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The aim of the present study was to develop the deposition process of cerium compound
doped phosphate—permanganate conversion coating on the carbon steel surface and to
evaluate its protective and self-healing capacities. The SEM and XPS techniques were ap-
plied to characterize the structure and composition of the investigated coatings. Voltam-
metric measurements were carried out to determine the protective ability of the passive
layer, while EIS studies yielded information on the self-healing properties of different
protective systems affected by introduced artificial defects. The phosphate-permanganate
conversion coating on carbon steel was chosen as the base for deposition of cerium films
from the Ce(NO,), solution without and with SO’ ions. The presence of permanganate in
the phosphating solution and incorporation of Ce into the phosphate—permanganate layer
on the steel surface increase the protective ability of the conversion coating. It was stated
that the low frequency impedance has the same value as before the scratch formation. This
suggests that the presence of Ce in the phosphate—permanganate coating leads to high
values of low frequency impedance due to the healing of defects. These coatings provide
corrosion protection for carbon steel and can be candidates for development of environ-
mentally friendly pretreatments.
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INTRODUCTION

Carbon steel is extensively used in industrial fields, however,
its susceptibility to corrosion in many environments limits
its applications. For years, chromating has been applied to
produce corrosion resistant conversion layers onto different
substrates. Chromate conversion coatings have unrivalled self-
healing abilities, which are believed to arise from the migration
of a soluble Cr(VI) compound in the coating to a scratch or
defect, where they are reduced to form a new protection layer
[1,2]. The environmental hazards of conventional chromium-
based conversion coatings have led to a worldwide search for
an alternative.

Recently, lots of chromate free conversion coatings called
“environmentally friendly” have been developed, such as per-
manganate [3, 4], phosphate—permanganate [5-9], rare earth
and other based materials [10-20]. Manganese has been chosen
due to its chemical similarities to chromium (structural and
electronic) [4]. It is stated that permanganate coatings provide
a good alternative to chromate conversion coatings because
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they provide good corrosion resistance on magnesium and its
alloys [3, 5-7],and on aluminium alloys [4, 8]. The phosphate-
permanganate coatings are comparable to chromate conver-
sion coatings for the protection of magnesium alloys, but un-
like chromate conversion coatings, phosphate-permanganate
coatings do not show any ability to regenerate [7].

Rare-earth salts, especially cerium and lanthanum salts, are
known to inhibit the corrosion processes on several substrates,
such as steel [10, 11], galvanised steel [12-14], aluminium
and its alloys [15, 16], and magnesium alloys [17, 18]. These
earth metal ions are non-toxic and environmentally friendly.
The conversion coatings are obtained by dipping the metallic
substrate in a solution of rare-earth salt. This procedure allows
producing a protective surface film, which provides corrosion
protection of metallic substrates. In a series studies on the use
of cerium ion in protective coatings, Hinton and Wilson re-
ported that the cerium ion, which acts as an inhibitor in the so-
lution, was as effective as the chromium ion [19]. The action of
the cerium ion resembled that of the chromium ion, and CeO,
acted as a barrier film. When a defect was generated, a cerium
ion in the film repaired it, due to dissolution from the film and
oxidation on the defect [20]. At the same time lack of data
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on the protective abilities of manganese and cerium based
conversion coatings on a steel surface can be stated.

The aim of the present study was to develop the deposi-
tion process of cerium compound doped phosphate—per-
manganate conversion coating on a carbon steel surface and
to evaluate its protective and self-healing capacities.

EXPERIMENTAL

Materials and sample preparation

Carbon steel specimens, 10 x 20 mm and 1 mm thick with an
area of 4 cm?previously polished with emery paper up to grade
400, degreased with ethanol and rinsed with distilled water,
were used as base metal electrodes. The chemical composition
of carbon steel is listed in Table 1. The following samples for
comparison of their corrosion behaviour were investigated:
polished carbon steel (CS), carbon steel coated with amor-
phous Fe phosphate (FeP), carbon steel coated with Mn con-
version film (MnO) and MnO coated with cerium conversion
coatings (Cel and Ce2).

Table 1. The elemental composition of the surface of investigated samples

Elements, at.% (by EDS)
Sample

o | P [ M [ r | s | c

s 7.7 0.09 0.33 91.96 - -

FeP 19.02 0.89 0.3 79.31 - -

MnO 33.7 2.6 1.9 63.4 - -
MnOCel1 36.88 1.19 0.32 60.21 - 1.4
MnOCe2 38.72 1.15 0.29 57.74 0.9 1.2

The phosphating solution was used for the formation of
an amorphous FeP coating: 0.15 M H,PO,, 0.003 M H,C,0,,
pH =4-5,50 °C, 10 min.

Phosphate—permanganate conversion coatings (MnO)
were obtained by immersion of CS into the solution con-
taining: 0.01 M KMnO4, 0.15 M H,PO,, 0.003 M H,CO,,
pH = 4-5,70 °C, for 30 min.

Cel and Ce2 conversion coatings were formed by simple
immersion of the samples for 24 h at 25 °C into solutions
containing 0.05 M Ce(NO,), and 0.05 M Ce(NO,), + 0.025 M
Na,SO,, respectively.

Electrochemical measurements
The corrosion behaviour of samples was investigated in an
aerated stagnant 0.5 M NaCl solution. The electrolyte was pre-
pared from analytical grade chemicals and deionized water.
All electrochemical measurements were performed at am-
bient temperature with an Autolab PGSTAT302 potentiostat
using a standard three-electrode system with a Pt counter elec-
trode and a saturated Ag/AgCl reference electrode. All poten-
tials are reported versus the saturated Ag/AgCl reference elec-
trode. The corrosion current densities (i) were determined
from voltammetric measurements by Tafel line extrapolation.
A specimen was polarized with the potential scan rate of

0.5 mV s7, from the cathodic to anodic region.

The measurements of electrochemical impedance spec-
tra (EIS) were performed at the open circuit potential with
the FRA2 module applying a signal of 10 mV amplitude in
the frequency range 20 kHz to 0.001 Hz. The data obtained
were fitted and analysed using the EQUIVCRT program of
Boukamp [21].

Morphology and composition

A microstructure and elemental composition of specimens
were studied by a scanning electron microscope (SEM). A He-
lios NanoLab 650 dual beam workstation (FEI) with an X-
Max 20 mm? energy dispersive detector (energy resolution of
127 eV for Mn Ka, Oxford Instruments) was used for imaging
and energy dispersive analysis. Element mapping analysis was
performed on the mechanically polished and vacuum car-
bon coated cross-sections of samples. The element mappings
were carried out under the following measurement condi-
tions: accelerating voltage 8 kV, beam current 3.2 nA, mapping
resolution 512 x 352 pixels. X-ray line Ka (Si) was used for
the characterization of element distribution on the sample sur-
face. The deposited film thickness analysis was performed on
the produced and vacuum Pt coated cross-sections of samples
by the focused ion beam (FIB) technique.

The X-ray photoelectron spectroscopy (XPS) studies were
performed by a spectrometer ESCALAB using X-radiation of
MgK_(1253.6 eV, pass energy of 20 V). To obtain depth pro-
files, the samples were etched in the preparation chamber by
ionised argon at a vacuum of 5 x 10~ Pa. An accelerating volt-
age of ca 1.0 kV and a beam current of 20 pA cm™were used.

RESULTS AND DISCUSSION

Formation of conversion coatings

The phosphate coating on the carbon steel FeP was chosen as
the base for an active corrosion protection film. It is expected
that an appropriate addition of another agent to the phos-
phate treatment solution may result in the synergetic effect
on the protective properties of the conversion film. Perman-
ganate in the phosphate solution acts as a strong oxidizing
agent, which accelerates the dissolution of metal. Consequent-
ly, the presence of this compound influences the growth and
modifies the structure of the conversion coating.

The phosphate—permanganate coating was formed in
the solution, which contains acid phosphates of potassium
and permanganate ions. Manganese is especially interesting in
the conversion coating schemes due to its soluble high oxida-
tion state Mn’* and insoluble lower oxidation states Mn** and
Mn** [7].

Figure 1, curve 1 shows an alteration of the CS electrode po-
tential (E,, ) during immersion in the 0.01 M KMnO, + 0.15 M
H,PO, + 0.003 M H,C,0, solution. At the initial stage of
the conversion coating deposition, dissolution of the CS occurs,
which is accompanied by a decrease in the E,_ value. Further,
as the conversion coating grows, the value of E, _increases over
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Fig. 1. Dependence of £, on time during the formation: (1) phos-
phate—permanganate Mn0 coating on (S in the 0.01 M KMnO, +0.15 M
H,PO, +0.003 M H,C,0, solution, pH = 4, 60 °C; (2) Ce1 coating on MnO

in the 0.05 M Ce(NO,), solution, 25 °C; and (3) Ce2 coating on Mn0 in
the 0.05 M Ce(NO,), +0.025 M Na, S0, solution, 25 °C

a period of 5-20 min. When the growth of film is complet-
ed, E reaches a constant value. The observation implies
that ca 20-30 minutes are enough to form a compact phos-
phate—permanganate layer on the steel surface.

The self-healing properties, which allow durable protection
even after partial damage of the coating, can be achieved by
introducing of specific corrosion inhibitors into the coating
system. Ce ions were supposed to be such inhibitors, which
can impart an active corrosion protection ability to the phos-
phate-permanganate conversion coating. When the metallic
substrates are immersed into the conversion bath (pH ~ 5.5),
the dissolution of the outer oxide layers is taking place [17].
This leads to the formation of cathodic activity and production
of hydroxyl ions. Thus, Ce** precipitates as hydroxides:

Ce** + 30H" — Ce(OH) . (1)

With increase in the treatment time the cerium conversion
film became richer in Ce(IV) species [17]. This evolution shows
that either hydroxides are converted into oxides, or mainly ox-
ides precipitate. The conversion of Ce(OH), into CeO, has been
mentioned in literature [22]. The presence of Ce(IV) could be
due to the dismutation solid state reaction [17,22]:

Ce(OH), — CeO, + H,O0 + %2 H,. (2)

The alteration of the phosphate-permanganate deposit
electrode in the Ce(NO,), solution is presented in Fig. 1,
curves 2 and 3. The deposition of cerium films on the investi-
gated samples is accompanied by a decrease in the E,_values

of the electrode, which reach some constant values after 40—
60 min. However, more reproducible data were obtained when
Ce based passivation continued for 24 h.

Morphology and inner layer structure
An amorphous and compact phosphate layer of c.a. 200 nm
thickness is deposited from the phosphating solution [23].
Meanwhile, the presence of permanganate in a phosphate solu-
tion influences the growth process and modifies the structure
of the conversion coating. SEM images of the surface morphol-
ogy and cross sections of the investigated phosphate—per-
manganate MnO coatings are presented in Fig. 2. The surface
morphology of the coating (Fig. 2a) reflects the structure of
the base steel surface, however, the thickness of the depos-
ited layer is only c.a. 70-90 nm, which is significantly lower,
with respect to the unmodified phosphate film [23], and may
be related to the enhanced rate of the base metal dissolution.
The colour of the phosphate—permanganate layer depends on
the coatings thickness. The thinner coating was blue (70 nm),
while the thicker one was yellow (90 nm). The phosphate—per-
manganate coatings are compact and possess good adherence
to the base metal (Fig. 2b).

The SEM images of the morphology of both the Ce modi-
fied phosphate—permanganate coatings and the cross-sections
of the same samples are presented in Fig. 3. The surface of
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Fig. 2. SEM images of the microstructure (a) and cross-section (b) of MnO conver-
sion coating on the carbon steel surface
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Fig. 3. SEM image of the microstructure (a, ) and cross-section (b, d) of MnOCeT (a, b) and MnOCe2 (c, d) conversion coatings

MnOCel and MnOCe2 samples (Fig. 3a, c) reflects the mor-
phology of the base surface with random crystalline aggre-
gates, which are supposed to precipitate Ce oxide compounds
according to Egs. (1) and (2). The SEM images of cross-sec-
tions of these samples (Fig. 3b, d) indicate that the thickness
of the coatings varied between 212-226 and 226-240 nm for
MnOCel and MnOCe2 films, respectively. The presence of
cavities in the boundary layer steel-conversion film was also
characteristic of the Ce modified phosphate-permanganate
coatings (Fig. 3b, d). The major thickness of the Ce modified
phosphate—permanganate coatings is related to a significant-
ly longer (up to 24 h) process duration, with respect to that
of the unmodified coating, deposition of which lasted only
30 minutes. The presence of sulphate ions in the Ce deposi-
tion solution (MnOCe2 films) resulted in slightly thicker
coating formation with respect to the coating deposited in
the Ce(NO,), unstirred solution (MnOCel film) (Fig. 3b).

COMPOSITION

The analysis of elemental composition of the conversion coat-
ings was performed by EDS and XPS measurements, the results

of which are listed in Tables 1 and 2. The EDS results indicate
that all conversion layers were thin enough, as the most inten-
sive signal (Fe) and the highest concentrations (58-79 at.%)
were observed from the base metal. The next dominant ele-
ment constituting the films is O (19-38 at.%), while the fact
that the amount of P in a pure phosphate film, phosphate—per-
manganate and a Ce modified one varied between ~0.9 and
2.6 at.%. In addition, the phosphate—permanganate coatings
contained up to 2 at.% of Mn, while the amount of this ele-
ment in Ce modified coatings was lower and reached 0.3 at.%.
The latter coatings possessed 1.2-1.4 at.% of Ce and the film
formed in the solution containing sulfate ions (MnOCe2) addi-
tionally contained ~1 at.% of S. The results obtained imply that
Fe oxides are one of the principal constituents of the formed
conversion coatings.

The composition and the oxidation state of elements in
the outer part of investigated conversion films were exam-
ined using XPS measurements. Mn 2p, ,» Ce 3d,0 Is, Fe 2p,»
P 2p,N 1s, S 2p spectra were recorded after surface sputtering
with Ar* ions for an increasing period of time and the surface
layer composition was determined and the results are listed
in Table 2.
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Table 2. XPS depth analysis of the investigated coatings

Depth, Elements, at.%
Sample

nm Ce N S 0 P Fe Mn

MnO 0 - - - 72.96 19 4.78 3.26

5 - 1.64 - 61.91 17.83 15.66 1.79
10 - 1.91 - 57.73 17.07 21.55 1.04

20 - 1.28 - 59.99 14.59 22.35 1.22
MnOCe1 0 14.89 2.97 - 68.47 11.68 1.99 0.04
(Cel-1h) 5 18.13 1.73 - 57.12 14.38 7.99 0.66
10 27.6 1.66 - 57.34 14.58 12.33 1.02

20 7.8 1.39 - 58.55 14.47 16.66 1.13

MnOCe2 0 12.38 3.05 6.4 64.19 11.3 213 0.55
(Ce2-1h) 5 24.82 1.22 1.82 55.12 12.84 4.18 0.09
10 18.39 1.4 - 57.96 13.06 8.81 0.39

20 10.4 1.35 3.8 58.36 13.79 15.6 0.5
MnOCe2 0 21.31 1.12 7.3 61.92 6.04 2.07 0.38
(Ce2-24h) 5 26.49 1.09 7.1 52.86 5.79 6.14 0.39
10 27.11 0.61 3.99 53.72 9.08 5.48 0.42
20 20.89 0.44 1.53 53.94 11.32 11.35 0.53

The Mn 2p, , spectra of the phosphate-permanganate
coating are presented in Fig. 4. It is evident that spectra
are composed of an asymmetric peak. With an increase in
sputtering depth, the intensity of the peak decreases, which
implies the reduction of the Mn amount in deeper layers
of the coating. The binding energy of this peak varied from
641.1 to 641.4 eV which suggests that Mn in the coating is
of variable valence (Mn,0,, MnO, Mn 0,) (Table 3). The Mn
2p,, spectra of phosphate-permanganate samples doped
with Cel and Ce2 show that the MnOCel coating was mainly
composed of Mn O,, MnO,, whereas MnOCe?2, like an un-
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Fig. 4. XPS spectra for the Mn 2p, , region obtained on the Mn0
coating

modified phosphate-permanganate coating was composed
of Mn,0,, MnO, Mn, 0, (Table 3).

379

Table 3. XPS analysis data of Mn 2p, , peak parameters for the investi-
gated samples

Sputtering depth, Binding energies, eV (Mn 2p_ )
nm Mn0 MnOCel |  MnoCe2
0 641.10 - -
5 641.37 642.81 64291
10 64142 643.25 640.80
20 641.22 642.51 641.20

The quality of the Ce modified phosphate-permanganate
films appeared to be significantly influenced by the process
duration time. The Ce 3d spectra for MnOCel and MnOCe2
samples were identical, therefore, only the Ce 3d spectra of
MnOCe2 coatings deposited during 1 and 24 h are presented
in Fig. 5. In the Ce 3d spectra three different regions can be
identified. The first one in the binding energy range from 880
to 890 eV corresponds to Ce 3d, ,, the second one for the bind-
ing energies from 890 to 910 eV includes the zone where the Ce
3d,, and Ce 3d, , spectra overlap, and the third one is due to
the emergence of the satellite peak associated with Ce 3d, , at
a binding energy value close to 917 eV. This peak is of a crucial
importance for determination of the oxidation state of cerium
because its presence is only associated with Ce** [12, 24]. Both
samples MnOCel and MnOCe2 possessed the Ce 3d, , peak at
916.3 eV characteristic of Ce** [25], the intensity of which was
not high and at a depth of 20 nm it was not observed even for
the coatings deposited during 1 hour (Fig. 5a). When the depo-
sition time of the Ce modified phosphate—permanganate coat-
ing was prolonged up to 24 hours, the intensity of the Ce*



6 O. Giriené, L. Gudaviciute, A. Selskis, V. Jasulaitiené, A. Martusiené, R. Ramanauskas

" Ce 3d a

Intensity, a.u.

| Ce 3d b

Intensity, a.u.

910 900 890
Binding energy, eV

880

910 900 890 880

Binding energy, eV

Fig. 5. XPS spectra for the Ce 3d region obtained on Mn0OCe2. (e passivation time: (a) 1hand (b) 24 h

peak increased (Fig. 5b). It is also evident that Ce like Mn com-
pounds are located at the top layer of the conversion coating.

In general, according to the XPS measurements, in the top
layer of the conversion coatings the highest concentrations
of the constituent elements exhibited O, P, and Ce (Table 2).
The effect of Ce modification duration influenced the P con-
centrations in the top layer, as it reduces P concentration two-
fold in the samples modified for 24 h, with respect to that in
the samples modified for one hour. Meanwhile, the amount
of Mn depended neither on the modification time nor on
the Ce solution composition. The overall concentrations of Ce
in the modified coatings were close for the samples deposited
from the solutions with and without sulphate ions. However,
the higher amount of Ce, especially at a depth of 20 nm, was
detected for the samples modified for 24 hours. It can be sup-
posed therefore that during the extended modification of
the phosphate—permanganate coating Ce compounds did not
accumulate on the very top, but tend to penetrate into deeper
layers of the coating.

Paying attention to the element, which may be responsible
for the self-healing capability of conversion films, the oxidation
states of Ce for different samples were evaluated. The percent-
age area of Ce'* on the sample surface was calculated from
the equation [16,26,27]:

Ce**% = u%/14 x 100, (3)

where (1 is the satellite area percentage at 916.3 eV with respect
to the total Ce 3d area. The percentage of Ce** to total Ce for

the MnOCel and MnOCe2 samples does not exceed 10%. This
implies that phosphate-permanganate coatings contain Ce
mainly in the form of Ce**. The presence of SO,*" ions in the Ce
conversion film solution does not enhance the formation of Ce
of a higher oxidation state.

Protective ability

The corrosion behaviour of phosphate-permanganate coat-
ings modified with Ce ions was investigated by the linear po-
larization and EIS measurements, which were carried out in
a 0.5 M NaCl solution. The polarization curves of the inves-
tigated samples are shown in Fig. 6. The data obtained have
shown that corrosion potential E__values of all samples with
conversion coatings exhibited more positive E__as compared
to those of CS and FeP (Table 4). The values of the i were
determined from the Tafel line extrapolation and the results
obtained are listed in Table 5. The data obtained indicate that
the presence of permanganate in the phosphating solution re-
duces the resulting coating thickness twofold, but at the same
time decreases the corrosion current densities of the deposited
samples from 3.1-10° A cm™ up to 2.2 - 10° A cm™ As seen
from the presented data, all samples coated with cerium ex-
hibited the lowest values of i, which varied in the range of
0.7-1.1 - 10% A cm™. The protection efficiency P% of samples
was calculated by the equation [12, 13]:

Ph=(° —-i )/

corr corr

x 100, (4)

corr
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Fig. 6. Potentiodynamic polarization curves of the samples
measured in 0.5 M NaCl solution at 25 °C, 0.5 mV's™

where ° and i _denote the corrosion current density of
bare steel and that of the electrode with the conversion coat-
ing, respectively. The calculated values of P% increased from
41.5% for the FeP sample, up to ~79-88% for phosphate—
permanganate samples coated with Cel or Ce2. The highest
P% value was stated for MnOCe2 (Table 4).

Table 4. The electrochemical parameters (corrosion potential E_, corro-
sion current density i, polarization resistance R ) and protection efficiency
(P%) of the investigated samples determined in 0.5 M NaCl solution

Electrochemical parameters

Sample E.. fi P% by Rp, P% by
V(vsAg/AgCl) | Acm™? | Eq.(4) | kQcm? | Eq.(5)
(&) -0.609 53-10°¢ - 0.95 -
FeP —0.588 3.1-10°¢ 41.5 1.65 42.4
Mn0 -0.574 2.2-10°¢ 58.5 291 67.4
MnOCe1 —0.535 1.1-10°¢ 79.2 4.83 80.3
Mn0Ce2 -0.517 6.5-107 87.7 8.39 88.7

Table 5. EIS parameters obtained by fitting the Bode plots (Fig. 7) with
the equivalent circuit R (Q, [R,(R,0,)]) measured in 0.5 M Nal solution;
R=2Qm’

Y | B

5| £¢ = %5 S & =

Sample | a S g <'a ol =
= >>C = > C

(6 - - - 0.95 89.3 0.82

FeP 0.004 73 1 1.64 77.6 0.61

Mn0 0.02 13.2 0.63 2.89 425 0.62

MnOCe1 0.04 10 0.52 478 100.8 0.66

MnOCe2 0.15 25 0.5 8.24 38.2 0.62

obtained were fitted and analysed using the EQUIVCRT
program of Boukamp [21]. To interpret the EIS data,
the R (Q [R,(R,Q,)] equivalent circuit model, that is gen-
erally used to describe corrosion processes, was applied.
The calculated parameters of the equivalent circuit were
used for the simulation of impedance diagrams (Table 5).
The polarization resistance Rp (Rp =R + R + R,) values of
the investigated samples are listed in Table 4. An unmodified
phosphate—permanganate sample possessed ~3 fold, where-
as MnOCel and MnOCel from ~5 to 8 fold higher R values,
respectively, as compared with those of CS.

The protection efficiency P% of coatings was calculated
using the following equation [28]:

P% = (Rp—Rpm)/Rp x 100, (5)

where R and R denote the polarization resistance of bare
steel and that of the electrode with the conversion coating,
respectively. The results obtained imply that the samples with
the Ce2 conversion coating (MnOCe2) demonstrated better
protective properties (P% = 88.7%) in the 0.5 M NaCl solution
(Table 4).

The MnOCel and MnOCe?2 films were supposed to exhibit
better protective abilities with respect to those of the CS, FeP
and phosphate—permanganate samples. It can be stated, there-
fore, that the presence of permanganate in the phosphating
solution and incorporation of Ce into the phosphate-perman-
ganate layer on the steel surface increase the protective ability
of the conversion coating.

E
o
a 2F
N
[}
o
MnOCe1
OF * MnOCe2
1 1 1 1 1 1 1
-2 0 2 4
0
20 }

Phase, deg
A
o

EIS diagrams for the investigated samples exposed to
the 0.5 M NaCl solution for 0.5 h are given in Fig. 7. The data

Fig. 7. Bode plots of EIS spectra after immersion of the samples in 0.5 M
Nadl solution
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Self-healing ability
EIS technique can give important information on the kinet-
ics of evolution of the coating degradation and the corrosion
activity during immersion in the corrosive media. A high
frequency part of the spectrum is usually related to the bar-
rier properties of the coating, while a low frequency segment
reflects the corrosion activity on the metal surface [29, 30].
An evolution of the impedance spectra for the phosphate-
permanganate coating with defect formation after different
periods of immersion in the 0.5 M NaCl solution is presented
in Fig. 8. The artificial scratches were created by a sharp me-
tallic needle. The Bode plot for the investigated sample before
defect formation has two time constants. The resistive plateau
at 10°-10* Hz represents the pore resistance of the coating,
while the time constant at 0.01-1 Hz is related to the corro-
sion activity. The impedance values at 0.01-1 Hz after defect
formation tend to continue the decrease for long immersion
without any signs of recovery (Fig. 8). The decrease in im-
pedance is caused by permanent development of corrosion
processes in the defect zone.

The EIS spectra for the phosphate-permanganate coat-
ing modified with Ce ions (MnOCeland MnOCe2) during
sample immersion in the 0.5 M NaCl solution before and af-
ter defect formation are given in Figs. 9 and 10, respectively.
The Bode plot of the samples shows only two time constants
without any signs of corrosion activity at low frequencies.
Only the pore resistance of the coating decreases continu-
ously. The low frequency impedance has the same value as
before the scratch formation even after 2 hours of immersion
in a chloride solution (Figs. 9 and 10). Thus, this suggests that
the presence of Cel or Ce2 on the phosphate-permanganate
coating can lead to high values of low frequency impedance
due to the healing of the defect.

The results obtained imply that the modification of
the phosphate-permanganate layer with Ce ions provides
an active corrosion protection of the resulting conversion
coating, however, regarding the low concentration of Ce** in
the film and the presence of structural defects in the bound-
ary base metal/coating, the self-healing capacities are not ex-
tremely high.
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CONCLUSIONS ACKNOWLEDGEMENTS

A compact phosphate-permanganate conversion coating
was deposited on the carbon steel surface from the per-
manganate containing a phosphoric acid solution. The pres-
ence of permanganate in the deposition solution reduces
the thickness of the resulting coating twofold (up to 70 to
90 nm), but at the same time increases its protective abil-
ity. The thickness of the phosphate—permanganate coating
modified with Ce varied between 212 and 240 nm and was
slightly higher for the sample deposited from the sulphate
containing solution.

EDS results imply that Fe oxides are one of the princi-
pal constituents of all deposited conversion coatings, while
XPS data imply that Mn and Ce compounds are located in
the top layer of the conversion film. The presence of Mn,0,,
MnO, Mn,0, was identified in this layer, while in cerium-
permanganate conversion coatings Ce is mainly present in
the form of Ce*".

The presence of permanganate in the phosphating solu-
tion and incorporation of Ce into the phosphate-perman-
ganate layer on the steel surface increase the protective abil-
ity of the conversion coating.

EIS measurements were applied to study the self-heal-
ing processes in the conversion coatings. It was stated that
the low frequency impedance has the same value as before
the scratch formation. This suggests that the presence of
Ce in the phosphate-permanganate coating leads to high
values of low frequency impedance due to the healing of
defects. Modification of the phosphate-permanganate
layer with Ce ions provides an active corrosion protection
of the resulting conversion coating, however, regarding
the low concentration of Ce*" in the film and the presence
of structural defects in the boundary base metal/coating,
the self-healing capacities were not extremely high.

This research was supported by the Research Council of Lith-
uania under Grant No. MIP - 029-2013.
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FOSFATINIU-PERMANGANATINIU DANGU,
PRATURTINTU CERIU, AKTYVIOS APSAUGOS NUO
KOROZIJOS GEBA

Santrauka

Darbo tikslas — paruosti fosfatiniy—permanganatiniy konversiniy
dangy, praturtinty cerio jonais, nusodinimo ant anglinio plieno
technologija ir istirti jy apsaugines bei savaiminio uzgijimo po
jbrézimo galimybes. Konversiniy dangy strukttira bei sudétis tirti
SEM ir XPS metodais. Pasyviy sluoksniy apsauginés savybés nu-
statytos atliekant elektrocheminius tyrimus (voltamperometrija,
EIS), savaiminis konversiniy dangy uzgijimas po jbrézimo tirtas
EIS metodu. Cerio plévelés buvo nusodinamos ant fosfatinés—per-
manganatinés konversinés dangos i§ Ce(NO,), tirpalo be ir su
SO,* jonais. Fosfatinés—permanganatinés dangos praturtinimas
Ce yra batinas, kad $ios dangos turéty aktyvios apsaugos nuo ko-
rozijos geba. Nustatyta, jog Zemy dazniy impedanso vertés islieka
nepakitusios po tiriamosios dangos jbrézimo. Esant Ce, dangose
yra stebimos didelés Zemo daznio impedanso vertés, nulemtos
defektuoty viety savaiminio uzgijimo. Sios dangos suteikia angli-
niam plienui korozine apsaugy ir gali bati tyrimy objektu atlie-
kant aplinkai draugi$ky dangy paieskas.



