metals

Article

Corrosion of Metals Modified with Formulations Based
on Organosilanes

Maxim Petrunin *

check for
updates

Citation: Petrunin, M.; Yurasova, T.;
Rybkina, A.; Maksaeva, L. Corrosion
of Metals Modified with
Formulations Based on
Organosilanes. Metals 2023, 13, 721.
https://doi.org/10.3390/
met13040721

Academic Editor: Shidong Wang

Received: 28 February 2023
Revised: 3 April 2023
Accepted: 4 April 2023
Published: 6 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Tatyana Yurasova, Alevtina Rybkina

and Liudmila Maksaeva

Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences,
Moscow 119071, Russia; Imaksaeva@mail.ru (L.M.)
* Correspondence: mmvp@bk.ru

Abstract: Methods for preliminary modification of the surface of structural metals with formulations
based on organosilanes, including both solutions of individual organosilanes and two-component
mixtures consisting of two organosilanes or an organosilane with an organic corrosion inhibitor, have
been developed. As a result of this modification, a self-assembling siloxane polymeric/oligomeric
nanoscale layer is formed on the metal surface. Such layers are capable of changing the physico-
chemical properties of the metal surface, in particular reducing the susceptibility of the metal to
corrosive destruction. In this work, the mechanism of formation of organosilicon nanolayers and
their effect on the electrochemical and corrosion behavior of metals have been studied in detail
by a set of electrochemical methods, while laboratory studies and accelerated corrosion tests of
carbon steel and zinc, modified with formulations based on organosilanes, have been carried out.
The greatest inhibitory effect is demonstrated by two-component modifying formulations, namely
mixtures of vinyl with aminosilane and vinylsilane with benzotriazole. The mechanism of corrosion
inhibition by surface nanolayers formed upon surface modification with two-component mixtures
has been considered.

Keywords: metal corrosion; organosilanes; surface modification; self-assembled siloxane layers;
corrosion inhibition full-scale natural corrosion tests; electrochemical impedance spectroscopy

1. Introduction

Despite significant progress in the development of new materials, metals used by
humankind for centuries still remain the main structural materials in various fields of
industry. However, despite all their advantages, metals have a significant drawback: they
are degraded by the environment, i.e., they are subject to corrosion. That is why, throughout
human history, in parallel with the development of new methods for manufacturing a wide
range of items made of structural metals, significant efforts at elaborating ways to reduce
corrosion losses were undertaken. Corrosion protection is one of the oldest scientific and
technical problems. Numerous textbooks, scientific collections and scientific periodicals
published in various countries deal with metal corrosion and ways to prevent it. However,
despite the intense studies, no versatile methods have been suggested so far to prevent
or significantly reduce the corrosion losses of metals, and corrosion remains one of the
most serious problems confronting modern industry. Currently, the problem of reducing
corrosion losses of metal structures is becoming more and more acute in industrially
advanced countries, since the annual costs of corrosion protection in developed countries
amount to huge sums of billions of dollars [1-4]. Corrosion can cause direct and indirect
costs that can reach up to 6% of a country’s gross domestic product [5]. In addition to
direct and indirect costs, huge amounts of metals are irreparably lost due to corrosion.
According to the estimates of the US National Bureau of Standards, in the 1980s in the
United States about 40% of the metal produced annually was spent on the replenishment
of corrosion losses. Such huge losses can be reduced, since it is believed [2] that the use
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of advanced anticorrosion technologies and approaches (for example, the use of modern
insulation coatings) can reduce corrosion costs and metal losses by ca. 20-25%. In addition,
environmental safety issues of various industries have become of paramount importance
in recent decades [6]. The relationship between the problems of corrosion safety and
environmental safety is obvious since the failure of metal structures is often accompanied
by severe ecological consequences; for example, ingress of petroleum products or chemicals
into the natural environment when the integrity and impermeability of product pipelines
are lost or explosions occur during accidents on oil and gas pipelines. One of the ways
to improve environmental safety is to reduce the pollution of the environment with toxic
metals, since in recent years metal corrosion has been considered one of the ways of
dispersing metals into the environment where they can adversely affect ecological systems.
Along with mercury, cadmium and lead, which are toxic to living organisms, ecological
concern regarding metals such as copper, zinc and aluminum has also increased [7,8].
In this regard, despite the long-term interest of researchers, the development of ways to
prevent and reduce corrosion is a very urgent scientific and technical problem, both from
the economic and environmental points of view.

Polymer and paint coatings have been successfully used for many years as one of the
most efficient means to reduce corrosion hazards during the operation of metal structures
and buildings under various conditions [9]. Usually, chemical pretreatment of the metal
surface is performed to increase corrosion resistance and improve coating-metal adhesion.
Typically, solutions of hexavalent chromium compounds are used as pretreatment com-
pounds that form conversion coatings consisting of chromate-containing coating layers
on the metal surface. Chromate layers efficiently protect the metal from corrosion and
provide the coating with high adhesion; however, hexavalent chromium compounds are
toxic, and in particular, they have a carcinogenic effect. The use of chromate coatings is
prohibited in the EU, but many countries still use technologies that involve chromates.
In recent decades, the efforts of researchers have been aimed at replacing chromate tech-
nologies [10-14]. However, the suggested replacement methods are either less efficient or
do not comply with the modern principles of environmental safety. Thus, no methods of
surface pretreatment alternative to chromates that would provide adequate anticorrosive
and adhesive characteristics have been suggested so far.

One of the promising ways to increase interphase interaction at the metal-polymer
interface is to create an additional intermediate layer on the substrate surface before the
latter contacts an adhesive [15]. Compounds capable of forming such layers are called ad-
hesion promoters. Organic adhesion promoters include organotitanates, organocyrconates,
benzotriazoles, etc. [16]. Among these, organosilicon adhesion promoters stand out for
their unique properties [17-21]. A special feature of these compounds is manifested in the
versatility of the promoting effect on substrates and polymers of various types. Organic
silanes (organosilanes or silanes) with the general formula R,Si(OR’)4_,, are compounds
that can be adsorbed onto the metal surface and, due to their multifunctionality, and at the
same time, form strong and hydrolytically stable Me-O-5i bonds with the hydroxylated
surface of an inorganic material (metal), can polymerize with formation of self-organizing
layers, and can react with the components of a wide range of polymer coatings. Such layers
can change the properties of the surface, in particular inhibiting corrosion [17,19]. It is
believed [11] that organosilicon surface layers obtained upon adsorption of organosilanes
on a metal can replace toxic chromate coatings that are prohibited from use. In view of
the above, it may be expected that such surface layers would prevent the corrosion of
metals. As a result of the modification of the metal surface with compositions based on
organosilanes, surface layers are formed on it, consisting of polymer/oligomeric siloxane
molecules, the units of which are bonded: with the surface by strong covalent bonds Me-O-
5i, and between themselves, siloxane bonds Si-O-5i. Neighboring polymer molecules are
also linked by cross-siloxane bonds Si-O-5i [17,19]. When using a mixture of organosilane
with benzotriazole for modification, instead of siloxane polymeric molecules, a layer of
polymeric siloxane-azole molecules is formed on the surface, in which both units in each
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molecule and neighboring molecules are interconnected not only by siloxane (Si-O-5i-), but
also additional silazane (Si-N-C-) bonds. Due to this, a more densely cross-linked surface
layer is formed! The purpose of this work was to study the effect of organosilicon surface
layers on the corrosion behavior of metals.

2. Materials and Methods

The following metal materials were used in this work: cold-rolled carbon steel (grade
08ps, 0.05-0.11% C), zinc (grade Ts0, 99.975% Zn). Samples made of 08kp steel (carbon
content 0.05 wt.%, thickness 100 um) with a contact plate (3 mm x 40 mm) were used
for electrochemical and corrosion studies (Figure 1). The working area of the samples
was 2.5 cm?. Preliminary preparation of samples before exposure included mechanical
surface cleaning on a grinding machine (P1000 sandpaper, abrasive cloth with a grain size
of 14-20 um) and degreasing with ethanol. Table 1 shows the compounds used in this
work to modify the surface of metals, and Table 2 shows the composition of the modifying
solutions. Modification of the surface of samples was performed by immersing whole metal
plates in aqueous or organic (Table 2) solutions of modifiers for 10 min. After modification,
a sample was immersed in a solvent for 1 min to remove the excess modifier, then the
samples were dried in air. Both one- and two-component systems were used in this work.
The one-component systems included: 1% VS, 3% VS, 1% AS, and 2% AS solutions in
water; 1% MS, 1 mM BTA, and 10 mM BTA solutions in ethyl alcohol. The two-component
systems included: a solution of the (1% VS + 1% AS) mixture in water; and a solution of the
(1% VS + 1 mM BTA) mixture in ethyl alcohol.

Electrochemical studies were carried out in a borate buffer solution (0.4 M H3BO3 + 5.5 mM
NayB4O7 x 10H,O, pH 6.7) with the addition of 0.1 M NaClL

The borate buffer solution was used in order to exclude the influence of changes in
the near-electrode pH on the kinetics of the corrosion process, since it is known [22] that
the reactions accompanying metal corrosion change the acidity of the solution, namely:
the hydrolysis of metal ions released in the anodic process of corrosion dissolution leads
to acidification of the solution, and the cathodic reaction of oxygen ionization leads to its
alkalization. In addition, it is known [23,24] that borate ions, unlike other electrolyte anions,
do not participate in the process of iron ionization; therefore, the borate buffer solution is
often used as a background electrolyte when conducting corrosion and electrochemical
studies [23-27].

Table 1. Modifier compounds used in the study.

Conventional .
No. Abbreviation Name Chemical Formula
1 VS Vinyltrimethoxysilane CH,=CH-Si(OC;Hs5)3
2 AS y-Aminopropyltriethoxysilane NH,(CH3)3-Si(OC,yHs)3
e
y SN CH,-CH,-Si(OCH3);
iaminosilane
4 Gs - CH,-(O)CH-CH,-O-
Glycidoxypropyltrietoxysilane (CH,)3Si(OC,Hs)3
5 MS Y-Methacryloxypropyltrime- CH,=C(CHj3)-C(O)-O-CH,-CH,-
thoxysilane Si(OC,Hs)3

N\
6 BTA 1,2,3-benzotriazole N
N/
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Table 2. Composition of solutions used to modify the surface of metal samples.
Modifier Compounds
No. First Component Second Component Solvent
1 0.01% VS - Water, pH 6.9
2 0.1% VS - Water, pH 6.9
3 1% VS - Water, pH 6.9
4 2% VS - Water, pH 6.9
5 3% VS - Water, pH 6.9
6 5% VS - Water, pH 6.9
7 0.01% AS - Water, pH 6.9
8 0.1% AS - Water, pH 6.9
9 1% AS - Water, pH 6.9
10 2% AS - Water, pH 6.9
11 1% DAS - Water, pH 6.9
12 1 mM BTA - Water, pH 6.9
13 10 mM BTA - Water, pH 6.9
14 1% MC - C,H50H
15 1% VS 1% AS Water, pH 6.9
16 1% VS 1 mM BTA C,HsOH
17 1% VS 10 mM BTA C,H50H
18 1% GS - Water, pH 6.9
9 s e

Figure 1. Photograph of a metal sample for electrochemical testing.

Electrochemical measurements were carried out in a standard three-electrode cell
using an IPC-Pro MF potentiostat (“Volta”, Saint Petersburg, Russia). After grinding with
grade “0” sandpaper, the samples were additionally washed in a “Sapphire—0.8 TTs”
ultrasonic bath in a Co;HsOH:C;Hg (1:1) mixture for 25 min. In order to eliminate the edge
effects at the ends of the sample, after modification and air drying for 120 min, the sample
was coated with a chemically resistant varnish, leaving an “open window” so that the
working surface area of the electrode was 1 cm?. Measurements were carried out in a 0.1 M
NaCl solution (100 cm?). The pH was stabilized by the addition of borate buffer solution
(0.4 M H3BO3 + 5.5 mM NayB4O7 x 10H,O, pH 6.7). A platinum electrode with an area
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of 1.2 cm? was used as the auxiliary electrode, and a silver chloride electrode was used as
the reference electrode. The measured potentials were converted to the normal hydrogen
electrode (NHE) scale.

For the first 300 s after the sample was immersed in the solution, its corrosion potential
(Ecor) was recorded. This time was sufficient to stabilize the E.o value. Next, anodic
potentiodynamic polarization curves were recorded at a scan rate of 0.1 mV /s from this
value to the potentials corresponding to the local anodic dissolution at a stationary rate of
pit growth on the metal surface. Once the polarization curves were recorded, polarization
was switched off and the E.; value was recorded after 60 s, until full stabilization of this
parameter was achieved (so that it did not change more quickly than by 0.05 mV/min).
In addition to the anodic curves, the kinetics of the change in the anodic current under
potentiostatic polarization was determined (at a constant anode potential E,, =0.2 V (NHE)).
The variation in the state of the sample surface was recorded by in situ optical microscopy
in parallel with the electrochemical measurements. The following equipment was used: a
Biomed PR-3 microscope with 5x magnification (visible sample area S5 = 1.00 mm?), 10
(Syis = 0.5 mm?) and 20 x (Syjs = 0.25 mm?) with a connected Amoyca AC-300 digital video
camera. The camera resolution was 2048 x 1536 pixels. The data from the camera were
transmitted to a computer and processed in the ScopePhoto 3.0 program.

Electrochemical impedance spectroscopy (EIS) was used to estimate the effect of
surface modification of carbon steel on its corrosion behavior. EIS measurements were
carried out using an electrochemical set-up based on an IPC-Pro MF potentiostat with an
FRA module (“Volta”, Saint Petersburg, Russia). The method involves testing samples by
alternating voltage (potential) with recording the value of alternating current response and
the phase shift and amplitude changes in the range of the frequencies used. Figure 2 shows
the layout of the electrochemical cell for EIS studies. The measurements were carried out in
the frequency range from 10 kHz to 0.1 Hz with an alternating voltage amplitude (AE) of
10 mV at the open circuit potential.

Potentiostat IPC-Pro MF with a FRA module
(“Volta”, Saint Petersburg, Russia)

Luggin's capillary

“\

X

reference working counter
electrode electrode electrode

Figure 2. Layout of the electrochemical cell for EIS studies.

The conducted EIS studies make it possible to determine the characteristics of the
metal’s corrosive behavior by estimating the values of the elements (for example, resis-
tance, capacitance, etc.) of an equivalent circuit describing the parameters of the sample
under study, taking into account the reactions occurring on the sample in the working
electrolyte. During the tests, the data required to assess the corrosion behavior of the
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metal were recorded automatically. The parameters of an equivalent circuit adequately
simulating experimental impedance spectra were calculated using the DCS program [28].
A detailed description of equivalent electrical circuits used to simulate the processes oc-
curring in the systems under study will be considered below. Borate buffer solution
(0.4 M H3BO3 + 5.5 mM NayB4O7 x 10H,O, pH 6.7 additionally containing 0.1 M NaCl
was used as the working electrolyte. Accelerated tests in an electrolyte and in an atmo-
sphere were performed using rectangular samples made of grade Ts0 zinc with dimensions
10 mm x 50 mmx 0.8 mm. The tests were carried out in a borate buffer solution (com-
position: 0.4 M H3BO3 + 5.5 mM NayB4O7; x 10H,O, pH 6.7) with NaCl added to a
concentration of 0.1 M. Accelerated tests in an atmosphere were performed in a Terchy
MHK-408CL climate chamber (manufactured by TERCHY Environmental Technology LTD,
Taiwan) at t = 60 °C and RH = 95%. The duration of the tests was 51 days.

The corrosion rate was estimated by the gravimetric method by weighing the samples
before and after the tests. Before the tests, the samples were polished with “0” grade
sandpaper, washed with distilled water, dried, degreased with ethyl alcohol, and weighed
on an AF-R220CE electronic analytical balance. At the end of the corrosion tests, corrosion
products were removed from the metal surface by the standard etching method [29], after
which it was reweighed. The weight loss of samples per area unit (Am), g/cm?, was
calculated using Equation (1):
mo —m

S
where my is the sample weight before the test, g;

Am =

@

my is the sample weight after the test and removal of the corrosion products, g;

S is the sample surface area, cm?.

Three samples were exposed in parallel and the arithmetic mean of the weight loss
was calculated for each modifying system.
Next, the weight loss was converted to the change in thickness (AL), mm, using
Equation (2):
AL = Am 2
P
where p is the metal density, g/cm?.
Further, the corrosion rate of steel k was determined in mm/day (Equation (3)) or
in mm/year (Equation (4)):
k=AL/T (©)]

k= (AL/7) x 365 (4)

where 7 is the test duration, days.

The critical pitting potential (E,;), i.e., the potential above which pitting dissolution
of the metal occurs and stable pits are formed [30], was determined from the anodic
polarization curves as a breakpoint on the curve (the potential after which a sharp increase
of the current is observed) [30,31].

The change in the electrode pitting potential (E,;t) to more positive values was chosen
as a criterion for the inhibition efficiency of local anodic dissolution after the modification
of the metal surface (Equation (5)) [32]:

AE = Ep — Ep ()
where E,;; is the critical pitting potential of the non-modified metal and Eg}fd is that of the
modified metal.

The efficiency of corrosion inhibition was estimated using the corrosion inhibition
coefficient (Equation (6)) [33,34]:

Y = Ko/Knod (6)
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where K is the corrosion value (corrosion rate) of the non-modified metal and K4 is the
corrosion value (corrosion rate) of the metal after surface modification.

The number of pits was determined using image processing with a computer program
Pitting 1.0, developed at our institute specifically for such studies. In some cases, the
accuracy of the program was checked by manually counting the pits. Given that the
dimensions of the test samples are the same, the figures show the number of pits per
sample—on the one hand, the changes in which were recorded by a video camera. The
reverse side of the sample was insulated with a chemically resistant varnish. Three samples
were examined in parallel; the discrepancy between the samples did not exceed 1 pitting.
The corresponding figures show the average number of pits for 3 samples.

3. Results and Discussion

The electrochemical behavior of carbon steel modified with formulations based on
organosilanes was studied. Anodic polarization curves were obtained. In Figure 3, curve 1
is the anodic curve of non-modified steel. It can be seen from Figure 3 that the shape of the
curve matches the classical shape of curves for passivating metals [35,36].

10 i, mA/cm?

0.0 0.2
E, V (s.h.e.)

Figure 3. Anodic polarization potentiodynamic curve of St3 carbon steel in 0.1 M NaCl solution:
1—non-modified steel, 2—steel pre-modified with a VS solution. Potential scan rate: 1 mV/s.

The following parts are observed in curve 1 (Figure 3): a pronounced section of active-
passive transition in the range of potentials from —0.34 to —0.06 V, a section corresponding
to the passivity of the metal with a full passivation potential equal to —0.06 V, a short
section corresponding to the passive state, a violation of the passive state (with a critical
potential of pit formation E,;; approximately equal to +0.02 V) and a section corresponding
to pitting dissolution at potentials more positive than E;.

Obtaining polarization curves for all modifying compositions showed that modifica-
tion with AC solution has practically no effect on the anodic curve of unmodified steel.

Surface modification with the (VS + AS) mixture leads to a decrease in the critical pas-
sivation current i, (current value at the peak of the curve) to 4.2 mA/ cm?. For unmodified
steel and steel modified with VS, the value of i, was 6.29 and 4.55, respectively (Figure 3,
curves 1 and 2). In addition, a positive shift of E,;; by 70 mV was also observed. For the VS
solution, this was 55 mV. The use of the modifying mixture (VS + BTA) provided a decrease
in ip to 3/8 mA/cm? and an increase in Ep,-t by 78 mV. This indicates inhibition of both
uniform (reduction of ip) and local (increase of E,;;;) anodic dissolution of the steel by the
surface layers.

In addition to steel, the electrochemical behavior of zinc was studied (Figures 4 and 5)
and it was shown that an increase in potential (when obtaining an anode curve) leads to
pitting dissolution of the metal (Figure 5a).
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-0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -045
E,V (s.he)

Figure 4. Anodic polarization curve of zinc. 1—non-modified zinc, 2—zinc modified with a VS
solution, 3—zinc modified with a solution of a (VS + AS) mixture, 4—zinc modified with a solution
of a (VS + BTA) mixture.

(a) (b)

Figure 5. Zinc surface after taking the anodic polarization curve, (a) non-modified zinc; (b) zinc
modified with a VS solution.

Figure 4 shows the anodic polarization curve of unmodified zinc and zinc coated with
organosilicon layers; the table shows the effect of modification on the value of Ep;;. From
Figure 4 and Table 3 it can be seen that the surface organosilicon layer inhibits anodic zinc
dissolution and shifts E,;; to the positive side (i.e., inhibits pitting zinc dissolution). For
example, in the case of surface modification with VS solution, a smaller number of pits and
a smaller size were found on the surface (Figure 5b) than in the case of unmodified metal
(Figure 5a). The anodic dissolution of zinc is most effective with modification by mixtures:
(VS + AS) (Figure 4, curve 3) and (VS + BTA) (Figure 4, curve 4).

Table 3. The effect of zinc surface modification on the value of pitting potential.

NN-Sequence Line Number Systems Epit, V (s.h.e.) AE,V
1 Zn —0.934 0
2 Zn + VS —0.84 0.094
3 Zn + (VS + AS) —0.793 0.141
4 Zn + (VS + BTA) —0.784 0.15

Observations of the state of metal surface and recording the changes under an optical
microscope were carried out in parallel with electrochemical measurements. Figure 6 shows
the photographs of steel surface taken at various anodic potentials corresponding to the
potentials on the anodic curve (Figure 3, curve 1).
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(c) OV

(d) +0.16V (e) +0.2V (f) +0.3V

(g) +0.4V (h) +0.5V (i) +0.8V

Figure 6. Change in the state of carbon steel surface during anodic polarization of the metal at
potentials of: (a) —0.6 V; (b) —0.2 V; (c) 0 V; (d) 0.16 V; (e) +0.2 V; (f) +0.3 V; (g) +0.4 V; (h) +0.5V;
(i) +0.8 V.

In Figure 6 it can be seen that as the potential was varied in the range from —0.6 V
to +0.16 V (Figure 6a—d), the appearance of the metal surface nearly did not change. As
expected, no pitting was detected on the surface until the critical potential of pit formation
was reached. Moreover, shifting the potential in the positive direction from the E,; did not
cause an instant formation of pits, either. Despite the fact that the potential was shifted to a
value more positive by 100 mV than E,;;, no pits were detected on the surface (Figure 6d).
The first defects detected under the microscope appeared when the potential reached
+0.2 V (Figure 6e). A further increase in the potential (above +0.2 V) led to intensification
of the pitting dissolution of metal, which manifested itself both in an increase in the
density of the metal dissolution current (Figure 3, curve 1) and in the growth of the
number of pits Figures 6f-h and 7, curve 1). Preliminary modification of a steel surface
with formulations based on organosilanes affected the electrochemical behavior of the
metal. Thus, modification of the surface with a VS solution resulted in a slight decrease in
the critical passivation current (from 6.2 to 4.55 mA/ cm?) (Figure 3, curve 2), which can
indicate an increase in metal passivation in the presence of a vinylsiloxane nanolayer on the
surface and, as a consequence, inhibition of uniform dissolution (corrosion) of the metal.
The shift in the pit formation potential in the positive direction (by 70 mV) indicates that the
metal pitting dissolution is inhibited. Thus, analysis of anodic electrochemical and optical
data showed that the preliminary modification of the steel surface with a vinyl-containing
silane should inhibit both uniform and local corrosion of carbon steel. As the potential
increases to +0.8 V, both the number and the size of pits change. In fact, the pits that
appeared on the metal during polarization in the potential range from —0.05 to +0.5 V had
a visible diameter of about 0.1 mm, while the diameter of the pits that formed at +0.8 V
was up to 0.25 mm (Figure 6i).
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120 1 Number of pittings

100

-08 06 04 02 o sl B2
Figure 7. Effect of anodic potential on the development of the pitting dissolution of carbon steel.
1—non-modified steel, 2—steel modified with a VS solution; 3—steel modified with an AS solution;
4—steel modified with a solution of a (VS + BTA) mixture; 5—steel modified with a solution of a
(VS + AS) mixture. Conditions of recording the anodic polarization curve (Figure 3): 0.1 M solution
NaCl. Potential scan rate: 1 mV/s.

Apparently, at potentials close to E,;;;, metastable pits [31,37] are formed on the surface
and quickly re-passivated. The simultaneous appearance/disappearance of pits occurs on
the surface at these potentials. Apparently, stable pits begin to form at potentials above
+02 V.

Preliminary modification of the steel surface with formulations based on organosilanes
leads to inhibition of metal pitting dissolution, i.e., at equal potentials, fewer pits are
observed on the surface (Figure 7). Modification of the surface with a solution of (VS + BTA)
and (VS + AS) mixtures inhibits pitting dissolution most efficiently. In addition, the effect
of modification of the carbon steel surface with organosilanes on the pit formation at a
constant anodic potential was studied.

Figure 8 shows the kinetic curves of the development of anodic pitting dissolution (pit
formation) on carbon steel. It was found that the first pits occur on the surface after 10 min of
polarization, and preliminary modification of the steel surface with solutions of individual
silanes (not mixtures!) does not provide satisfactory inhibition of local anodic dissolution
of the metal. For example, the use of a modifying solution based on vinylsilane (VS) nearly
did not affect the pit formation on steel (Figure 8, curves 1, 3). In the initial polarization
period (10 min), the number of pits formed on the samples previously modified with a VS
solution was slightly smaller than that on non-modified metal (comparison of curves 1 and
3, Figure 8, i.e., 69 and 78 pit/ cm? for non-modified steel and after steel modification with
the VS solution, respectively. It has been shown that during the entire test, the number
of pits on the metal surface modified with an AS solution was almost the same as on
the non-modified surface (Figure 8, curves 1, 3). Preliminary surface modification with a
solution of the amino-containing silane (AS) led to inhibition of pit formation for the first
60 min of testing, namely, the number of pits formed on the non-modified surface was
more than twice the number of pits on the surface modified with AS (Figure 8, curve 2).
However, in longer tests (more than 60 min), the difference in the number of pits formed
on modified and non-modified surfaces decreased but almost leveled off after 120 min of
testing: 96 and 90 pit/cm? for non-modified and AS-modified steel, respectively. It was
shown in our previous studies [38,39] that the use of organosilanes in a mixture with an
organic corrosion inhibitor, in particular with the well-known [40] nitrogen-containing
inhibitor, 1,2,3-benzotriazole (BTA), leads to a significant increase in inhibitory efficiency,
which in the case of the mixture significantly exceeded the efficiency of each component
alone. Modification of steel surface with a solution of a mixture of vinylsilane and BTA
provided the most efficient inhibition of local dissolution of the metal (Figure 8, curve
4). In this case, the number of pits formed after 120 min of testing (under potentiostatic
conditions at E = + 0.2 V) in the chloride-containing solution on the non-modified steel
surface was almost twice as large as the number of pits on steel modified with a mixture
solution (VS + BTA): 96 and 39 pits on non-modified and modified metal, respectively.
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time, min
Figure 8. Kinetics of pit formation on carbon steel under potentiostatic polarization. 1—non-modified
steel, 2—steel modified with a VS solution; 3—steel modified with an AS solution; 4—steel modified
with a solution of a (VS + BTA) mixture; 5—steel modified with a solution of a (VS + AS) mixture.
E = +0.2 V, borate buffer with addition of 0.1 M NaCl, pH 6.9.

Corrosion tests of metals modified with formulations based on organosilanes per-
formed in the corrosive chloride-containing electrolyte showed that organosilicon surface
nanolayers inhibited the corrosion of steel. In fact, accelerated tests conducted in the climate
chamber at T = 60 °C and RH = 95% showed inhibition of atmospheric corrosion with
organosilicon surface nanolayers. Figure 9 shows photos of zinc samples modified with
formulations based on organosilanes after two months of testing.

mm 10mm 10mm

(a) (b) (c)

(d) (e) (¢9]

Figure 9. Appearance of zinc samples modified with formulations based on organosilanes after
accelerated corrosion tests in the climate chamber, (a)}—non-modified metal; zinc modified with:
(b)—1% aqueous solution of VS; (c)—aqueous solution of (1% VS + 1% AS) mixture; (d)—neutral 1%
aqueous solution of GS; (e)—neutral 1% aqueous solution of AS; (f)—acid 10% aqueous solution of
GS with addition of acetic acid (pH 4.0), T = 60 °C, RH = 95%, test duration 60 days.
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It was found that after two months of accelerated atmospheric corrosion tests, a thin
layer of white corrosion products occupying approximately 20% of the sample surface area
was present on the surface of non-modified zinc (Figure 9a).

After preliminary modification of the surface with the VS solution, the degree of
surface coverage with corrosion products decreased to 10%. Surface modification with
aqueous neutral solutions of AS and GS (Table 2, lines 8, 18) hardly affected the amount of
corrosion products on the surface: 19 and 23% of the surface was covered with corrosion
products in the case of AS and GS, respectively. The use of acid rather than neutral silane
solution for modification (modifying solution with addition of acetic acid, Table 2, line 19)
led to the formation of a “thick” surface organosilicon film with a thickness of 126 um. It is
known that the following reactions occur more intensely and completely in acid solutions:
alkoxysilane hydrolysis reactions to give an organosilanol (reaction (7)), condensation of
organosilane silanol groups and hydroxyl groups of the metal surface with formation of
covalent Me-O-5i bonds (reaction (8)), and polycondensation of adjacent silanol groups
with formation of a surface siloxane polymer (reaction (9)) [41-44].

R—Si(OC2H5)3 + 3H20 — R-SI(OH)3 (7)
| |
Zinc—OH+OH -5 —R — Zinc— O —-Si — R+ H,O (8)
| |
_ | -
Si
|
@)
|
n{Zinc — O — Si(OH),R} — Zinc— |O—Si—R 9)
|
@)
|
Si
A

Apparently, an external three-dimensional reticular siloxane layer growing in thickness
formed on the surface if the acidified modifying solution was used. However, during the
first day of testing, this “thick” film spontaneously peeled off from the sample surface.
Moreover, after 2 months of accelerated testing, after peeling of the “thick” siloxane film,
the entire surface of the sample (100%) was covered with corrosion products (Figure 9e). It
can be assumed that in case of modifying with acidified solution, a two-layer film formed
on the surface: a thin (nanosized) 2D layer of linear siloxane polymer molecules closer to
the surface, and above it, an external “thick” (30-40 um thick) 3D reticular layer. It could be
expected that the outer reticular layer would prevent the penetration of corrosive medium
components to the surface and hence inhibit corrosion. The layer closer to the surface
consists of linear non-cross-linked siloxane molecules that do not provide the surface
shielding required for corrosion inhibition. The corrosion process occurs intensely in the
areas that are not occupied by the siloxane layer. Furthermore, considering that corrosion
products have a larger volume, the entire surface is covered with corrosion products. The
absence of cross-links between linear chains of siloxane molecules in the layer closest to
the surface is probably caused by diffusion limitations. They probably also account for the
weak adhesion between the outer and inner layers which causes fast delamination of the
outer layer under the influence of humidity and temperature.

Figure 10 and Table 4 show the corrosion rates of zinc samples after accelerated corrosion
tests in the climatic chamber in a chloride-containing solution determined gravimetrically.
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Figure 10. Effect of metal surface pre-modification with formulations based on organosilanes on the
corrosion of zinc in the electrolyte. Accelerated corrosion tests in 0.1 M sodium chloride solution.
Test duration: 66 days. Corrosion rates were determined by the gravimetry method.

Table 4. Effect of preliminary modification of the metal surface with formulations based on organosi-
lanes on the atmospheric corrosion of zinc. Accelerated corrosion tests, climate chamber, T = 60 °C;
RH = 95%. Tests duration: 51 days. Corrosion rates were determined by the gravimetry method.

System Corrosion Rate, Micrometers Per Year
Unmodified Zn 0.02609
Zn + VS 0.01806
Zn + (1% VS + 1% AS) 0.01672
Zn + GS. Neutral solution 0.02241
Zn + GS. Acid solution pH 4.0 1.72849

It can be seen from the test results that the preliminary modification of metal surface
with solutions of individual silanes slightly affects the uniform corrosion of zinc. Moreover,
modification of the surface with an acidified GS solution, which ensures the formation
of a “thick” film that peels off from the surface after 1 day of testing, activates corrosion,
i.e., the corrosion rate increases compared to that of the non-modified metal. Modification
of the surface with neutral VS and GS solutions reduced the rate of zinc corrosion quite
insignificantly, namely 1.4- and 1.1-fold for VS and GS, respectively. Modification of the
surface with an acidified GS solution, which led to the formation of a 126 um thick film
that peeled off from the surface during the first day of testing, accelerated zinc corrosion; in
this case, the corrosion rate even slightly exceeded the value found for the non-modified
metal (Table 4). Apparently, after the majority of the siloxane film peeled off, a thin
defective siloxane film remained on the surface. The dissolution of the metal (anodic
reaction) occurred from the film defects on a relatively small area, i.e., the anodic sites. In
contrast, the area of the cathodic sites where reduction of oxygen as a depolarizer of the
corrosion process occurs (the cathodic reaction) is rather large. In addition, since the total
rates of cathodic and anodic corrosion reactions are equal, an increase in the rate of the
cathodic reaction of oxygen reduction should cause an increase in the metal dissolution
rate. Therefore, one could expect higher dissolution rates from the “anodic” defects,
which provides an increase in the mean corrosion rate as determined gravimetrically. The
corrosion rate dropped one and a half times after surface modification with a solution
comprising a mixture of VS and AS, as was expected for the reasons outlined above. Thus,
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modification of the metal surface with individual organosilane solutions does not result in
a reduction in the rate of atmospheric corrosion of the metal, which can be accomplished
with a modifying solution based on a mixture of vinyl- and aminosilanes. Figure 10 shows
the effect of surface modification on the corrosion of zinc in a chloride-containing solution.

It has been shown that the corrosion rate of non-modified zinc in the chloride-
containing solution is low and amounts to 0.78 um/year (Figure 10) and that the pre-
liminary modification of the zinc surface does not significantly affect the corrosion behavior
of the metal (Figure 10). In fact, modification with solutions of individual silanes practically
does not change the corrosion rate of zinc significantly, and if the acidified modifying GS
solution was used, even a slight increase in the corrosion rate (0.81 pm/year) was observed.
A small inhibition of zinc corrosion was noted upon modifying the surface with a solution
of a mixture of vinyl- and aminosilanes: the corrosion rates were 0.78 and 0.73 um/year
for non-modified zinc and zinc modified with a mixture of VS and AS, respectively. Thus,
the results of polarization and corrosion studies show that the organosilicon surface lay-
ers formed upon modification with formulations with solutions based on organosilanes
are capable of increasing the passivating ability, inhibiting local anodic dissolution and
atmospheric corrosion of metals, and inhibiting corrosion in corrosive electrolytes. Binary
modifiers, namely a mixture of vinyl- and aminosilanes and a mixture of vinylsilane and
benzotriazole, favor the inhibition of metal corrosion most efficiently.

Preliminary modification of the surface can have a decisive influence not only on the
atmospheric corrosion of zinc, but also of other metals. In our previous work, we studied
the effect of organosilicon surface layers on the atmospheric corrosion of iron and carbon
steel and showed the inhibition of atmospheric corrosion of metal [17].

Additional information about the protective effect provided by modifying the steel
surface with silane solutions was obtained using EIS. The equivalent circuit (EC) used
to interpret the EIS results consists of electrical elements corresponding to the probable
physical processes occurring in the system under study, i.e., “non-modified metal/silane-
modified metal—corrosive medium”. As a rule, these elements include resistance and
capacitance [42].

In this study, two ECs (Figure 11a,b) in which the capacitive elements were replaced by
constant-phase elements (CPE) were used to process the results. The spectra obtained were
compared with the impedance of the selected ECs using complex nonlinear approximation
programs DCS [28]. Ry is the resistance of the electrolyte between the test sample (the
working electrode) and Luggin’s capillary of the reference electrode (Figure 2). Its value
depends on the solution conductivity and the distance between the sample surface and the
capillary. Ry is the charge-transfer reaction resistance that determines the kinetics of the
corrosion process, so this parameter was used to estimate the effect of surface modification
in accordance with the Formula (10):

K = k-(1/Ry) (10)

where K is the metal corrosion rate, Ry, is the charge-transfer reaction resistance, and kisa
proportionality coefficient.

In the EC presented in Figure 10b, R is the sum of the resistances of the oxide/hydroxide
surface layers and the silane layer. Unlike the classical ECs [45], the use of CPE elements
instead of capacitances makes it possible to more accurately simulate experimental data and
obtain additional information about the nature of electrode processes. The CPE impedance
was described by the Equation (11) [41].

Zepe=A"'jw)™" (11)

where A is a coefficient (modulus);

j is the imaginary unit; w is the cyclic frequency; and 7 is the phase coefficient.
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Figure 11. Equivalent circuits used to fit impedance data. For non-modified steel (a) and steel
pre-modified with organosilanes solutions (b).

Depending on the value of the phase coefficient, the CPE element can be interpreted
as an ideal capacitor (n = 1), or a resistor (n = 0). As for the selected ECs (Figure 11a,b), the
value of the phase coefficient that differs from unity can be used to assess how perfect the
simulated capacitance is and how uniform the capacitor plates are.

In the equivalent circuits (Figure 10a,b) used to simulate the obtained results, the CPE1
element characterizes the capacitance of the metal-electrolyte interface and mainly depends
on the structure of the surface layers, and the CPEdI element reflects the capacitance of the
electrical double layer in the Faraday process.

In equivalent circuits used to simulate the results obtained, the Nyquist plots of steel
before and after modifying with silanes are shown in Figure 12.

The resulting arc on the Nyquist plot is described by a single R, /CPEdI chain and
is related to the kinetics of the Faraday process (i.e., charge transfer) on the metal, which
actually determines the corrosion behavior of the steel. After modifying the samples
in all the studied systems, the hodographs show a more complex shape (Figure 12a,b);
therefore, the following EC (Figure 11b) was used to describe them, which consists of two
parallel R/CPE chains. The high-frequency region on the Nyquist plot in the selected model
corresponds to the time constant, mainly associated with the Ry /CPE1 chain, i.e., it depends
on the conductivity of the surface layer (Figure 12c). The nature of the low-frequency region
is similar to Ry /CPEdI described above for the circuit in Figure 11a.

In the case of non-modified steel (Figure 11a), the Nyquist plot is represented by only
one semicircle that is simulated by an EC (Figure 10a). The arc in the Nyquist plot is related
to the kinetics of the Faraday process (i.e., charge transfer) on the metal, which actually
determines the corrosion behavior of steel. After modifying the samples in all the systems
studied, the Nyquist and Bode plots demonstrated a more complex shape (Figure 12b,c),
therefore the second EC was used to simulate them (Figure 11b). The capacitive circuit in
the high-frequency area is a process of electric charge transfer described by the R,/ CPE
circuit as part of the overall equivalent circuit. The values of the elements obtained by
calculations are presented in Table 5. The simulation error did not exceed 5% in all cases.
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Figure 12. Nyquist plots of steel electrode: (a) before modifying (1) and after modifying the surface
with 1% VS (2); (b) with 1% AS (3), 1% VS + 1 mM BTA (4) and 1% VS + 1% AS (5); (c) increased high
frequency section. (Comparison between measured and simulated spectra. Dotted lines represent
measured spectra and solid lines represent simulated spectra).
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Table 5. Parameters of equivalent circuits used for simulation of EIS results on steel in solution
(0.4 M H3BO3 + 5.5 mM NayB4O7 x 10H,O, pH 6.7 with the addition of 0.1 M NaCl.

System knR~2;nZ knl?:‘:hz scff/ilﬁz CPELn k0R~ic7;nZ g I;E/dcln?z CPEq n
Non-modified 26 - - - 101 45 x 1075 0.64
St3
1% VS 13 195 77 x 1072 0.70 187 6.4 x 1075 1
1% AS 30 1339 29 x 1075 0.69 10,572 74 %1075 1
1% VS + 1 mM BTA 16 607 35 x 107> 0.84 2138 6.9 x 107> 0.69
1% VS + 1% AS 30 6196 55 x 1075 0.81 12,440 7.6 x 1075 0.73

From Figure 12, it can be seen that the radii of the arcs on the Nyquist plots obtained
on modified samples are significantly larger than those on the non-modified metal. The
calculated R, values can be used to estimate the effect of surface modification with silanes
on the corrosion process. The inhibition coefficient of the electrochemical reaction of metal
ionization (corrosion) by layers obtained as a result of surface modification (y) can be
determined as the ratio of charge transfer resistances for the modified (RPSH) and non-
modified (R,"°"¢) samples (12):

v = RpSil/anone (12)

The calculated inhibition coefficients for the modifying formulations studied are given
in Table 6:

Table 6. Values of corrosion inhibition coefficients of steel with modifying formulations.

System 1% VS 1% VS + 1 mM BTA 1% VS + 1% AS 1% AS
Y 1.85 21.2 123.2 104.7

Based on the results obtained, it can be concluded that the corrosion of carbon steel
is inhibited most efficiently by the organosilicon layer obtained by modifying the surface
with solutions containing aminosilane and a mixture of vinyl- and aminosilanes.

However, in a comprehensive assessment of the results of modification, one should
take into account the significance of other EC parameters, which can serve as additional
evidence of an inhibitory effect. Thus, a comparison of the resistance values of the surface
layer of the sample after modification R (Table 3) for 1% VS and 1% AS shows an increase
in this parameter by seven times, and for the sample after modification with a mixture of
1% BC + 1% AS, this value increases by 32 times, while a mixture of 1% VS + 1 mm BTA
gives an increase of only three times. However, it should be noted that the phase coefficient
CPE]1 for this mixture is maximum: n = 0.84 (Table 3). This characterizes the steel surface
after inoculation with binary mixtures as more uniform in structure. Then, the studied
modifying compositions according to their inhibitory effectiveness can be arranged in the
following row:

1% VS < 1% AS < (1% VS + 1 mM BTA) < (1% VS + 1% AS)

Therefore, the results of EIS studies confirm the conclusions drawn from the above
results of corrosion tests and electrochemical studies, i.e., the most efficient inhibition of
metal ionization was observed in the case of binary modifying formulations: solutions of
the (BC + AS) and (VS + BTA) mixtures. The reasons for such efficiency of binary mixed
formulations are considered below.

The formulations containing aminosilane manifest high efficiency because the amino
group is a catalyst for silane hydrolysis (reaction (7), condensation of organosilane silanol
groups and hydroxyl groups on the metal surface (with formation of covalent Me-O-Si
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bonds (reaction (8)), and polycondensation of adjacent silanol groups (with formation
of a surface siloxane polymer (reaction (9)). In addition, aminosilane demonstrates a
self-catalytic effect when it binds to the surface and forms a surface siloxane layer [46].
Moreover, to obtain densely cross-linked branched (reticular) polymer layers firmly bound
to the surface, it is recommended to add a small amount of aminosilane to the modifying
solution and use neutral organosilanes mixed with amino-containing silane [47]. Earlier,
we have shown that introducing a mixture of amino- and vinyl-containing silanes into
a polymer coating leads both to an increase in the adhesion of the coating and to the
inhibition of stress corrosion cracking of pipe steel [42].

As for the modifying formulation, i.e., the mixture of VS and benzotriazole, it was pre-
viously shown in the literature [17,19,43-45] that the use of organosilanes in a mixture with
organic corrosion inhibitors, with benzotriazole in particular [38], increases the inhibitory
efficiency significantly, which considerably exceeded the efficiency of each of the mixture
components alone. We have made an addition to the article regarding the characterization
of surface layers:

In our previous works [38—40], the surface layer formed by modifying the metal sur-
face with a mixture of benzotriazole and organosilane was characterized in detail using
modern techniques for surface investigation: Fourier-Transform Infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), Scanning Electron Microscopy with En-
ergy Dispersive Spectroscopy (SEM-EDS), and X-ray spectral microanalysis (XSMA). The
application of these methods made it possible, with a high degree of reliability, to detail
the processes occurring on the metal surface during the interaction of organosilane with it
and to propose a diagram of the structure of the interface shown in Figure 13. Nitrogen-
containing benzotriazole, like other organic amines, can act as a catalyst for condensation
reactions of the silanol group ((8), (9)), making these reactions occur more fully and, as
a consequence, providing the formation of a denser cross-linked reticular siloxano-azole
surface nanolayer (Figure 13) [38] that hinders the access of corrosive medium components
(oxygen, water, electrolyte anions) to the surface.
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Figure 13. Structure of a siloxano-azole nanolayer on carbon steel surface.

The results of impedance measurements are presented in Table 5. From Table 5,
it can be seen that non-modified steel has a relatively low polarization resistance (not
exceeding 100 Ohm) of steel corrosion. Preliminary modification of the metal surface
with a vinylsilane solution provided an insignificant increase in polarization resistance
and inhibition of steel corrosion, whereas the capacitance even increased (see Table 5),
apparently due to the porosity of the vinyl siloxane surface layer that consists of linear
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oligomeric chains and does not prevent the access of electrolyte components to the metal
surface. The use of the amino-containing silane led to a significant (more than by an
order of magnitude) increase in polarization resistance, which might be caused by the
formation of a more tightly crosslinked reticular polymer-oligomeric surface nanolayer
comprising not only linear chains, but also cross-links. This may occur because the amino
group is a catalyst for the hydrolysis of alkoxysilanes (-Si-OAlk) and formation of silanols
(-Si-OH) (reaction (7)), condensation of organosilane silanol groups and hydroxyl groups
on the metal surface (with the formation of covalent Me-O-Si bonds, reaction (8) and
polycondensation of adjacent silanol groups (with formation of a surface siloxane polymer,
reaction (9)). Moreover, aminosilane demonstrates a self-catalytic effect as it binds to the
surface and forms a surface siloxane layer [46]. To obtain cross-linked branched (reticular)
polymer layers strongly bound to the surface, it is recommended to add a small amount of
aminosilane to the modifying solution and use neutral organosilanes mixed with amino-
containing silane [47]. Earlier we have shown that incorporation of a mixture of amino-
and vinyl-containing silanes into a polymer coating leads both to an increase in the coating
adhesion and to the inhibition of stress corrosion cracking of pipe steel [42].

The greatest increase in the polarization resistance of steel was observed after surface
modification with solutions of mixed formulations: mixtures of VS and benzotriazole
and, especially, mixtures of VS and AS (Table 3). It has previously been shown in the
literature [17,19,38,39] that the use of mixture of amino-and vinilsilanes [42] and mixtures of
organosilanes with organic corrosion inhibitors (in particular, with benzotriazole [38]) leads
to a significant increase in inhibitory efficiency, which significantly exceeded the efficiency
of each of the mixture components. In addition, nitrogen-containing benzotriazole, similarly
to organic amines, can act as a catalyst for condensation reactions of the silanol group ((7),
(8)), causing the reactions to occur more completely and, as a result, provide the formation of
a denser and better cross-linked reticulate siloxano-azole surface nanolayer whose structure
is shown in Figure 13, restricting the access of corrosive components of the medium (oxygen,
water, electrolyte anions) to the surface.

4. Conclusions

1.  Methods for the preliminary modification of the surface of structural metals with
formulations based on organosilanes, including both solutions of individual organosi-
lanes and two-component mixtures consisting of two organosilanes or an organosilane
with an organic corrosion inhibitor, have been developed. Such a modification creates
self-organizing siloxane polymer/oligomeric layers on the metal surface.

2. These layers are capable of changing the physicochemical properties of the metal
surface, in particular, reducing the metal’s susceptibility to corrosion degradation.

3. It has been found that organosilicon surface films can increase the passivating ability
of metals, inhibit local anodic dissolution of steel and atmospheric corrosion of zinc,
and hinder the corrosion of zinc in corrosive electrolytes.

4.  Surface layers formed by binary modifiers, namely mixtures of vinyl- and aminosi-
lanes and mixtures of vinylsilane and benzotriazole, inhibit the corrosion of metals
most effectively.

5. The mechanism of corrosion inhibition by surface nanolayers formed upon surface
modification by two-component mixtures has been considered.
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