A decrease in sodium silicate concentration
in the electrolyte results in the reduction of the surface
roughness [3].

Yerokhin et al. [4] divided the PEO process into
four distinctive stages according to the voltage-time
response of the process; namely, conventional anodiz-
ing, breakdown of the anodized coating, appearance
of dispersed discharges, microdischarges, and individ-
ual widely spaced sparks [4].

The chemical composition of the electrolyte is one
of the most important factors affecting the morphol-
ogy and microstructure of PEO coatings [5].

The effect of various electrolyte constituents on the
morphology of PEO coatings was studied by Xiaohu
Huang et al. [7].

It has been demonstrated that sodium silicate is a
very useful constituent for PEO electrolytes [5]. Addi-
tion of Na2SiO3 to the PEO bath results in the reduc-
tion of discharging potentials via increasing the con-
ductivity of the electrolyte [8].

It has been found that silicate-based electrolytes
promote the outward growth of PEO coatings in the
early stages of the process and when the time of the
process is long, the inward growth will be much more
dominant [9].

Skeldon et al. [10] investigated the role of concen-
tration of sodium metasilicate in the PEO electrolyte
and found that more aluminosilicate are produced
phases in the coatings with increasing the concentra-
tion of metasilicates in the electrolyte; after the opti-
mal concentration had been reached, two distinctive
zones with aluminum and silicon as the dominant
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elements were formed within the coating microstruc-
ture [10].

Addition of (NaPO3)6 to PEO electrolytes contain-
ing sodium silicate results in formation of γ-alumina
and mullite and improvement of the corrosion resis-
tance of ceramic coatings formed on pure aluminium
[11]. it is interesting that when the kind of silicate in
the electrolyte changed, the phases present in the PEO
coatings on aluminium alloys changed significantly
and when the silicate index increased from n = 1 to
n = 3, the corrosion resistance of the samples
improved. However, the microhardness of the coat-
ings was not influenced by the silicate index of the
electrolyte [12].

PEO of aluminium alloys in mixed silicate-borate
solutions showed that when the ratio of silicate to
borate is 1:1, borosilicate compounds formed within
the electrolyte after the coating of the first samples
which caused the increase of the roughness and thick-
ness of the coatings across with the decrease of the
microhardness of the coatings. Raising the concentra-
tion of silicate in the electrolyte results in the reduc-
tion of microhardness of the coatings [13].

Some minor impurities such as chlorides and sul-
phates can be negatively affect the PEO process on
aluminium alloys. Presence of these impurities in the
electrolyte solution could lead to a decrease in the
coating growth rate and therefore in the final thickness
of the coatings [14].

PEO coatings can play a two-fold role in preventing
corrosion of aluminium substrates. First, they form a
physical barrier against the corrosive media, and sec-
ond, they can behave as local areas of hydrogen ions
accumulation which could hinder the progress of pit-
ting corrosion processes [15].

When sodium silicate added to the plasma electro-
lytic oxidation bath as an additive, it has significant
improving effects on the corrosion behavior of the
PEO coatings on aluminium [16].

In the present study, PEO coatings were produced
on commercially pure aluminum in aqueous solutions
containing potassium permanganate, sodium silicate
and sodium carbonate. The effect of potassium per-
manganate on the morphology and corrosion proper-
ties of the coatings were previously published by the
authors elsewhere [6]. The main focus of the present
work is on the role of sodium silicate on the morphol-
ogy and microstructures of the coatings in terms of
microscopic images and EDS analysis.

EXPERIMENTAL
The experimental conditions of the PEO process

were discussed in the previously published paper by the
authors [6] in detail. Commercially pure aluminum
(99.95%) rectangular specimens (50 × 10 × 0.3 mm)
were prepared as the substrates for PEO process. PEO
process was performed using a 6000VA-DC variable
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power supply under sparking voltages about 63 V at
temperatures near 30°C. Preparation of the specimens
was carried out by grinding by emery papers from #400
to #3000, degreasing with commercial detergent solu-
tions, and soaking in concentrated potassium hydrox-
ide solution for 60 s. Between these stages, the speci-
mens were rinsed with dionized water stream. The
samples were dried with a hot air blower [6].

The specimens were coated in electrolytes with
fixed concentrations of Na2CO3 (6 g/L) and KMnO4
(15 g/L). The concentration of Na2SiO3 was selected
among 1, 2, and 3 g/L. All of the chemical reagents
were provided from the domestic sources of chemical
materials and has laboratory purities.

An MV2300 scanning electron microscope was
used to record micrographs of the surface and cross-
sections of the coated specimens. Concentrations of
the elements within the coatings were determined
using an EDS analyzer. The average thickness of the
coatings was calculated by Image Tools software. Each
thickness value was the average of 5 measurements.

Vickers microhardness tests were performed on
the cross-sections of the coated specimens by an
INNOVATEST apparatus using a force of 50 gf within
10 s.

RESULTS AND DISCUSSION
Figure 1 shows the cross-sections and surfaces of

the oxide coatings produced using different Na2SiO3
concentrations in the electrolyte.

The average coating thickness is illustrated in
Fig. 2.

As can be seen, the coating thickness increased
with Na2SiO3 concentration. The rate of plasma elec-
trolytic oxidation of aluminum increased after sodium
silicate had been added to the electrolyte. Also, it can
promote the formation of a more dense and uniform
coating [5, 17]. The addition of 3 g/L of Na2SiO3 to the
PEO bath resulted in about 8 times thickening of the
coatings in comparison with 1 g/L of Na2SiO3. Similar
evidence was found in earlier research papers [18].

At the same time, when the thickness of the coating
increased, the outer layer of the coating became more
prone to cracking and had a more porous structure
[19]. In the present work, the addition of 3 g/L of
sodium silicate to the electrolyte caused an outstand-
ing increase in the thickness of the coatings, but there
are larger pores and longer cracks thorough the thick-
ness of the coatings.

Increasing sodium silicate concentration resulted
in a smooth and even surface. Samples containing
1 and 2 g/L Na2SiO3 have considerable portions of
nodular microstructure on their surface. Increasing
Na2SiO3 concentration from 1 to 3 g/L reduced this
nodular morphology and promotes a more even and
dense microstructure.
l. 61  No. 6  2020
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Fig. 1. Surface and cross-sectional Morphologies of the coatings obtained using different amounts of sodium silicate; (a) 1 g/L
Na2SiO3 cross-sectional view, (b) 1 g/L Na2SiO3 surface view, (c) 2 g/L Na2SiO3 cross-sectional view, (d) 2 g/L Na2SiO3 surface
view, (e) 3 g/L Na2SiO3 cross-sectional view, (f) 3 g/L Na2SiO3 surface view.
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Lower amounts of sodium silicate result in a reduc-
tion of current density during plasma formation and
plasma was uniformly dispersed throughout the sur-
face [5, 17]. As a result, the number of discharge chan-
nels decreased while their size increased as a result of
local high power discharges. This led to a rough mor-
phology in the coatings produced using 1 and 2 g/L of
sodium silicate. Increasing the amount of sodium sili-
cate led to more uniform plasma and smooth and uni-
form coating surface because the discharges had small
RUSSIAN JOURNAL 
sizes and lower powers with lower volumes of molten
materials.

Sodium silicate promotes corrosion at the anodic
surfaces of aluminum and encourages the formation of
ceramic layers [19]. In the present work, the addition
of 3 g/L of sodium silicate to the electrolyte caused an
outstanding increase in the thickness of the coatings,
but there are larger pores and longer cracks thorough
the thickness of the coatings. When an electrolyte
OF NON-FERROUS METALS  Vol. 61  No. 6  2020
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Fig. 2. Average coating thickness obtained with different
sodium silicate concentrations.
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Fig. 3. EDS analysis of the coatings obtained by different
sodium silicate concentrations.
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Fig. 4. Variation of microhardness of the coatings with dif-
ferent amounts of Na2SiO3.
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caused corrosion at the surface, the voltage and current
of plasma formation will be reduced significantly [5].

Another interesting result is the variation in con-
centrations of elements in the coatings obtained using
different amounts of sodium silicate.

The XRD patterns of the coatings (not included in
this study) showed that the coatings contained a mix-
ture of aluminium and manganese oxides [6].

The overall EDS results of the three specimens are
summarized in Fig. 3.

The addition of sodium silicate to the electrolyte
has changed the concentration of the elements within
the coatings. When the amount of sodium silicate
increased from 1 to 3 g/L, the content of manganese
was decreased. The amount of aluminum was first
decreased and then increased to higher levels than the
primary level. Oxygen was slightly increased with
increasing the concentration of Na2SiO3. The content

of silicon was first increased and then decreased to a
level higher than the original content.

It seems that the content of oxygen in the coatings
was not changed significantly, and the amount of
manganese was reduced slightly by increasing the con-
centration of sodium silicate in the electrolyte. This
could be because of the increased ratio of sodium sili-
cate to potassium permanganate in the electrolyte. An
interesting trend is observed on the variation of the
amounts of Al and Si. When the concentration of Al is
decreased, the amount of Si is increased and vice
versa. The general conclusion is that the amount of
oxygen is approximately constant. This means that the
competition was followed by the elements Mn, Al, and
Si for incorporation in the coatings. When the concen-
tration of Na2SiO3 was increased in the electrolyte, the

contribution of Mn was decreased within the coatings.
This could be because of the incorporation of Si in the
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
coatings. At the same time, Al was decreased within
the coatings. After a maximum content of Si in the
coatings, its concentration was decreased and Al con-
centration was increased, while the content of Mn was
continuously decreased. The addition of sodium sili-
cate to the electrolyte promotes the incorporation of
Al and Si in the ceramic coatings.

Variation of microhardness of the coatings formed
with different amounts of sodium silicate could be
observed in Fig. 4.

The values of microhardness increased with
increasing the sodium silicate concentration. This is
because of uniform and dense coatings formed with
higher concentrations of Na2SiO3.
l. 61  No. 6  2020
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CONCLUSIONS

• Ceramic coatings were produced on commer-

cially pure aluminum by plasma electrolytic oxidation.

• One of the controlling parameters of the process

was sodium silicate concentration as an additive in the

electrolyte solution.

• The addition of sodium silicate encouraged the

growth and increased the thickness of the coatings

(27.6–204.861 μm).

• When the thickness increased, more long cracks

and large pores were formed within the body of the

coatings.

• When the amount of Na2SiO3 increased, the sur-

face morphology of the coatings changed from a nod-

ular structure to a uniform and dense structure.

• The concentration of manganese was reduced

from 62.4 to 54.78 with increasing the concentration

of sodium silicate.

• Aluminum and silicon had a reverse competition

for incorporating in the coatings. Whenever the con-

centration of the former increased, the amount of the

latter decreased.

• Aluminium was decreased from 11.17 to 8.5 wt %

and then increased to 13.68 by changing the amount of

sodium silicate (1, 2, and 3 g/L), while silicon increased

from 1.09 to 5.46 and then droped to 2.16 wt %.

• The microhardness of the coatings increased

continuously from 347.2 to 620.75 HV by increasing

the concentration of sodium silicate from 1 to 3 g/L.
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