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This work was aimed at evaluation of the effect of sol-gel coating of bis-
[triethoxysilylpropyl] tetrasulfide (BTESPT) on improved corrosion resistance
of carbon steel samples in a 0.5 M NaCl solution. The samples of carbon steel
and phosphated carbon steel without/with cerium conversion films coated with
BTESPT or BTESPT doped with cerium, as a corrosion inhibitor, were inves-
tigated. The composition and structure of the samples were characterised by
the scanning electron microscope (SEM) and the X-ray photoelectron spec-
troscopy (XPS) techniques, while their corrosion behaviour was investigated
applying voltametric and electrochemical impedance spectroscopy (EIS) mea-
surements. The data obtained have shown that all phosphated carbon steel sam-
ples (without/with cerium conversion films) with the sol-gel coatings exhibited
better protective abilities with respect to those of carbon steel. The results of EIS
measurements revealed that the cerium conversion coatings or the addition of
cerium nitrate, as an inhibiting agent, to BTESPT can certainly help in corrosion
protection of carbon steel substrates. The film of BTESPT doped with Ce is more
protective than that of non-modified ones.
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INTRODUCTION

The application of hybrid organic-inorganic sol-gel
coatings on different substrates has been thoroughly in-

Carbon steel is widely used in industry, however, its suscep- ~ Vestigated in recent years []~ A sol-gel coating can

tibility to corrosion in many environments limits its applica-
tions. For many years, the best known industrial system used to
improve corrosion resistance of metals has been established on
chromate based coatings. These 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 layer [,
E]. However, the chromate conversion coatings contain toxic
and carcinogenic hexavalent chromium, so much research is
directed to replacing it with more environment-friendly alter-
natives, such as phosphate conversion coatings [B], molyb-
date [ﬂ, E], phosphate-permanganate [E, E], rare-earth and
other base materials [].

* Corresponding author. Email: olga.girciene@ftme It

be applied to a metal substrate through various techniques,
such as dip-coating and spin-coating, which are the two
most commonly used coating methods. Besides the resist-
ance to corrosion, the sol-gel coatings can also provide
high oxidation, abrasion, water resistance, and many other
useful properties [@]. The silane coating is a passive or-
ganic coating [E], since it acts essentially as a physical
barrier that hinders the penetration of aggressive species
towards the metallic substrate. However, this behaviour
can be modified through the inclusion of small amounts of
a chemical possessing corrosion inhibiting properties.

The interest for use of the rare-earth compounds has
been growing over the past 20 years. It has been demon-
strated that they promoted protection to a significant
number of metals and alloys, for example, steel, hot deep



184 O. Girciené, L. Gudaviciuté, A. Martusiené, A. Selskis, V. Jasulaitiené, R. Ramanauskas

galvanized steel, tin, aluminium and their alloys, etc. [].
It has been reported that rare-earth ions such as Ce, La, etc.
provide exceptional resistance to localised corrosion through
the formation of insoluble hydroxide/oxide layers [E, @].
A number of studies demonstrate that the cerium-based con-
version coatings, in particular, could be considered as one of
more promising chromate coatings substitutes, as the cerium
compound does not present environmental problems and
the coatings provide an efficient corrosion protection close
to that of chromium [@, @]. The incorporation of inhibi-
tors into the sol-gel matrix is the simplest way of improving
the protective properties against corrosion. Many inorganic
inhibitors such as cerium salts, vanadates, molybdates, per-
manganates and phosphates have, therefore, been combined
with various silane-based coatings in an attempt to substitute
chromate-based pretreatments.

This work was aimed to evaluate the effect of sol-gel
coatings of bis-[triethoxysilylpropyl] tetrasulfide (BTESPT)
on improved corrosion resistance of carbon steel samples in
a 0.5 M NaCl solution. The samples of carbon steel (CS) and
phosphated carbon steel (FeP) without/with cerium conver-
sion films coated with BTESPT (B) or BTESPT doped with
Ce(NO,), (BCe), as a corrosion inhibitor, were investigated.
The composition and structure of samples were character-
ized by the scanning electron microscopy and X-ray photo-
electron spectroscopy techniques, the silane coatings were
assessed for their corrosion behaviour using voltametric
measurements and the electrochemical impedance spectros-
copy (EIS) technique.

EXPERIMENTAL

Materials and sample preparation

Test specimens (10 x 20 x 1 mm) with an area of 4 cm?* were
prepared from carbon steel (CS) of the composition (wt. %):
C 0.21%, Mn 1.2%, Si 0.6%, Cr < 0.3%, Ni < 0.3%, Cu < 0.3%.
P < 0.4%, S < 0.045%. The samples were previously polished
with emery paper up to grade 400, degreased with ethanol and
rinsed with distilled water.

The phosphating solution was used for the formation
of an amorphous phosphate coating (FeP): 0.15 M H,PO,,
0.003 M HZCZO » PH = 4-5, 50°C, 10 min. Cerium conversion
coatings Cel and Ce2 were formed by a 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,S0,, respectively.

The solution for the sol-gel coating B was prepared by dis-
solving 4% (v/v) of BTESPT in a mixture of ethanol (90.5% v/v)
and deionized water (5.5% v/v). The solution for the sol-gel
coating doped with cerium BCe was prepared by dissolving
4% (v/v) of BTESPT in a mixture of ethanol (90.5% v/v) and
an aqueous solution of 0.001 M Ce(NO,), (5.5%, v/v). The so-
lutions were stirred for one hour and stored for 3 days before
being used for the pre-treatment of the investigated samples.
The samples were immersed into the solution B or BCe for 10 s
and cured at 120°C for 40 min [@].

The investigated multilayer coatings systems consisted of
a FeP layer, two types of cerium conversion coatings Cel, Ce2
and, additionally, an outer layer of BTESPT or BTESPT doped
with cerium.

Morphology and composition

The 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 resolu-
tion of 127 eV for Mn Ka, Oxford Instruments) was used for
imaging and energy dispersive analysis. The deposited film
thickness analysis was performed on the produced and vacu-
um Pt coated cross-sections of the samples by the focused ion
beam (FIB) technique.

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
profiles, the samples were etched in a 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.

Electrochemical measurements

The corrosion behaviour of samples was investigated in an aer-
ated 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 potentiostat using
a standard three-electrode system with a Pt counter electrode
and a saturated Ag/AgCl reference electrode. All potentials
are reported versus the saturated Ag/AgCl reference elec-
trode. The corrosion current densities (i ) were determined
from voltammetric measurements by Tafel line extrapola-
tion. A specimen was polarized with a potential scan rate of
0.5 mV s7', from the cathodic to the anodic region. The po-
larization resistance (Rp) values were determined from linear
polarization measurements, which were performed between
+10 mV around E_. after immersion into the solution for 1 h,
with a scan rate of 0.1 mV s™".

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 [@].

Electrochemical experiments were performed at least in
duplicate samples.

RESULTS AND DISCUSSION

Morphology and composition

The sol-gel coating of BTESPT was chosen for steel corrosion
prevention investigations because it forms films with a very
high hydrophobic performance and therefore good potenti-
alities for corrosion protection [E]. One of the main problems
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when applying sol-gel coatings on iron based alloys is the lack
of adherence of the film formed on a substrate that easily oxi-
dizes forming bulky oxides as Fe,O, [E]. Therefore the phos-
phate conversion treatment was applied prior to silane coatings
deposition. Amorphous phosphate coating FeP was formed in
the solution which did not contain any other constituent metal
ions but only the acid phosphates of potassium. A compact
layer of ca. 200 nm in thickness consists of a mixture of iron
phosphate and iron oxide and is generally regarded as being
amorphous, and the detailed studies on this object are present-
edin [E]. However, all the mentioned coatings offer only pas-
sive corrosion protection, therefore, the addition of corrosion

FeP/BCe

inhibitors, with the aim to impart active corrosion protective
properties to the coatings, is of great interest. The role of cor-
rosion inhibitors in these multilayer coating systems was as-
signed to cerium compounds. In order to determine the most
effective application of this inhibitor, the investigated CS and
FeP samples were coated with cerium conversion coatings Cel
or Ce2 and additionally with either a layer of silane (CSCel/B,
CSCe2/B and FePCel/B, FePCe2/B) or a layer of silane doped
with cerium (CS/BCe, FeP/BCe).

SEM images of the surface morphology and cross-sec-
tions of the most representative investigated samples FeP/B,
FeP/BCe, FePCel/B and FePCe2/B are presented in Fig. . All

221.5 nm (cs)

261.8 nm (cs) 429.7 nm (cs

Fig. 1. SEM images of the microstructure (a, ¢, e, g) and the cross-section (b, d, f, h) of FeP/B (a, b), FeP/BCe (¢, d), FePCe1/B (e, f), FePCe2/B (g, h) samples
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the formed BTESPT coatings in the multilayer coating sys-
tems are free of visible defects and cracks (Fig. ma, Geg).
While the phosphate layer thickness is ~200 nm, the over-
all average thickness of the multilayer coatings varied be-
tween 250 and 320 nm. The values of the average thickness
of BTESPT coatings on the FeP surface (without/with Cel
and Ce2 films) did not differ much from each other, as they
were 305 and 316 nm, respectively (Fig. m b, f, h). Mean-
while, the introduction of Ce into the sol-gel coating led to
the reduction of the resulting film thickness up to ~250 nm
(Fig. [ld).

The analysis of the elemental composition of investigated
samples FeP/B, FeP/BCe, FePCel/B and FePCe2/B was per-
formed by EDS measurements, the results of which are listed
in Table 1. The data obtained indicate that the most intensive
signal was observed from the base metal Fe (Table 1), while
another dominant element in the films is O. The fact that
the amount of P both in a pure phosphate film and that one
modified with Ce was close to 1 at.% implies that Fe oxides
are one of the principal constituents of the formed conver-
sion films. The amount of Ce in the multilayer coatings varied
from 0.2 to 2.4 at.% and it was detected to be higher for FeP
samples with conversion coatings of cerium and especially
for FePCe2/B. The amount of Ce in the multilayer coating was
the lowest one (~0.2 at.%) when Ce was doped directly into
the silane sublayer FeP/BCe. Besides, all silane-coated sam-
ples contained ~2.2-3.6 at.% of Si and 2.7 to 5.5 at.% of S.
These elements are the constituent parts of BTESPT.

Table 1. The elemental composition of the FeP samples treated with si-
lane BTESPT (B) and with BTESPT doped with cerium (BCe)

Elements, at.% (by EDS)
Sample -
o | si| P | s | | c
FeP/B 20.1 22 1.0 27 74.0 -
FeP/BCe 20.9 3.6 1.0 44 699 0.2
FePCe1/B 30.8 2.7 0.9 3.2 61.5 0.9
FePCe2/B 40.5 29 0.8 55 47.9 24

The composition and the oxidation state of elements in
the outer part of the sol-gel coating of BCe on CS and FeP
were examined using XPS measurements. O 1s, Fe 2p, , Ce

Table 2. XPS analysis data of the (S and FeP samples treated with BCe

3d, P 2p, Si 2p spectra were recorded after surface sputtering
with Ar* ions for an increasing period of time. The surface
layer composition was determined and the results are listed
in Table 2. In general, according to the XPS measurements,
the top layer (0-20 nm depth) of the samples seems to be
richin C, S, 0 and Si. O 1s spectra of the samples exhibited
a peak at 533.53-534.75 eV, which may be assigned to SiO,,
and Si 2p spectra exhibited a peak at 103.32-104.43 eV also
indicating SiO,. The Ce 3d spectra for the FeP/BCe sample
are presented in Fig. . The peaks for the Ce 3d region in
the binding energy range from 880 to 920 eV were not de-
tected, while the calculated amount of Ce in the coatings
varied from 0.16 to 0.4 at.% (Table 2).

Ce 3d 20 nm
=]
®©
2
= |
&
£ 0 nm
920 910 900 890 880 870
Binding energy, eV

Fig. 2. XPS spectra for the Ce 3d region obtained on the FeP/BCe sample at dif-
ferent sputtering times

Evaluation of corrosion resistance

Potentiodynamic polarization measurements

The corrosion behaviour of CS and FeP samples with multi-
layer coating systems (without/with Cel or Ce2 conversion
coatings and with B or BCe layers) was investigated by linear
polarization measurements, which were carried out in a 0.5 M
NaCl solution. The potentiodynamic polarization curves of
the investigated samples are shown in Figs. E and E The data

Elements, at.%

Sample
Si P S Mo C N 0 Fe Ce

0 nm depth

CS/BCe 15.57 - 18.39 - 41.82 - 2294 1.05 0.24

FeP/BCe 15.58 - 15.15 - 46.12 - 23.00 - 0.16
20 nm depth

CS/BCe 25.81 - 21.74 0.22 16.16 3.22 31.91 1.63 0.31

FeP/BCe 26.02 1.49 20.41 0.22 20.78 4.72 24.89 1.08 0.4
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-0.7 -0.6 -0.5 -0.4 Fig. 3. Potentiodynamic polarization curves of
E,V (vs Ag/AgCl) the CS samples measured in a 0.5 M NaCl solu-
tion at 25°C,0.5mV s~
obtained have shown that the corrosion potential E_of all P%=(, -i )i x100, (1)
samples treated with B and BCe exhibited more positive E_
values as compared to those without silane layers (Fig. E). It where i° and i _denote the corrosion current density

is evident that the samples of FeP with silane layers exhib-
ited ~50-100 mV more positive E__values, with respect to
the samples with a silane layer deposited directly on the CS
surface. The values of i were determined from the Tafel line
extrapolation and the results obtained are listed in Table 3. As
seen from the data, the samples of CS and FeP with conversion
coatings Cel, Ce2 and treated with B exhibited the lowest val-
uesof i, whichvaried in the range of 2.5-107-8.8-10°* A cm™.

The protection efficiency P% of the investigated samples was
calculated by the equation [B, @]

of the elceogtrode Vz){{hout [@] and with B or BCe coatings
(Table 3), respectively. The results obtained imply that all
the investigated samples treated with sol-gel coatings dem-
onstrated better protective properties after 0.5 h exposure
to a 0.5 M NaCl solution. The calculated values of P% in-
creased from 80% up to 95% and the highest P% value was
stated for the FePCe2/B sample (Table 3).

The values of R, of the investigated samples, which were
determined from the linear polarization measurements
+10 mV around E_ , are listed in Table 3. It is evident that

0.5 M NaCl
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| . . . . FePCe2/B
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E, V (vs Ag/AgCl)

Fig. 4. Potentiodynamic polarization curves of
the FeP samples measured in a 0.5 M NaCl solu-
tion at 25°C, 0.5 mV s’
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Table 3. The electrochemical parameters (corrosion potential £

corn

of the investigated samples determined in a 0.5 M NaCl solution

_ corrosion current density j

polarization resistance Rp) and the protection efficiency P%

cor’

Electrochemical parameters

Sample
E_ .V (vsAg/AgCl) i Am? P% R " kQ cm?(=10 mV)
Ccs* -0.609 5310°¢ - 0.95
CS/B -0.503 8.9-107 83 9.2
CS/BCe -0.498 6.3-107 88 10.5
CSCe* -0.556 1.6:10° - 3.31
CSCe1/B -0.531 2.5:107 84 26.3
CSCe2* -0.555 1.7-10° - 2.2
CSCe2/B -0.494 1.9-107 89 27.5
FeP* -0.588 3.1-10°® - 1.65
FeP/B -0.468 6.2:107 80 255
FeP/BCe -0.455 54107 83 40.6
FePCe1* -0.525 1.4-10° - 3.53
FePCe1/B -0.430 23107 84 60.5
FePCe2* -0.524 1.6:10°® - 2.94
FePCe2/B -0.445 8.8:10°® 95 79.5
*0. Gircieng, L. Gudaviciuté et al. [33].
all FeP (without/with Cel, Ce2) samples additionally coated
with B or BCe exhibited up to threefold higher R values, e, a
as compared with those of CS, respectively. The FePCel/B gl PRI,
and FePCe2/B samples exhibited the highest values of R NE ‘\\T:\. ‘\\{\\(
(Table 3). It can be stated, therefore, that the FeP samples o L \\&\t‘\
with the multilayer coatings (FeP/B, FeP/BCe, FePCel/B, C}h * FeP “\-\\ l‘% \
FePCe2/B) exhibited better protective abilities with respect g 2r : IEEIE; gCe \‘}*\\:
to those of the CS samples. o) « FePCel/B .
+ FePCe2/B e
EIS investigation 0
Sol-gel coatings, used as protection against metal corrosion, _'2 ' (') ' é ' ;1,

do not usually improve their protection ability with the in-
crease of contact with the aggressive media time. In fact, de-
pending on the composition and structure of the coating, de-
terioration of the coating may occur, permitting the contact
of electrolyte with the substrate and thus decreasing the pro-
tective effect [@, @]. The EIS technique can give important
information on the kinetics of evolution of the coating deg-
radation and the corrosion activity during its immersion into
the corrosive media.

The EIS diagrams of the samples of FeP with the mul-
tilayer coatings after 0.5 h exposure to a 0.5 M NaCl solu-
tion are presented in Fig. E In general, the EIS spectra of
the FeP/B and FeP/BCe samples and those of the FePCel/B
and FePCe2/B samples show two similar features. Two dif-
ferent electrical circuits were used to fit the experimental
data (Fig. Ea, b). The selected models have been widely used
for the analysis of the impedance spectra of sol-gel coated
metals [Q, E]. The circuit shown in Fig. Ea was used to

Phase, deg

log f, Hz

Fig. 5. Bode plots of EIS spectra after immersion of samplesin a 0.5 M NaCl solu-
tion for 0.5 h
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Fig. 6. Equivalent circuit models used for EIS data fitting

fit the experimental data of the FeP samples coated with B
and BCe, whose impedance magnitude |Z| shows two well-
defined time constants (Fig. E). The region between 10?and
10° Hz provides information on the sol-gel coating pore re-
sistance (R ) and capacitance (C_ ). The low frequency
region provides information on the corrosion process char-
acterized by the charge transfer resistance (R ) and double
layer capacitance (C ). The FeP samples coated with the Cel
and Ce2 conversion coatings and additionally with a B film
show three well-defined time constants (Fig. E). In this case
the third time constant corresponding to the contribution
from the intermediate cerium oxide layer mainly appears at
frequencies lower than 10? Hz. More detailed information
on the cerium oxide layer resistance (R ) and capacitance
(C,) can be extracted from the fitting of the EIS spectra us-
ing the equivalent circuit presented in Fig. Eb.

For fitting the data, all the capacitances in the equiva-
lent circuits had to be replaced by constant phase elements
(CPE) [@] to adapt for nonideal behaviour. CPE instead of
capacitors were actually used in the equivalent circuit mod-
els to account for a dispersive character of the time con-
stants and inhomogeneous properties of the layers. CPE is
marked as Q in the circuit description code (CDC) and it is
defined by the admittance Y and the power index number
n: Y =Y (jw)". The term n shows how far the interface is
from an ideal capacitor.

Applying equivalent circuits to fit the impedance spec-
tra a set of fitting parameters was obtained (Table 4). In
order to study the corrosion behaviour of the investigated
samples impedance spectra were recorded for various im-
mersion times. The EIS diagrams in the Bode format for

the FeP/BCe sample exposed to a 0.5 M NaCl solution for
the periods from 0.5 to 24 h are presented in Fig. ﬁ

The variation in the fitting parameters of FeP/B, FeP/
BCe, FePCel/B and FePCe2/B samples versus the immer-
sion time is listed in Table 4. The results obtained dem-
onstrate that after 0.5 h of immersion into a 0.5 M NaCl
solution the values of R of the investigated FeP/B, FeP/
BCe, FePCel/B, FePCe2/B samples were equal to ~13-
20 kQ cm?, n > 0.5. Here, the sol-gel coating acts mainly
as a physical barrier covering the remaining active areas.
The addition of cerium as a conversion coating (FePCel,
FePCe2) or as an inhibitor to silane (BCe) significantly
improved the charge transfer resistance R , of the samples
(Table 4). FeP/BCe and FePCel/B, FePCe2/B samples pos-
sessed from ~7 to 9-fold higher R | values, respectively, as
compared with those of FeP/B. The FeP samples with Cel
and Ce2 conversion coatings and additionally with silane
(FePCel/B, FePCe2/B) shows the well-defined third time
constant corresponding to the contribution from the inter-
mediate cerium oxide layer (R ,Q, ). The values of R _were
11.4 to 17.1 kQ cm?”

During the prolongation of immersion time up to 24 h
for all the investigated samples R decreases to ~0.1-
0.2 kQ cm’, the coating capacitance Q_  rapidly grows,
the values of # > 0.5. The increase in immersion time leads
to a decrease in the pore resistance of the sol-gel film due to
the formation and growth of new cracks and pores. The in-
crease in Q_ may be attributed to hydrolytic degradation
of the coating and/or additional water uptake from the elec-
trolyte. The capacitance Q_ , of the FeP/BCe sample after
24 h exposure is ~ tenfold lower than that of FeP/B, reveal-
ing a higher resistant barrier for the degradation of silane
doped with cerium coating.

The evolution of the intermediate cerium oxide layer
resistance R _of the FePCel/B and FePCe2/B samples has
shown the highest initial values of R . After 1 h of immer-
sion the values of R reach ~1.0 kQ cm* and are stable over
24 h (Table 4). During the 24 h immersion the Q_param-
eter is not stable and the evolution of Q_ _shows similar ca-
pacitance values of the oxide layers of both samples. The in-
crease in Q__indicates the degradation of the oxide layer
during immersion. The capacitance of the sample FePCe2/B
has higher values after 1 h of immersion and then drops
at a longer immersion time. The factors that can change
the capacitance could be the surface area and thickness of
the cerium oxide layer. The latter fact of Q,_value varia-
tions may be indication of the Ce ion self-healing ability in
the multilayer coating. Moreover, in our previous work [E]
it was shown that both conversion coatings Cel and Ce2
provide an active corrosion protection of carbon steel.

The low frequency part of the impedance spectra can be
used to estimate the extent of corrosion activity. The evo-
lution of the charge transfer resistance R, values is pre-
sented in Table 4. With increase in the immersion time R ,
values of all the investigated samples show a tendency to
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Table 4. EIS data simulation for the FeP/B, FeP/BCe, FePCe1/B, FePCe2/B samples using equivalent circuits shown in Fig. 7

e | Rewkta | 0 0 | A kea | WECE | ne) | R | R0 )
FeP/B
0.5 19.54 2.8 0.58 - - - 573 0.01 0.99
1 0.37 14.5 0.59 - - - 5.7 6.1 0.99
5 0.16 58.1 0.61 - - - 237 14.3 0.99
24 0.16 140.1 0.64 - - - 2.1 321 0.99
FeP/BCe
0.5 15.0 1.5 0.56 - - - 38.8 34 0.57
1 6.12 1.9 0.55 - - - 345 5.0 0.63
5 0.56 6.4 0.54 - - - 9.6 9.8 0.61
24 0.11 155 0.61 - - - 3.83 42.0 0.66
FePCe1/B
0.5 13.7 0.8 0.57 114 0.8 0.99 394 3.5 0.99
1 4.73 6.8 0.55 1.06 0.05 0.99 11.74 0.25 0.99
5 0.35 55.7 0.53 1.1 33 0.99 77 6.84 0.99
24 0.17 92.2 0.53 0.58 221 0.99 4.95 70.2 0.99
FePCe2/B
0.5 12.85 0.04 0.80 17.08 0.3 0.99 49.6 55 0.99
1 7.98 5.7 0.67 0.8 19.8 0.99 9.87 0.02 0.99
5 0.52 25.6 0.56 0.81 0.08 0.99 4.98 2.1 0.99
24 0.19 41.0 0.57 0.66 6.8 0.99 4.36 17.4 0.99
decrease without any signs of recovery. Such changes may
FeP/BCe indicate that the electrolyte reached the steel substrate. Af-
s ter 24 h of exposure FeP/B has reached the lowest value of
5 R, =2.1kQ cm?, while R , of the FeP/BCe sample was ~two-
G fold higher. The FePCel/B and FePCe2/B samples exhibited
'; 3L the highest R , values equal to 4.95 and 4.36 kQ cm’, respec-
ke} tively. The results obtained imply that after 24 h of exposure
the R, values of FePCel/B, FePCe2/B and FeP/BCe samples
2| approximated the R | values of FePCel and FePCe2 samples
without sol-gel coating [@].
The cerium conversion coatings and the addition of ce-
rium nitrate to silane as an inhibiting agent can certainly
-10 | help in corrosion protection of carbon steel substrates.
o The addition of cerium to silane modifies the barrier effect
3 20t of the coating.
?
g 30 L CONCLUSIONS
_ao L The investigated multilayer coatings systems on the carbon
steel consisted of an amorphous phosphate layer without/
_50 . . . . w.it.h two types of cerium conYersion c.oatings and an ad-
2 0 ) 4 ditional outer layer of bis-[triethoxysilylpropyl] tetrasul-
log f, Hz fide (BTESPT) silane, or BTESPT doped with cerium films.

Fig. 7. Bode plots of EIS spectra during immersion of the FeP/BCe sample in
a0.5 M Nadl solution for 24 h

The surface morphology and cross-section studies, which
were conducted by SEM, revealed that BTESPT films are
free of visible defects and cracks. The values of average
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thickness of the sol-gel coating on the phosphated carbon
steel surfaces without/with cerium coatings did not dif-
fer much from each other, as they were 305 and 316 nm,
respectively. Meanwhile, the introduction of cerium into
the silane coating has caused the reduction in the resulting
film thickness up to ~250 nm.

The obtained results of potentiodynamic polariza-
tion measurements have revealed that the BTESPT film
increased the protection efficiency of all the investigated
samples after 0.5 h immersion into a 0.5 M NaCl solution.
The calculated values of protection efficiency increased
from 80 to 95%. Besides, the phosphated carbon steel sam-
ples with the multilayer coatings exhibit better protective
abilities with respect to those of the carbon steel samples.

The sol-gel BTESPT coating acts mainly as a physical
barrier covering the remaining active areas. The increase of
the immersion time leads to the decrease of the pore resist-
ance of the sol-gel film due to formation and growth of new
cracks and pores.

The results of EIS measurements performed during 24 h
of immersion of the phosphated carbon steel samples into
a 0.5 M NaCl solution revealed that the film of BTESPT doped
with Ce was more protective than that of the non-modified
one. The cerium conversion coatings or the addition of ce-
rium nitrate to BTESPT as an inhibiting agent can certainly
help in corrosion protection of carbon steel substrates.
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BIS-[TRIETOKSISILILPROPIL] TETRASULFIDO
SILANO DANGU ITAKOS ANGLINIO PLIENO
APSAUGAI NUO KOROZIJOS TYRIMAS

Santrauka

Darbo tikslas - istirti zolio-gelio bis-[triethoxysilylpropyl] tetrasul-
fide (BTESPT) dangos jtaka anglinio plieno koroziniam atsparumui
0,5 M NaCl tirpale. Istirti anglinio plieno ir fosfatuoto anglinio plie-
no (be/su cerio konversinémis dangomis) bei papildomai padengti
sluoksniu BTESPT ar BTESPT, praturtinto cerio druska, pavyzdziai.
Pasirinkty pavyzdziy cheminé sudétis bei struktira tirti SEM ir
XPS metodais, o koroziné elgsena nustatyta atliekant elektrochemi-
nius tyrimus (voltamperometrijos ir EIS). Gauti tyrimy duomenys
parodé, kad geresnémis antikorozinémis savybémis pasizymi fosfa-
tuoto plieno su cerio konversinémis dangomis ir zolio-gelio sluoks-
niu bei fosfatuoto plieno, kuris padengtas BTESPT, praturtinto cerio
sluoksniu, pavyzdziai. Nustatyta, kad cerio konversinés dangos ir
sluoksnis BTESPT, praturtintas cerio nitratu, kuris yra korozijos in-
hibitorius, padidina anglinio plieno apsauga nuo korozijos.



