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Active corrosion protection of metals implies not only mechanical covering of the pro-
tected surface with a dense barrier coating, but also provides self-healing properties, which
allow durable protection even after partial damage of the coating. The aim of the present
study was to develop the deposition process of a chrome-free conversion coating on car-
bon steel and to study its self-healing capacities. The amorphous phosphate coating on
carbon steel was chosen as the base for deposition of the cerium oxide films. The SEM,
XRD and XPS techniques were applied for the structural, phase and composition char-
acterization of the investigated coatings, voltametric measurements were carried out to
determine the passive layer protective ability, while EIS studies yielded information on
the self-healing properties of different protective systems affected by introduced artificial
defects. The carbon steel and the phosphated carbon steel surfaces were modified with Ce
ions by deposition of Ce films from the Ce(NO,), solution without and with SO,*" ions.
The presence of the SO,> ions in the conversion solution resulted in formation of the film,
containing a larger amount of Ce, with respect to the pure Ce(NO,), solution and a higher
amount of Ce** in the film. However, a low conversion films thickness and the presence of
cracks yielded a lower level of steel corrosion protection. The increase of the low frequency
impedance during immersion of the samples with a cerium film can be correlated to the
active corrosion protection originating the self-healing of defects.
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INTRODUCTION

non-chromate coatings, such as phosphate [B], molybdate
[E] and other based materials [E, E], have been studied.

Carbon steel is widely used in industry; however, its suscep-
tibility to corrosion in many environments limits its appli-
cations. Therefore a wide variety of coating processes have
been developed in the past to achieve coatings with desirable
properties to meet certain surface requirements. For years,
chromating has been applied to produce corrosion resistant
conversion layers onto different substrates. Chromate chemi-
cal conversion films have high corrosion and wear resistance
due to self-healing capacity of the film resulting from the dis-
solution (oxidation capacities) of Cr(VI) ions. Unfortunately,
chromate compounds are remarkably toxic and carcinogenic
and dissolved Cr(VI) ions have an environmental impact on
humans; consequently, alternative surface treatment tech-
nologies are required.

The replacement of chromate conversion layers by a new
generation of conversion coatings called “environmentally
friendly” has been strongly stimulated in the last years and
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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 de-
fect, where they are reduced to form a new protection lay-
er [@]. Self-healing is defined as the ability of material or
surface to automatically heal or repair damages. Rare earth
metal ions, such as cerium, lanthanum, and yttrium, have
been recognized as an effective corrosion inhibitor for some
aluminum alloys in a chloride-containing solution [D]. In
a series of studies on the use of cerium ion in protective coat-
ings, Hinton and Wilson [E] reported that the cerium ion,
which acts as an inhibitor in solution, was as effective as the
chromium ion. 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 of the defect
site [B]. The study of cerium based conversion coatings on
galvanized steel have shown the influence of anions, such as
Cl, NO,, SO,*, CH,CO0, in a coating deposition solution
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on the corrosion behavior of the formed film [E]. The
results of the electrochemical measurement and the salt
spray test indicate that the corrosion behavior was greatly
improved by the addition of SO, to the coating solution.
It was supposed that the presence of SO,* in the solution
forms a complex between Ce’* and SO ", which causes the
incorporation of SO,* into the cerium conversion coatings
[@]. At the same time the lack of data on the protective
abilities of cerium based conversion coatings on the steel
surface can be stated.

The aim of the present study was to develop the deposi-
tion process of a chrome-free conversion coating on carbon
steel and to study its 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 following sam-
ples for comparison of their corrosion behaviour were inves-
tigated: polished carbon steel (CS), carbon steel coated with
amorphous Fe phosphate (FeP) and CS and FeP with cerium
conversion coatings (Cel and Ce2).

The phospating solution was used for amorphous FeP
coating formation: 0.15 M H3PO4, 0.003 M H2C204, 0.001 M
Na,MoO,, pH = 4-5,50 °C, 10 min.

Cel and Ce2 conversion coatings were formed by sim-
ple immersion of the CS and FeP 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
ambient temperature with an Autolab PGSTAT302 potentio-
stat using a standard three-electrode system with a Pt count-
er electrode and a saturated Ag/AgCl reference electrode. All
potentials are reported versus the saturated Ag/AgCl refer-
ence electrode. The corrosion current densities (i _) were de-
termined by Tafel line extrapolation. One specimen was used
for a measurement, with the potential scan rate of 0.5 mV s,
from the cathodic to anodic region.

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

Morphology and composition
The phase composition and crystallinity of the phosphate coat-
ings were determined by X-ray diffraction (XRD) measure-

ments, which were performed with a diffractometer D8 Ad-
vance (Bruker AXS) equipped with the Gébel mirror (primary
beam monochromator) for Cu radiation (A = 0.154183 nm).
The step-scan mode was used in the 20 ranges from 5° to 50°
with a step-length of 0.04° and a counting time of 5 s per step.

A microstructure and elemental composition of speci-
mens were studied by a scanning electron microscope (SEM).
A Helios NanoLab 650 dual beam workstation (FEI) with an
X-Max 20 mm? energy dispersive detector (energy resolution
of 127 eV for Mn K , Oxford Instruments) was used for im-
aging and energy dispersive analysis. The element mappings
were carried out under the following measurement condi-
tions: accelerating voltage, 8 kV, beam current, 3.2 nA, map-
ping resolution, 512 x 352 pixels. X-ray line K _(Si) was used
for the characterization of element distribution on the sample
surface. The deposited film thickness analysis was performed
on by the focused ion beam (FIB) technique produced and
vacuum Pt coated cross-sections of samples.

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 eV). 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 uA cm™were used.

RESULTS AND DISCUSSION

Phosphate conversion coating

Active corrosion protection of metals implies not only me-
chanical covering of the protected surface with a dense bar-
rier coating, but also provides self-healing properties, which
allow durable protection even after partial damage of the
coating. These properties can be achieved by introducing
of specific corrosion inhibitors into the coating system. The
phosphate coating FeP on the steel surface was chosen as the
base for the active corrosion protection film.

The FeP coating was formed in the solution which did not
contain any other coating constituting metal ions but only
the acid phosphates of potassium. This coating consists of
a mixture of iron phosphate and iron oxide and is generally
regarded as being amorphous. According to Machu [@] the
reaction proceeds in the three stages:

Fe + NaH,PO, + 2H,0 + 0, — 2Fe(H,P0 ), + 4NaOH, (1)

2Fe(H,PO,), + 2NaOH + 0 — 2Fe(PO,), + 2NaH PO, (2)

2Fe(H,PO,), + 6NaOH + O —
2Fe(OH), + 2NaH PO, + 2Na HPO, + H,0. (3)

Finally, ferric hydroxide decomposes into an insoluble
ferric oxide:

2Fe(OH), — Fe,0, + 3H,0. (4)
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All the insoluble products go into the coating and the so-
lutions operate sludge-free.

According to XRD measurements the CS sample covered
with the FeP exhibited only peaks corresponding to Fe, which
confirms the amorphous structure of the coating (Fig. E]).
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Fig. 1. XRD patterns of phosphated carbon steel (FeP)

Cerium conversion coatings

Specific corrosion inhibitors which were introduced into
the FeP coating system were Ce ions. When the metallic sub-
strates are immersed into the conversion bath (pH ~5.5),
the dissolution of the outer oxide layers is taking place [E].
This leads to the formation of cathodic activity and produc-
tion of hydroxyl ions. Thus, Ce’* precipitates as hydroxides:

Ce* + 30H — Ce(OH) 1. (5)

With increasing treatment time the cerium conversion
film became richer in Ce(IV) species [E]. This evolution
shows that hydroxides are converted into oxides, or that
oxides precipitate preferentially. The conversion of Ce(OH),
into CeO, has been mentioned in literature [@ The pres-
ence of Ce IV) could be due to the dismutation solid state

reaction [ E E]
Ce(OH), — Ce0,+ H,0 + %2 H,. (6)

Figure E shows an alteration of CS and FeP samples po-
tentials during the immersion in the 0.05 M Ce(NO,), (Cel)
and 0.05 M Ce(NO,), +0.025 M Na SO, (Ce2) solutions. The
most rapid E evolution for CS occurred within ~20-30 min,
while further potential evolution was slower and did not
change significantly. The values of the stable CS potential
plateau were achieved after ~1 h.

In the case of FeP samples Ce-based passivation took
a longer period of time and the equilibrium state in the
system was obtained after more than 1 hour (Fig. E). More
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T 3 - FePCet1
i 4 — FePCe2
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Fig. 2. Alteration of CS (7, 2) and FeP (3, 4) potentials in time during immer-
sion in solutions: 7, 3 — 0.05 M Ce(NO,),, 2, 4 - 0.05 M Ce(NO,), + 0.025 M
Na.S0,, 25°C

7

reproducible data were obtained when Ce based passivation
continued for 24 h.

Composition and morphology

SEM images of the surface morphology and cross sections of
conversion Ce coatings formed on CS (FeCel, FeCe2) and on
FeP (FePCel, FePCe2) are presented in Figs. E and@ The sur-
face of FeCe samples (Fig. Ea, ) reflects the morphology of
the base steel surface with the random located crystallite ag-
gregates, which can be supposed to be precipitated Ce oxide
compounds according to Egs. (5) and (§). The SEM images
of cross-sections of these samples (Fig. Eb, d) indicate a dual
structure of the conversion FeCe films, while those of FeCe2
formed in the sulphate containing a solution (Fig. Ed ) were
thinner (~200 nm), with respect to the FeCel film (Fig. Eb
formed in a pure Ce(NO,), solution (~300 nm). The surface
of FePCe samples exhibited the presence of structural defects
like cracks and pores (Fig. Ha, ¢), which are characteristic of
phosphate coatings, while the thickness of the modified films
was close to 1 um (Fig. Hb, d), which is typical of such films,
and which implies the interaction of FeP with Ce ions on the
outside of the film and Ce compounds located on the top of
the film.

The analysis of elemental composition of the investigated
conversion films was performed by EDS measurements, the
results of which are listed in Table [l and indicate that all con-
version layers were thin enough, as the most intensive signal
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219.4 nm (cs)
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Fig. 3. SEM images of CS treated with (, b) 0.05 M Ce(NO,), (FeCe1) and (¢, ) 0.05 M Ce(NO,), +0.025 M Na,SO, (FeCe2) for 24 h

428.7 nm (cs)
263.6 nm (cs

Fig. 4. SEM images of FeP treated with (a, b) 0.05 M Ce(NO,), (FePCe1) and (c, d) 0.05 M Ce(NO,), +0.025 M Na,S0, (FePCe2) for 24 h
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was observed from the base Fe metal. The next dominant el-
ement constituting films is O, and the fact that the amount
of P both in a pure phosphate film and a modified one with
Ce was close to 1 at.% implies that Fe oxides are one of the
principal constituents of the formed conversion films. The
amount of Ce in the coatings varied from 1 to 2 at.% and was
detected to be slightly higher for the samples formed in the
solution containing sulphate ions. Besides, the film formed in
the solution containing sulphate ions additionally contained
~2 at.% of S (FeCe2, FePCe2).

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

Sample Elements, at.% (by EDS)
o | P | r | @ | s
(&) 7.9 - 92.1 - -
FeP 19.8 0.9 79.3 - -
FeCel 28.4 - 70.2 1.4 -
FeCe2 39.2 - 56.4 23 2.1
FePCel 36.7 1.4 60.8 1.1 -
FePCe2 39.0 1.2 56.2 1.7 1.9

The composition and the oxidation state of Ce on the CS
and FeP surface were examined using XPS measurements (Ta-
ble E). It is worthy of note that the Ce 3d spectra of CS and FeP
samples coated with cerium are identical. The Ce 3d spectra of
FeP with Cel and Ce2 coatings are presented in Fig. E In the
Ce 3d region three different zones are observed. The first cor-
responds to the peaks that appear in the binding energy range
from 880 to 890 eV due to Ce 3d, ,, the second includes the
zone where the Ce 3d,, and Ce 3d,, spectra overlap for the
binding energies from 890 to 910 eV, and the third one is due to
the emergence of the satellite peak associated with Ce 3d, , at

an energy of 917 V. This peak is of crucial importance for de-
termination of the oxidation state of cerium because its pres-
ence is only associated with Ce** [@, @] . The Ce 3d spectra for
all the investigated samples were similar to each other (Fig. E),
and there was a peak at 916.3 eV characteristic of Ce** [E].

Table 2. XPS analysis data of the investigated samples (10 nm depth)

Sample
Fe | 0 | P | e | N [ s
FeCel 67 631 - 202 10 -
FeCe2 38 538 - 350 16 58
FePCel 75 596 16 284 29 -
FePCe2 31 527 11 362 27 42

Paying attention to the element, which may be responsible
for the self-healing capability of conversion films, the oxidation
states of Ce were analysed. The percentage area of Ce*" on the
sample surface was calculated from the equation []:

Ce*% = p%/14 x 100, ?)

where p is the satellite area percentage at 916.3 eV with re-
spect to the total Ce 3d area. Table E shows the quantity of Ce**
% at 5 nm and 10 nm depths. The percentage of Ce** to total
Ce for the FeCel and FePCel samples was 22.1% and 27.2%,
respectively, while for the FeCe2 and FePCe2 samples it was
equal to 49.1% and 39.5%, respectively, at a depth of 10 nm
(Table E). It implies that the presence of SO,* ions in the Ce
conversion film solution enhances the formation of Ce of
a higher oxidation state. Meanwhile, the Ce** and Ce** com-
pounds were identified in all the investigated cerium films on
CS and FeP, but the amount of Ce** was higher in the FeCe2
and FePCe2 samples.

B FePCe1 a —

Intensity, a.u.

0nm

FePCe2 b

920 900

Binding energy, eV

880 920

Binding energy, eV

Fig. 5. XPS spectra for the Ce3d
region obtained on FePCe1 (a) and
FePCe2 (b)

900 880
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Table 3. The area percentage of Ce** at different depths calculated from
XPS data

Depth, Ce** concentration, %
nm FeCel FeCe2 FePCel FePCe2
5 22.8 413 19.6 43.5
10 22.1 49.1 27.2 395
Self-healing ability

The impedance spectra can be used to provide adequate
modelling of the physicochemical processes on the coated
substrate during corrosion tests, besides, EIS can effectively
be employed as a routine method to study self-healing prop-
erties of different protective systems affected by introduced
artificial defects [@, @]. An evolution of the EIS spectra for
the FeCel sample in a 0.5 M NaCl solution is presented in
Fig. E The Bode plot for FeCel before defect formation has

two well-defined time constants. A resistive plateau at 10*-
10* Hz represents the resistance of the solution and the pore
resistance of this coating, while the time constant at the lowest
frequencies (0.01-1 Hz) is related to the corrosion activity. A
fast drop in impedance at low frequencies occurs when an ar-
tificial defect is created in the Cel coating. Artificial scratches
were made by a sharp metallic needle. This drop is related to
the breakdown of the oxide film when the corrosion process
began on the naked metal surface. However, after 1 h period
of time the impedance starts rising again towards the initial
values (Fig. B). The increase in low frequency impedance can
be related to the partial recovery of the oxide film and sup-
pression of the corrosion activity in the defect [@, @].

Bode plots for the Cel conversion coating on FeP dur-
ing the immersion in 0.5 M NaCl before and after defect
formation are given in Fig. ﬂ A drop in impedance at low
frequencies occurs when an artificial defect is made in the
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coating. After 1 h the impedance at low frequencies starts
rising again towards the initial values, while the impedance
of high frequencies after defect formation tends to continue
the decrease for long immersion. The low frequency imped-
ance value is the same as that before the scratch formation
after 2-3 h of immersion in the chloride solution.

The increase of the low frequency impedance suggests
that both the FeCel and FePCel conversion films provide ac-
tive corrosion protection.

Protective ability

The corrosion behaviour of CS and FeP samples with Cel
and Ce2 coatings was investigated by the linear polarization
and EIS measurements, which were carried out in a 0.5 M
NaCl solution. The data obtained have shown that corrosion
potential E__values of all samples with conversion coatings
exhibited more positive potentials as compared to those of
bare steel (Table @). The FeCel and FeCe2 samples exhibited
~50 mV, while FePCel and FePCe2 ~80 mV exhibited more
positive potentials as compared to that of CS.

Table 4. The electrochemical parameters (corrosion current density i,

corrosion potential £, polarization resistance Rp) and protection efficiency
P% of the investigated samples determined in a 0.5 M NaCl solution

Electrochemical parameters

2 e 2 E 2

Sample | £33 S & b &
> S | 5| £ | &

w® = Ec. « g

(&) -0.609 5.3-10° - 0.95 -
FeCel -0.556 1.6-10° 69.8 3.31 725
FeCe2 -0.555 1.7-10° 67.9 2.20 56.8
FeP -0.588 3.1-10° 41.5 1.65 424
FePCel -0.525 1.4-10° 73.6 3.53 73.1
FePCe2 -0.524 1.6-10° 69.8 2.94 67.8

The polarization curves of the investigated samples are
shown in Fig. B The values of the i | were determined from
polarization measurements and the results obtained are
listed in Table @ As seen from the data, all samples coated
with cerium exhibited the lowest values of i, which varied
in a narrow range of 1.4-1.7 - 10°® A cm™ The protection
efficiency P% of samples was calculated by the Equation

(19,

P%=(i° -i )i

corr corr

o X 100, (8)
where i° and i _denote the corrosion current density
of bare steel and that of the electrode with the conversion
coating, respectively. The calculated values of P% increased
from 41.5% for FeP sample up to ~70-74% for all samples
coated with Cel or Ce2. The highest P% values reached 73%

1E-3
0.5 M NaCl
. FeCe2
1E-4
v 1E-5 F
£ FePCe1
<
-~ 1E-6 |
=
1E-7 F FePCe2
CS :
FeCe1
1E-8 1 1 1 1 1 1
-0.7 -0.6 -0.5
E, V (vs Ag/AgCl)

Fig. 8. Potentiodynamic polarization curves of the samples measured in a 0.5 M
NaCl solution at 25 °C, 0.5 mV s~

and were stated for FeCel and FePCel coatings (Table @).
Therefore, it can be stated that the Cel conversion film
formed in the solution free from sulphate ions increased the
corrosion resistance of CS and FeP to a greater extent than
Ce2 films formed in the sulphate containing solution.

EIS diagrams for the investigated samples exposed
to a 0.5 M NaCl solution for 0.5 h are given in Figs. E and
. The data obtained were fitted and analysed using the
EQUIVCRT program of Boukamp [ﬂ]. To interpret the EIS
data, the R (Q [R,(R,Q,)] equivalent circuit model, that is
generally used to describe corrosion processes, was applied.
The calculated parameters of equivalent circuit were used for
the simulation of impedance diagrams (Table E). The polari-
zation resistance (R = R + R + R,) values of the investigated
samples are listed in Table H FeP sample possessed ~1.5 fold,
whereas FeCel and FePCel had ~3.5 fold higher Rp values,
respectively, as compared with those of CS.

The protection efficiency P% of coatings was calculated
using the following Equation [ﬂ]:

P%=(R-R /R x 100, 9)

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 Cel conversion coating (FeCel and FePCel) demonstrat-
ed better protective properties (P% = 73%) in a 0.5 M NaCl
solution (Table H).

The FeCe2 and FePCe2 films were supposed to exhibit
better protective abilities with respect to the FeCel and
FePCel samples, because a higher amount of less soluble
Ce (IV) compounds according to XPS measurements was
detected for these samples. However, a low conversion films
thickness and the presence of cracks in the samples (Figs. H
and E) yielded a lower level of steel corrosion protection.
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Fig. 10. Bode plots of EIS spectra after immersion of FeP samples without/with cerium films into a 0.5 M NaCl solution

Table 5. EIS parameters obtained by fitting the Bode plots (Figs. 9 and 10)
with equivalent circuit R (Q, [R,(R.Q,)]) for the investigated samples

% %
~ ~ g ot g
Elslalgs|ile| s
Sample w 4 w =
P c?. q~ o [ E_ o [
< (3 < < =
] o
e NG
(& 2 - - - 095 893 0.82
FeCel 6 81 659 069 323 474 0.79
FeCe2 6 14 441 0.71 218 75.1 0.76
FeP 2 4 7.3 099 164 776 0.61
FePCe1 5 81 682 068 345 498 0.80
FePCe2 2 52 255 050 288 724 0.60

CONCLUSIONS

Carbon steel and the phosphated carbon steel surfaces
were modified with Ce ions by deposition of Ce films from
the Ce(NO,), solution without and with SO,* ions. The
presence of the SO’ ions in the solution resulted in for-
mation of the film, containing a larger amount of Ce and
a higher amount of Ce(IV) in the conversion film. However,
a low conversion films thickness and the presence of cracks
yielded a lower level of steel corrosion protection.

EIS was applied to study the self-healing processes in
protective coatings on carbon steel substrates. The increase
of the low frequency impedance during immersion of the
sample with a cerium film in a 0.5 M NaCl solution can be
correlated to the active corrosion protection originating the
self-healing of defects.
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CERIO OKSIDO SLUOKSNIU, NUSODINTU ANT
ANGLINIO PLIENO, SAVAIMINIO UZGIJIMO GEBA

Santrauka

Metaly aktyvi koroziné apsauga reiskia ne tik mechaninj pavir-
$iaus padengima, bet ir nusodintos dangos savaiminj uZzgijima
po jos pazeidimo (jbrézimo). Darbo tikslas - istirti ir parinkti
bechromes konversines dangas ant anglinio plieno, pasizymincias
savaiminiu uzgijimu po jy pazeidimo. Konversiniy dangy struk-
tara, fazés bei cheminé sudétis tirti SEM, XRD ir XPS metodais.
Pasyviy sluoksniy apsauginés savybés nustatytos atliekant elek-
trocheminius tyrimus (voltamperometrija, EIS), savaiminis che-
minés dangos uzgijimas po jbrézimo tirtas EIS metodu. Anglinio
plieno ir fosfatuoto anglinio plieno pavirsiai buvo modifikuoti Ce
jonais nusodinant konversines dangas i§ Ce(NO,), tirpaly. Tyri-
mai parode, kad kai tirpale yra SO, jony, gauta danga yra plo-
nesn¢, joje daugiau cerio ir mazai tirpiy Ce(IV) junginiy, taciau
sutrakingjusi ir todél nepasizymi gera antikorozine apsauga. EIS
tyrimai parodé, kad ilgéjant tiriamyjy pavyzdziy iSlaikymo 0,5 M
NaCl tirpale laikui yra stebimas Zemy daZzniy impedanso veriy
padidéjimas, kurj lemia dangos aktyvi koroziné apsauga, t. y. sa-
vaiminis defektuoty viety uZgijimas.



