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ABSTRACT

ARTICLEINFORMATION

The electrolytic plasma coating is affected by various factors such as electrolyte conductivity, voltage, and current. Article history:

However, there has not been much attention to the effect of the current regime. The main objective of the present Received 13 June 2020

study is to investigate the potential of Al,O, coatings deposited by the electrolytic plasma method. Aluminum Se- Received in revised form 27 July 2020

ries 2 was used in this study and the electrolyte was composed of sodium silicate, sodium tetraphosphate, sodium Accepted 19 September 2020

aluminate and potassium hydroxide. The results showed that, in general, according to the impedance diagrams,

the corrosion resistance of the coated specimens greatly increases with the immersion time. Therefore, the unit of
resistance increased on average to about 10 MHz after 72 hours. In the case of pulsed potential application regime,
the corrosion behavior of the samples in the working cycle of 30% was better than that of 70%, which can be
related to the thickness of the formed coatings and their porosity. This allows the coating to degrade the coating

faster by increasing the thickness and decreasing the porosity of the aggressive chloride ion.
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1. Introduction

Aluminum and its alloys are of particular importance in the indus-
try due to their light weight, excellent chemical resistance, especially
in neutral environments, and high strength to weight ratio [1-3]. They
are mainly used in the aerospace, automotive, oil and gas, and drilling
industries. Automotive and aircraft parts, pump shells, valves, tanks for
transporting petroleum products are among the most important uses of
aluminum and its alloys. Aluminum also has many applications in the
marine industry. The construction of high-speed vessels is perhaps the
most tangible example of this application [4]. Aluminum has good cor-
rosion resistance in many solutions, but in cases where it is in contact
with high concentrations of aggressive corrosive agents such as chlo-
ride, severe local corrosion occurs [4, 5]. In seawater environment, due
to the high concentration of dissolved oxygen, especially chloride ions,
the aluminum structures suffer from local corrosion. Therefore, if a suit-
able surface treatment is performed on aluminum, the service life of alu-
minum structures and equipment will increase significantly in corrosive
environments and it will be used with more confidence [4].

Plasma electrolytic oxidation (PEO) using high voltage is a recent-
ly developed surface engineering method [6]. PEO is considered as a
method between a common low voltage anodizing in aqueous solutions
and a high-energy plasma coating in dry conditions in a controlled gas
pressure chamber [7]. PEO can produce ceramic coatings on light metal
surfaces with improved properties and the thickness of ten to hundreds

of microns [8]. Oxide coatings are produced by high voltage anodic po-
larization in an electrolyte [9]. Using this method, it is possible to coat
aluminum composites as well as hybrid and composite coatings on alu-
minum substrate [10, 11].

Despite the industrial application of the PEO method, all aspects of
this process have not yet been scientifically identified. As a result, PEO
is considered as a new method in the field of surface engineering [12,
13]. Despite the excellent mechanical and chemical properties of PEO
coatings, researchers are still trying to further improve their properties
[14]. It should be noted that parameters affecting the process could se-
verely affect its corrosion and abrasion properties. Among the effective
parameters, the type of applied electrical regime can affect the porosity
and cracking networks of the coating as well as its chemical compo-
sition. Therefore, by selecting the appropriate electrical regime, and
controlling the porosity, cracking and the type of formed phases in the
coating, better mechanical properties and corrosion resistance can be
provided for PEO coatings [12, 15-17].

In order to improve the protective performance of the coating, the
defects of the coating must be controlled. Process control can be done
with the effective parameters mentioned earlier. Recent research in the
field of controlling the structure and morphology of PEO coatings, stress
level control and reduction of crack networks are among the most im-
portant areas of research in the field of PEO process. In this research, an
attempt is made to create enhanced corrosion properties for PEO alu-
minum coatings by controlling the electrical parameters. Therefore, in
this research, aluminum is coated by the PEO process and the effect of
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Fig. 1. Polarization diagrams of uncoated aluminum sample and coated aluminum samples with constant potential application of 500 V and application of unilateral pulse po-
tential in different frequencies and operating cycles of (a) 70% and (b) 30% after 72 hours of immersion in 3.5 wt%. sodium chloride solution at room temperature - the solution

was static and the potential scan rate was 0.2 mv.sec™.
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2.1. Materials and sample preparation
In this research, 2025 aluminum sheet with the thickness of 4 mm
containing the chemical composition of 0.23% silicon, 0.6% Fe, 0.22% Fig. 3. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
Mg, 0.11% St, 0.03% of Sn (produced by Arak Rolling Company, Iran) PEO-coated aluminum specimens by applying constant potential and one-way
was used. Aluminum specimens were cut into 4x20x20 mm dimensions. pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

The surfaces of the samples were sanded by silicon carbide sandpapers chloride after 45 min of immersion.

up to the grit number of 1800. Then, the samples were cleaned by the the optimal electrolyte composition of 10 g/l tetra sodium pyrophos-

ultrasonic method in pure ethanol and distilled water and dried in the air phate, 3 ¢/l sodium aluminate and 3 g/l potash (KOH) was used and

before the PEO process. Based on the initial optimization experiments, according to the obtained morphologies, the coating time of 10 minutes
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Fig. 4. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 45 min of immersion.

was selected.

2.2. PEO process

The PEO coating was applied on the aluminum surface at a potential
of 500 V for 10 minutes. The current density after reaching the potential
of 500 V was about 2.5 Am™. The electric current gradually decreased

Table 1.
The electrical parameters measured during the PEO process. The area of the
samples was about 4 cm?.

bC Duty cycle 70% Duty cycle 30%
Parameter 500y 1000 2000 3000 1000 2000 3000
Hz Hz Hz Hz Hz Hz
Breakdown
370 341 350 359 263 280 290
Voltage (V)
Starting Voltage
500 414 438 452 265 291 317
)
Final C t
maturrent 2 1 17 16 28 15 19
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Fig. 5. (a) Nyquist, (b) phase-Bode, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 24 h of immersion.

during the process due to the formation of coating and its thickening.

In the pulse method, the ignition voltage practically occurs earlier
than the constant DC mode and due to the high intensity of the generated
electric arcs, it is practically impossible to reach the potential of 500 V.
Therefore, instead of the potential value, the amount of electric current is
considered as a controlling parameter. In other words, when the potential
is applied, the potential increases until the current reaches 7 A. Once
this current is reached, the potential increase stops and the PEO process
continues without the potential increase. Table 1 shows the electrical
parameters measured during the PEO process.

2.3. Morphological and structural analysis

The phase composition of coatings was evaluated using X-ray dif-
fraction (XRD, Digaku D/max-2500) using Cu Ka radiation at 40 and
100 mA and at 20 between 20° and 90°. For studying the morphology
and thickness of the coating, a scanning electron microscope (SEM)
manufactured by Philips XL 30 was used. A 60-EC conductivity meter
was used to measure the conductivity of the electrolyte solution. The
thickness of the samples was measured using SEM images. Measure-
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ments were made at three points of the cross section (maximum, mini-
mum, and the average thickness), and the average of these three values
was reported. The thickness measurement was done using a Quanix
7500 thickness gauge.

2.4. Polarization test

Electrochemical polarization tests were performed in a three-elec-
trode cell with EG&G A273A potentiostat/galvanostat. For EIS tests, a
Solartron FRA device (SI 1255) coupled with potentiostat/galvanostat
was used. The saturated calomel electrode was used as the reference
electrode and the graphite rod was used as the auxiliary electrode. Elec-
trochemical impedance tests were performed in the frequency range of
10 mHz-100 kHz with a range of 10 mV (rms) and after reaching the
equilibrium potential of the samples. Polarization tests were performed
after the immersion period (72 hours) with a scanning velocity of 0.2
mV/s from -150 mV relative to the open circuit potential to about +500
mV relative to the open circuit potential. Electrochemical polarization
tests were performed with ACM Gill 8 potentiostat/galvanostat appa-
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Fig. 6. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 24 h of immersion.

ratus manufactured by ACM. Polarization diagrams were analyzed to
determine TOEFL slopes and corrosion velocities with ACM software
(ACM Analysis Version 4). It should be noted that all electrochemical
corrosion tests were performed at ambient temperature and in 3.5%
(Wt%) sodium chloride solution.

2.5. Electrochemical Impedance Spectroscopy (EIS)

In order to create a linear system, the application of alternating volt-
age of 10 mV was used to disturb the steady state of the system [6]. In
this project, Princeton Applied Research Model 1025 made by EG&G
Company was used. Saturated calomel reference electrode made by Azar
Electrode and the used cell was the same used for the polarization test.

3. Results and discussion

In this study, two polarization and electrochemical impedance tests
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Fig. 7. (a) Nyquist, (b) Bode-phase, and (¢) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 48 h of immersion.
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Fig. 8. (a) Nyquist, (b) Bode-phase, and (¢) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 48 h of immersion.
were used to investigate the corrosion resistance and its properties in
PEO coatings. Here, the results of these tests will be discussed.

3.1. Polarization test

Fig. 1(a) shows that by creating PEO coatings on the aluminum
surface, the polarization diagram is transferred to lower current values.
In fact, with the formation of PEO coating, corrosion of aluminum in
sodium chloride solution has been reduced by 3.5 wt%. Polarization di-
agrams have a special behavior in sodium chloride medium. As can be
seen, the anode branch of the aluminum polarization diagram experi-
ences a sharp increase in current with a small increase in potential. This
type of anodic polarization behavior generally means that the pitting
potential is very close to the corrosion potential. In other words, the
pitting potential almost overlaps the corrosion potential [18-20]. Under
these conditions, the metal or alloy undergoes severe local corrosion
in the corrosive environment. Therefore, according to the polarization
diagram of uncoated aluminum in Fig. 1(b), it is possible to predict se-
vere local corrosion of aluminum in sodium chloride medium. With the
creation of PEO coatings, this behavior is practically not observed and
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Fig. 9. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 72 h of immersion.

there is almost a considerable difference between the corrosion potential
and the pitting potential. Therefore, it seems that the presence of PEO
coatings has a positive role in controlling local and pitting corrosion of
aluminum. Among PEO coatings, the largest difference between corro-
sion potential and pitting corrosion potential is observed for the sample
coated in the constant potential application regime; in other words, this
coating has a better performance than other coatings in preventing local
corrosion (pits) on aluminum surface.

The polarization curves of the uncoated and coated samples with
a constant potential application of 500 V and a one-way pulse poten-
tial application at different frequencies of 70% and 30% duty cycle are
shown in Fig. 1. After immersion in 3.5 wt% sodium chloride solution
at room temperature, the samples were polarized. As can be seen in the
figures, by applying the PEO coating on the samples, polarization curves
are shifted to the left and the shift in current density is low, which indi-
cates a decrease in corrosion current in the presence of the PEO coating.
Therefore, the PEO coating clearly reduces the corrosion rate of alu-
minum. Also, according to Fig. 1, the cathodic branches of uncoated
and coated samples do not show a significant difference, while in the
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Fig. 11. XRD analysis of phosphorus element in the aluminum sample coated by
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Table 3.
Resistance values extracted from impedance diagrams in different immersion

times in terms of cm?Q
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Fig. 10. (a) Nyquist, (b) Bode-phase, and (c) Bode-impedance diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 72 h of immersion.

anodic branches of uncoated samples with a small increase in potential,
a sharp increase in current is observed. This means that the corrosion
potential (open circuit potential) is very close to the pitting potential
of the samples. In other words, by immersing uncoated samples in 3.5
wt.% sodium chloride solution, pitting corrosion occurs, which is prac-
tically not observed in the presence of the PEO coating, and there is a
significant difference between corrosion potential and pitting potential.
As seen, this difference between the pitting potential and the corrosion
potential is greater for specimens containing coatings with a duty cycle
of 30%, indicating that pitting occurs later in these specimens

Table 1 shows the results of the slope intersection of the anodic and
cathodic branches for the polarization curves. As can be seen, data in-
) and corrosion potential (E_ ), slope of

corr corr

cluding corrosion current (i

Sample 45 min 24 h 48 h 72 h
Al-bare 200 _ _ N
DC-Coated 4E6 9.8 E3 8E6 13.5E6
1000 Hz-70% 4E6 11 E3 6.6E6 6.3E6
2000 Hz-70% 10E6 42E3 10.3E6 9.7E6
3000 Hz-70% 6E5 9.2 E3 4.6E6 4.8E6
1000 Hz-30% 221.8E6 176E3 142.8E6 174 E6
2000 Hz-30% 1.6 E6 40E3 46.3E6 46 E6
3000 Hz-30% 22.14E6  67E3 99.3E6 111E6

anodic and cathodic branches, etc. are obtained from polarization test
data. As shown in Table 2, with the application of the coating, the cor-
rosion current decreased significantly from 4.3x10* to 10, indicating
a reduction in corrosion in the presence of the coating. Comparing the
corrosion current for the coated samples, the coated samples with the
duty cycle of 30% shows a greater reduction in the corrosion current,
which indicates the suitability of this duty cycle for the improvement of

the corrosion resistance.

3.2. EIS test

Fig. 2 shows the Nyquist and Bode diagrams of aluminum in 3.5
wt% sodium chloride medium. As illustrated, the EIS diagrams of alu-
minum in this solution have a time constant at high and intermediate
frequencies and an induction loop at low frequencies. The induction
loop with a negative phase angle appears in the Bode-phase diagram
(Fig. 2-b). The time constants of the high and middle frequencies are
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Table 3.

Parameters obtained from polarization corrosion test

Sample E, (mV) i, (Aem?) B (V/decade) [ (V/decade) R (Qem’) CR(mmfy) E, (V) %P
Al-bare -0.760 3.2E-4 0.013 0.239 16 35 ~-0.760 -
DC Coated -0.812 3.7E-9 0.143 0.090 6562884 4E-5 -0.420 2.7E-10
1000 Hz-70% -0.814 7.7E-8 0.142 0.093 319865.8 8.35E-4 -0.670 4.11E-9
2000 Hz-70% -0.803 14E-8 0.150 0.093 1718095 62.4E-4 -0.470 5.16E-9
3000 Hz-70% 0.763 1.6E-7 0.134 0.079 1378132 671E-4 -0.608 7.85E-5
1000 Hz-30% 0.667 6.8E-9 0.077 0.062 2175061 7.45E-5 -0.380 7.45E-5
2000 Hz-30% -0.741 1.1E-9 0.108 0.077 18232089 1.2E-5 -0.465 1.17E-5
3000 Hz-30% 0.675 1.2E-9 0.137 0.118 23540935 1.3E-5 -0.453 1.28E-5

attributed to the electrochemical interactions of the aluminum surface
leading to the formation of the protective layer or surface oxide layer
itself. The most common theory for describing this time constant is that
it appears due to the corrosion of aluminum at the metal/oxide interface
and the formation of Al* cations. Due to the presence of a high electric
field in the oxide layer, these cations are transferred to the oxide/solution
interface, where they are converted to AI** cations [21, 22].

The reason for the appearance of the induction loop for aluminum
in most corrosive environments has not yet been fully identified. Ad-
sorption of intermediate species such as hydroxyl anions, presence of
a protective layer on the aluminum surface, rearrangement of surface
charges at the metal/oxide interface are the most common theories in this
regard [23, 24]. The results of research activities show that the polariza-
tion resistance at the emergence of the induction loop (as in Fig. 2) can
be estimated by subtracting the diameter of the induction loop from the
time constant diameter of high frequencies. Therefore, in Fig. 2, due to
the large diameter of the induction loop compared to the time constant
of high frequencies, the polarization resistance of aluminum in 3.5 wt.%
sodium chloride solution is estimated to be about 200 Q.cm?.

Fig. 3 shows the impedance diagrams of aluminum specimens with
PEO coating after 45 minutes of immersion in 3.5 wt% sodium chloride
solution. As can be seen, the resulting diagrams are different from the
aluminum impedance diagrams. In this case, the diagrams have a time
constant at high frequencies, a time constant at medium frequencies,
and an infiltration sequence at low frequencies. In the Bode diagrams
(Fig. 3b and c), two time constants can be seen at high and medium
frequencies. According to Nyquist diagrams, the semicircular diameter
is the largest for the 2000 Hz specimen and the smallest for DC-500 V.

The observation of the impedance diagrams in Fig. 3 for the samples
coated with different potential regimes clearly shows the difference be-
tween the different potential regimes. In DC potential mode (500V-DC),
the phase angle starts at about 70 degrees and decreases rapidly. With
the application of the pulse regime, the initial phase angle is increased
to values greater than 80 degrees. In the coating applied at 1000 Hz,
the phase angle in the impedance test is maintained up to a frequency
of about 2000 Hz in phase angle values greater than 80. By increasing
the frequency to 2000 Hz, the time constant of the high frequencies is
maintained up to about 500 Hz and then decreases. Generally, in elec-
trochemical impedance tests, the occurrence of high phase angle and its
maintenance in a wide frequency range indicates the presence of contin-
uous and dense layers on the metal surface [11, 25, 26]. In the coating
applied at 3000 Hz, although the phase angle of time constant of the
high frequencies started at about 80 °, it did not behave like the previous
two modes (1000 and 2000 Hz). Therefore, according to the results, it
seems that the coatings obtained from the pulse regime are denser than
the DC coating, and the coating obtained from the pulse regime with a
frequency of 2000 Hz at the beginning of the immersion period behaves
much better than other coatings.

In the case of Bode module diagrams, the difference in the behavior

of the uncoated aluminum sample and the coated samples in different
conditions can be easily seen. According to Fig. 3, the overall strength of
the aluminum sample is about 21 kQ.cm, which is about 1000 times for
coated samples. The impedance diagrams of the coated specimens under
pulsed conditions and a 30% duty cycle are shown in Fig. 4. Among
these samples, the frequency of 1000 Hz shows better performance than
other samples, and the diameter of the Nyquist diagram of this coating
is larger than that of the others. The DC sample has less resistance than
the others. In the Bode-phase diagram according to Fig. 4, for a coated
sample at a frequency of 1000 Hz over a large frequency range (up to
a frequency of 10 Hz), the value of the phase angle is higher than 80.
In the 3000 Hz coated sample, the phase angle is higher than 80 up to
the frequency of about 300 Hz, but for the 2000 Hz sample and the
DC-V500, the phase angle stability is not observed over a wide range.
Decreasing and then increasing the phase angle is probably due to the
accumulation of corrosion products in the coating pores. Comparing the
diagrams of Fig. 3 with Fig. 4, it can be seen that at 24 h immersion time,
samples with 70% duty cycle have better corrosion behavior and higher
corrosion resistance than 30%.

The impedance diagrams of the samples after 24 hours of immersion
are shown in Fig. 5. During this immersion period, the corrosion behav-
ior of all samples is almost the same. Specimens with a frequency of
2000 Hz and 3000 Hz have larger semicircle diameters. In Bode-phase
diagrams, the phase angle of all samples at the frequency of 100,000
Hz is almost the same and it suddenly decreases. It seems that during
this immersion time, the corrosive solution has entered the coating pores
because the phase angle gradually increases with decreasing frequency.
The Bode module diagram also clearly shows that the behavior of the
coated samples in pulsed mode and at frequencies of 2000 and 3000 is
better than other samples.

After a 24 h of immersion, the impedance diagrams for the DC-500
V and pulse samples under the 30% duty cycle are shown in Fig. 6.
During this immersion period, the behavior of the coated sample at a fre-
quency of 1000 Hz is shown to be better than other samples. According
to the Bode-phase diagram, the phase angle for the sample of 1000 Hz
in a wide range of frequency (up to 1 Hz) is higher than 80 degrees. In
the case of coated samples at 3000 Hz and 2000 Hz, the phase angle is
constant in lower frequency range (approximately up to 900 Hz). In the
case of the DC-V500 coated specimen, the phase angle decreases rapid-
ly. This trend can be clearly seen in the Bode-module diagram.

The impedance diagrams during the 48-hour immersion period are
shown in Fig. 7. The corrosion behavior of all samples is similar, and the
process is similar to that of the 24-hour immersion. During this immer-
sion period, the phase angle decreases immediately. In the Bode-module
pattern, the process is similar to the 24-hour immersion time. In the 30%
duty cycle, after 48 hours of immersion, the impedance test information
is extracted and the results are shown in Fig. 8. The behavior of the sam-
ples is similar to that of 24 hours, and for the sample coated at 1000 Hz,
the phase angle value is constant over a wide frequency range (approxi-
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mately up to 0.5 Hz) and is above 80 °. For the 3000 Hz coated sample,
the phase angle is also statically stable and above 80, but for the other 2
samples (the 2000 Hz coated sample and the DC-500 V coated sample),
the phase angle suddenly decreases.

After immersion for 72 hours, the results of the impedance test for
the DC-500 V potential regime and the pulse potential regime at the fre-
quencies of 1000 Hz, 2000 Hz, and 3000 Hz are plotted as Nyquist and
Bode diagrams in Fig. 9. According to the images, the corrosion process
has not changed noticeably compared to the previous immersion times.
Nevertheless, the corrosion resistance of the coating has increased dra-
matically. The results of the impedance test after 72 hours of immersion
for the DC-500 V sample and pulse samples with a 30% duty cycle are
shown in Fig. 10. Similar to the previous immersion time, the coated
sample at a frequency of 1000 Hz has the phase angle frequency of about
85 degrees in wider frequency range. According to the Bode-modulus
diagram, almost all coated samples show good capacitive behavior in
the pulsed mode. In the case of the DC-500V, there is some difference
with the capacitive behavior, but in general, the corrosion resistance has
increased in all samples.

Generally, according to the impedance diagrams, the corrosion resis-
tance of the coated specimens increases significantly over the immersion
time. Therefore, after 72 hours, the resistance increased to an average of
about 10 MQ [27, 28]. Regarding the pulse potential application regime,
the corrosion behavior of the samples in the duty cycle of 30% is better
than 70%, which can be related to the thickness of the coatings and their
porosity percentage [29]. Therefore, by increasing the thickness and de-
creasing the porosity, the invading chloride ion is able to destroy the
coating at a slower rate. The value of resistance, Rp, at different times is
summarized in Table 3. In the analysis of the impedance diagrams, other
parameters can be also extracted and the corrosion resistance perfor-
mance of the coating can be examined from other aspects, which will

be explained below.

3.3. XRD analysis

To investigate the corrosion behavior, it is better to study the XRD
analysis of the coating. For this purpose, the coatings created in the DC
potential regime and optimized coatings in terms of corrosion resistance
and morphology have been analyzed for further investigation. And the
results are shown in Fig. 11. In the PEO coatings, the o phase provides
the wear resistance of the coating and the y phase provides the corrosion
resistance. In the XRD images, the coated samples generally show three
types of peaks. Fig. 11 shows the sample coated under the DC potential
regime under 500 V. It has a lower y value than the other two samples.
This sample has a large amount of a-Al,O, phase and about 30% of it is
composed of the y-Al,O, phase. Also in this composition, some amounts
of aluminum phosphate have been observed.

In the samples coated under the pulse voltage regime at the frequen-
cy of 2000 Hz and the operating cycle of 70 % (Fig. 11), the amount
of aluminum phosphate composition is almost the same as the previ-
ous sample. In this sample, a-AlO, decreases compared to the previous
sample and the amount of y-Al,O, has been increased. In Fig. 11, which
is related to the coating at 1000 Hz and 30% duty cycle, the percentage
of v phase reaches about 50%, which is in good agreement with the
corrosion diagrams and their corrosion resistance has been increased.

In Fig. 11, there is some aluminum phosphate compound. By in-
creasing the y phase, the amount of this phase has decreased. It is worth
noting that the y phase is in the form of the tetragonal type. y-AlLO,,
regardless of its tetragonal distortions, has always been described as
having a cubic spinel structure and a spatial group of Fd3m. Paglia et
al. [29] showed that there is also a tetragonal type for y—Al O, through
neutron diffraction and TEM analysis. In Fig. 11, the XRD result of the
30% sample at 1000Hz is presented, which confirms the presence of this

phase with a tetragonal structure in the coating too. One of the inter-
esting points in XRD diagrams is the presence of aluminum phosphate
phase in the coating, which may be one of the factors that increase the
corrosion resistance of PEO coatings. To confirm the presence of alumi-
num phosphate phase, the distribution of phosphorus under the substrate

was examined.

4. Conclusions

In this research, aluminum was coated by the PEO method in the
optimal electrolyte composition of 10 g/l tetra sodium pyrophosphate, 3
g/l sodium aluminate and 3 g/l potash (KOH). The results are summa-
rized as follows:

1. In general, according to the impedance diagrams, the corrosion
resistance of the coated specimens increases greatly over the
immersion time. After 72 hours, the resistance increased to an
average of about 10 MQ.

2. In the case of pulse potential regime, the corrosion behavior
of the samples in the work cycle of 30% is better than 70%,
which can be related to the thickness of the coatings created
and their porosity.

3. In this way, by increasing the thickness and decreasing the po-
rosity, the invading chloride ion is able to destroy the coating
at a slower rate.
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