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Characteristics of sealed plasma electrolytic oxidation

coatings with electrochemical impedance spectroscopy
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Plasma electrolytic oxidation (PEQO) coatings are prepared on aluminium with graphite powders added into the

electrolyte. The scanning electron microscopy (SEM) coupled with an energy dispersive x-ray analysis system (EDX)

is used to characterize the surface and the cross-section morphologies of the coatings. The electrochemical impedance

spectroscopy (EIS) is used not only to evaluate the corrosion resistance but also to analyse the structure of the coating.

Results show that graphite powders are embedded in the PEO coating. The corrosion resistances of both the inner

barrier and the outer porous layer are greatly improved, and the EIS could give some valuable detailed information

about the coating structure.
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1. Introduction

Plasma electrolytic oxidation (PEO) technique is
increasingly gaining attention as a mnovel technique
for surface modification of valve metals such as Al,
Mg, Ti and their alloys.'=3! It is a complex process
combining electrochemical oxidation with gas evolu-
tion, dielectric breakdown, oxide film formation and
dissolution.!*#! During the PEO process, sparking dis-
charge is one of the key features when the voltage

(5] This results in

exceeds a critical breakdown value.
high temperature and pressure in the discharge chan-
nels, which can reach 6800-9500 K and 102-10% MPa,
respectively.l!] Simultaneously, a series of complicated
and violent physical-chemical reactions take place in
the channels where coatings with high mechanical
properties and high growth rate are produced.[®”]
However, sparking discharge and short annealing ef-
fect result in micro-pores and micro-cracks in the coat-
ings. The porous structure may extend the usage of
the coating to serving as decorative material after be-
ing coloured, but this can reduce the corrosion resis-
tance of PEO coatings under wicked conditions such

as in sea water.!8!

Therefore, one of the main challenges to the PEO
technique is to seal the porous layer of the coatings.
Hydrothermal sealing (HTS) is well developed for seal-
ing traditional anodic coatings,!?1% but few reports to
deal with the PEO coatings can be found. In recent
years, some multi-immersion techniques are applied
to the enhancement of the PEO coatings.[''] How-
ever, they are somewhat inconvenient in use, for their
process is complicated. Since PEO process is accom-
panied with diffusion and electrophoresis of the elec-
trolyte elements, it is thought that additives in the
electrolyte may participate in the reactive process and
turned into a part of the coating.'>13] Tong et al.['
and Jin et al.!'®! added nano-powders such as SiOy and
Fe into the electrolyte and found that the nanograins
could be embedded in the ceramic coatings and the
corresponding coatings were less porous. Nie et al.l'%
added graphite into the electrolyte and the wear resis-
tance of the PEO coatings was improved. Our previ-
ous paper!!” reported that adding graphite powders
with an appropriate size into the electrolyte could im-
prove the corrosion resistance of PEO coatings.

Obviously, adding powders with an appropriate
size into the electrolyte is a convenient and effective
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way to seal the porous layer of PEO coatings. How-
ever, the above reports only mentioned the additive
effect but did not give any detailed analysis of the reac-
tive process. Electrochemical impedance spectroscopy
(EIS) can give not only electrochemical properties but
also some structure information about the coatings. It
has been used as a powerful tool for obtaining detailed
information about the auto sealing and the ageing pro-
cess of anodized aluminum.[%-10]

In the present work, the EIS is used to study the
characteristics of the graphite sealed PEO coatings:
the EIS is used for both the sealed and unsealed PEO
coatings. The experimental EIS result is modeled by
the equivalent electrical circuit with the corresponding
electrical parameters given. The detailed information
about the growth process for the sealed PEO coatings
is also explained.

2. Experiment

Rectangular samples of pure Al (0.005 wt% Chu,
0.003 wt% Fe, and 0.0025 wt% Si, Al-balance) with a
dimension of 20 mm x 20 mm x 0.3 mm were used
as the working electrode and a stainless steel bar as
the counter one in the experiment. Prior to the PEO
treatment, the samples were ground down to 800+#
SiC paper, then they were degreased in acetone and
distilled water sequentially. The PEO processes were
carried out with a conventional plasma electrolytic ox-
idation unit composed of a pulsed DC source with
100-Hz modulation, a stirring system and a cooling
system. An aqueous solution was prepared with the
mixed composition of 0.03 M NaySiO3+0.05 M NaOH.
Graphite powders with an average diameter of 10 pm
as shown in Fig. 2(a), were added into the electrolyte
at a density of 5 g/l. On account of the hydropho-
bic nature, the graphite powders were degreased in
trichloroethylene and cleaned with dilute nitric acid,
then added into the electrolyte and stirred uniformly.
The current density in the oxidation process was main-
tained constantly at approximately 5 A/dm?, and the
temperature of the electrolyte was kept below 35 °C.
The treatment time was 30 min. In addition, samples
produced in the electrolyte without graphite were used
for comparison.

The voltage—time responses were recorded by the
Tektronix TDS 2012 digital storage oscillograph in the
PEO process. The surface and the cross-section mor-
phologies and the element distribution of the coat-

ings were examined by scanning electron microscopy

(SEM, HITACH S-4200) coupled with an energy dis-
persive x-ray analysis system (EDX). The surfaces of
all the samples used for the SEM study were coated
with a thin gold layer in order to prevent the surface
charging effect.

The electrochemical measurements were carried
out in a 3.5-wt% NaCl solution. A three-electrode
system was employed with the sample serving as a
working electrode, saturated calomel electrode (SCE)
as a reference electrode and platinum as the counter
electrode. Samples used in the electrochemical test
were embedded within epoxy resin, with an exposed
area of 1 cm? retained. Before the electrochemical
test, all the samples were immersed in the 3.5-wt%
NaCl solution for 10 min. The EIS spectrum was col-
lected by using EG&Par frequency response detector
(Model 1025) with M398 software. The signal am-
plitude of EIS was 5 mV and the frequency ranged
between 1072 and 10° Hz.

3. Results and discussion

3.1. Voltage—time responses

Voltage—time responses of the PEO processes with
and without graphite additives are shown in Fig. 1.
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Fig. 1. Voltage—time response for the coatings with and
without graphite additives.

Both the processes have two voltage stages. In the first
stage the voltages both increase very quickly to more
than 300 V, while in the second stage they increase
slowly and become almost constant in the end. At
the turning point of the two stages, the voltage with
graphite additives in the electrolyte was lower than
that without graphite additives. As is well known, the
first stage is the traditional anodic oxidation stage and
the second is the sparking stage. The voltage at the
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turning point is called the breakdown voltage. There-
fore, figure 1 indicates that the breakdown voltage of
the PEO process becomes lower with graphite powder
additives in the electrolyte. This is attributed to the
higher electric conductivity of the electrolyte which is
induced by the conductivity of the graphite powders.

3.2. Morphologies of the PEO coatings

Figures 2(b) and 2(c) show the surface micro-
graphs of the PEO coatings without and with graphite
additives in the electrolyte, respectively. Typical
coating morphologies such as micro-pores and pan-
like structures are observed. Coatings with graphite
additives in the electrolyte seem more uniform and
This is
attributed to the embedment of the graphite in the

much denser than those without additives.

pores of the coatings as we have reported in Ref. [17].

Figure 3 shows the cross-section morphology and
the element distribution across the coating produced
in the electrolyte with graphite powder additives. The
cross section of the coating seems compact, and no
two-layer structure is found clearly. The element dis-
tribution images indicate that graphite powders in the
electrolyte participate in the oxidation process and are
distributed all over the coating cross section. In addi-
tion, the powders prefer to be distributed in the sur-
face of the coating. As we have discussed in Ref. [17],
the distribution of the graphite powders was greatly
influenced by the pore size and most of them were
distributed around the pore area. With the oxidation
going on, the pores size became larger. This made it
easier for the powders to be imbedded inside, therefore
more carbon elements could be found in the surface of

the coating.

Fig. 2. SEM micrographs of (a) graphite powders with average diameter 10 um, (b) PEO coating without

graphite additives, (c) PEO coating with graphite additives.
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Fig. 3. Cross-section morphology and the element distributions across the coating with graphite additives.

3.3. EIS characteristics

Experimental impedance spectra collected from Al substrate and the PEO coatings after 10-min immersion
in the 3.5-wt% NaCl solution, are presented in the Bode plots in Fig. 4. It can be found that the |z| value of the
PEO coating increases greatly compared with that of the metal substrate, which indicates that the corrosion

resistance of the substrate is improved by the PEO coatings. Two time constants are shown for the PEO coatings

in Fig. 4(b), suggesting the two-layer structure of coatings: the high frequency (HF) range characterizes the

properties of the outer layer, while the low frequency (LF) range reveals the properties of the inner layer.!

18—20]

This is not consistent with the cross-section image of the coating shown above. Since the pores in the coating

might be blocked in the polishing process, the results from the EIS spectra are more credible than those obtained

from the SEM image.
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Fig. 4. Bode plots of bare aluminum and the PEO coatings.

According to the EIS plots, the typical struc-
ture of the PEO coatings?" and the results given by
Liu et al.,2?l EIS equivalent circuits of the bare alu-
minum substrate and the PEO coating are proposed
in Figs. 5(a) and 5(b), respectively. For the aluminum
substrate, the impedance between reference electrode
(SCE) and working electrode is composed of two parts:
the impedance of solution and the impedance of bare
aluminum, which are characterized by Rs and (R,-
CPE,) components, where CPE stands for constant
phase element. However, the equivalent circuit for
PEO coating consists of three parts: the solution, the
outer porous layer and the inner barrier layer. The
resistance of the NaCl solution is characterized by Rj

which is connected in series with the unit of the com-
posite coating system. The resistance of the outer
porous layer is described by the paralleled R, and the
CPE. The magnitude of CPE is @), which is com-
posed of two parameters Q, — 7 and Q, — P. The
inner barrier layer is represented by R and @)y in
parallel. According to the equivalent model shown in
Fig. 5, the curves in the Bode plots are fitted and the
results are presented in Fig. 4 as solid lines passing
through the testing data points. The corresponding
values of the circuit elements are listed in Table 1.
From Table 1, it can be found that for the PEO
coatings with graphite additives, R}, is three orders
larger than R, which further confirms that the coat-
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ing is composed of inner barrier and outer porous lay-
ers. Compared with the coatings produced in elec-
trolyte without graphite powder additives, the curves
(Fig. 4(a)) with graphite additives shift toward the
higher frequencies and the phase angles both in the
high and low frequencies were larger. Accordingly,
both the values of R, and Rj, are larger than those
without graphite additives. These all predict that in
the immersion process, for the coating with graphite
additives its capacitance is low and resistance is high
compared with those for the coating without graphite
additives. In addition, this occurs in both the outer
porous layer and inner barrier layer. It is well known
that because the samples are immersed in the NaCl
solution, the solution may infiltrate into the coating.
Since the solution has a lower resistance and higher
dielectric constant than the air, the penetration leads
the capacitance to increase and the resistance to de-

cult for NaCl solution to infiltrate into the PEO coat-
ing with graphite additives. That is to say, the PEO
coating becomes denser in both the outer layer and
the inner layer. This can be confirmed by the surface
morphology (Fig. 2) and element distribution (Fig. 3)

of the coating.

s CPE,

Ra

(a)

Ry CPEp

(b)

Fig. 5. Equivalent circuits for impedance data fitting of

crease. So it could be inferred that it is more diffi- (a) Al substrate, (b) PEO coating.
Table 1. EIS data simulations for bare aluminium and the PEO coating.

Rs/Q-cm? Qp—T/1072 F-em? Qp—P Rp/Q-cm? Qp—-T/1078 F-em? Q, — P Rp/107 Q-cm?
sub 7.742 24062 0.77933 814000 — — —
without C 99.73 5.278 0.96003 28607 6.7913 0.54664 2.035
with C 88.54 2.437 0.960223 105160 1.3890 0.60566 18.160

4. Conclusion

The graphite sealed PEO coatings are studied by SEM and EIS. The results show that in the PEO process,
the breakdown voltage is lower when graphite powders are added into the electrolyte. Graphite elements are

found to be distributed across the PEO coating and they prefer to be distributed in the surface of the coating.

Coating with graphite additives has a two-layer structure, and its inner barrier and outer porous layers are both

denser than those of the coating without graphite additives. The result also indicates that EIS is a powerful

tool for acquiring the detailed information about the coating structure.
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