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Abstract—The effect of a series of organosilanes and their mixtures with corrosion inhibitors on the anticor-
rosion properties of polymer and paint coatings on steel, namely, on the adhesive characteristics of the coatings and
corrosion behavior of the metal in the presence of coatings modified with organosilanes, corrosion inhibitors, and
their mixtures, is studied. It is shown that mixtures of 1,2,3-benzotriazole (BTA) with vinyltrimethoxysilane
(VTMS) or aminoethylaminopropyltrimethoxysilane—diaminosilane (DAS) inhibit the local dissolution and
underfilm corrosion of carbon steel, and the potential of local depassivation shifts by 0.3–0.4 V. Here, compact
polymer-like layers that are strongly bound to the metal surface are formed on the surface of steel. Corrosion and
mechanical tests of the samples of pipe steels with different types of inhibiting compositions are conducted. The
effect of the inhibitors on the crack growth under static loading in a model soil electrolyte (pH of 5.5) and on the
crack resistance of steel under slow tension in an NS-4 model underfilm electrolyte (pH of 7.0) is evaluated. The
tests are performed in media free from and containing hydrogen sulfide. It is shown that the best inhibiting prop-
erties are manifested by the mixtures of corrosion inhibitors with organosilanes. Comparative laboratory and bench
tests for the adhesive strength, water resistance, and resistance to cathodic detachment of the adhesive junctions
obtained upon applying the modified polymer and paint coatings onto the surface of steel are performed. It is found
that introducing a mixture of organosilane and a corrosion inhibitor improves the adhesive properties of polymer
and paint coatings.

DOI: 10.1134/S2070205121020076

INTRODUCTION
Currently, the corrosion of metallic structures is an

important global problem, and the reduction of the
losses as a result of corrosion becomes one of the most
important tasks in industrially developed countries
because these losses are estimated at huge financial
costs. Thus, in 2001, the total annual expenditures for
corrosion prevention and corrosion damage control in
the United States reached $276 billion per annum,
which is equivalent to 3.1% of the GNP [1]. According
to the data of the World Corrosion Organization, the
annual global expenditures on corrosion were $552
billion in 2008 [2] and increased to $2.5 trillion in
2013, which exceeds 3% of the global GDP [3].
According to some data, the total expenditures for cor-
rosion are currently 3–6% of GDP in some developed
countries [4] and are continuing to grow.

A significant part of the expenditures goes to the
prevention, and damage control of the consequences,
of corrosion in the oil and gas industry. Thus, e.g., the
losses during the failures at the gas and oil lines were
$7 billion in 2001 in the United States, while they were
$2.2 billion in the oil and gas extraction and process-

ing industry overall [1]. The incident statistics in the
gas pipeline system of OAO Gazprom and global expe-
rience in the operation of high-pressure gas pipelines
evidences that the corrosion of the outer surface of the
pipes is one of the main reasons for the incapacitation
of underground pipelines [5]. The problem of prevent-
ing corrosion—in particular, of dangerous types, such
as stress corrosion cracking (SCC) of the outer wall of
pipelines [6]—remains important despite some prog-
ress that has been made in solving many organizational
and technical issues associated with decreasing the
risk of failures due to SCC [7].

On the other hand, experts suppose that using
modern methods of corrosion control and anticorro-
sion protection will make it possible to reduce corro-
sion expenditures by 20–25% [1, 8].

In view of the above, it is apparent that the devel-
opment of efficient methods of metal corrosion pre-
vention is currently an important science and technol-
ogy objective.

One of the most efficient methods of corrosion
prevention is the protection of metals with paint and
polymer coatings [9], which have been successfully
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Table 1. Chemical composition of the steel of the X70 strength class under study
C Si Mn S P Cr Ni Cu Al N V Ti Nb Mo Ca

Min 0.07 0.15 1.05 0.09 0.08 0.02 0.035 0.015 0.02 0.05
Max 0.10 0.35 1.20 0.004 0.012 0.10 0.19 0.18 0.05 0.008 0.050 0.030 0.04 0.1 0.005
applied for many years and are continued to be used
for anticorrosion protection of metallic structures
[10]. However, it is known [9, 11] that the protective
properties of polymer coatings are to a significant
extent determined by the strength and stability of the
adhesion bonds at the metal/polymer interface.
Because of this, another important science and tech-
nology objective is the development of the methods for
improving the adhesive characteristics of protective
coatings. In practice, preliminary (prior to applying
the coating) treatment of the surface is often applied in
the case of the use of paint and polymer coatings on
metals for improving the adhesion and anticorrosion
properties of the coating. One of the most widely used
methods of such a pretreatment is “local chemical oxi-
dation” with a composition based on chromium(VI)
compounds (chromating) [12]. This method does not
conform to modern environmental requirements [13].
In addition, chromating is prohibited for use in some
countries and will be subject to absolute prohibition in
the long run [14]. In connection with this, a need for
developing more efficient and environmentally
friendly methods of preliminary treatment of metallic
surfaces emerged late in the 20th century in the global
practice of anticorrosion protection, which attracted
the attention of researchers [15]. However, despite the
large number of studies devoted to the replacement of
chromate coatings (chromate-free surface treatment),
no environmentally friendly process for the pretreat-
ment of a metallic surface capable of replacing chro-
mating has been proposed.

Organosilanes (RnSi(OC2H5)4 − n), or so-called “silane
adhesion promoters, dressings, or silane coupling
agents” [16], are environmentally friendly compounds
that, being adsorbed on the surface of metals, form
surface self-organizing siloxane nanolayers [17–19]
and have been successfully used for increasing the
adhesion of a polymer binding agent to the surface of
an inorganic filler in composite materials for several
decades [20]. During the adsorption of organosilanes
and formation of surface nanolayers, on the one hand,
strong and hydrolytically stable Me–O–Si bonds with

the hydroxylated metal surface are formed, and, on the
other hand, the organic radicals of the silane mole-
cules are capable of interacting with the components
of a polymer or paint coating, thus providing a high
affinity of the surface nanolayer for a wide range of
polymer and paint materials. Various functional
groups can be introduced into the organic radical (R),
varying them depending on the nature of the polymer
of the coating to provide the maximum affinity of the
surface layer and the coating, which was widely used
during the development of composite materials for
increasing the adhesion of a polymer binding agent to
the surfaces of inorganic fillers in composite materials
[16, 20]. In addition, the formation of surface nano-
layers based on environmentally friendly organosila-
nes is capable of inhibiting the corrosion of structural
metals [17–19, 22] and successfully competing with
and, in the long run, replacing the chromating of met-
als [21, 23].

The aim of this work consisted in
(a) an investigation of the effect of organosilanes

and their mixtures with corrosion inhibitors on the
anticorrosion properties of polymer and paint coatings
on steel, namely, on the adhesive characteristics of the
coatings and corrosion behavior of the metal in the
presence of coatings modified with organosilanes,
corrosion inhibitors, and their mixtures; and

(b) the development of an optimum method for
modifying the coatings by introducing modifiers into
the bulk of the polymer coating for increasing the
adhesion of the coating and decelerating the corrosion
of steel in the case of violation of the integrity of the
coating or its detachment.

STUDY PROCEDURE
Samples fabricated from pipe steel of the X70

strength class (Table 1) and steels of brands 08kp and
St3 (Tables 2, 3) were used in this work. The following
organosilanes (OOO Penta, Russia) were used for the
modification of the coatings:

1. Vinyltrimethoxysilane (VTMS)

2. Aminopropyltriethoxysilane (AGM)

3. Methacryloxypropyltrimethoxysilane (MPTMS)

4. Aminoethylaminopropyltrimethoxysilane–diaminosilane (DAS)

=2 3 3СН СН–Si OCH( )

( )=2 2 3 2 5 3NH CH –Si ОС Н( )

3 2 2 2 2 3 3CH –CH CH –C O –CH –CH –CH –Si OC( ) ( H( ) )

( )2 2 2 2 2 2 3 3NH –CH –CH –NH–CH –CH –CH –Si OCH
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Table 2. Chemical composition of the steel of the St3 brand under study
Weight fraction of chemical elements, %

C Mn Si Cr Ni Cu S P
0.14–0.22 0.3–0.6 <0.05 <0.05 <0.05 <0.05 <0.05 <0.04

Table 3. Chemical composition of the steel of the 08kp brand under study
Weight fraction of chemical elements, %

C Mn Si Cr Ni Cu S P
0.05–0.12 0.3–0.6 <0.03 <0.1 <0.15 <0.15 <0.004 <0.0035
5. Bis(triethoxysilyl)ethane (BTESE)

In addition, the following corrosion inhibitors were
used:

– octadecylamine C18H37NH2 (OOO Konferum,
Russia) (ODA); and

– 1,2,3-benzotriazole C6H5N3 (OOO Predpriyatie
ROD, Russia) (BTA) (Fig. 1).

The following polymer and paint coatings were
used in this work:

(1) a bitumen–polymer coating (BPC) of Dekom
brand (OOO Delan, Russia) consisting of a bitumen–
polymer primer, a reinforced mastic, and a polymer
tape; and

(2) a paint coating (PLC): a Lacryl water-soluble
styrene–acrylic dispersion of 9930 brand (Entod
Pharmaceuticals Limited, India).

The effect of the organosilicon surface nanolayers
on the electrochemical behavior of steel was studied by
a polarization method [24, 25]. A three-electrode cell
with separated electrode spaces was used, and the
potential was measured relative to a silver/silver chlo-
ride (Ag/AgCl) reference electrode and recalculated
for the normal hydrogen electrode (NHE) scale. The
measurements were potentiostatically (at fixed poten-
tials) or potentiodynamically (at the potential sweep
rate of 0.1 mV/s) performed using an IPC-Pro poten-
tiostat (Russia). Steel electrodes of three types were
used as the sample: disc (0.8 cm2), cylindrical (12.14 cm2),
and rectangular (a length of 15 mm, a width of 12 mm,
a thickness of 0.3 mm). A platinum plate with an area
of 1 cm2 and a thickness of 1.2 mm acted as the auxil-
iary electrode.

Critical pitting potential Ept (or potential of local
depassivation of steel), i.e., the potential, above which
pitting dissolution of the metal occurs and stable pit-

( ) ( )2 5 2 2 2 53 3C H O Si–CH –CH –Si OC H .
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Fig. 1. Structural formula of 1,2,3-benzotriazole (BTA).
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tings are formed, was determined from the anodic
polarization curves by the breaking point in the curve
as a potential, upon reaching which a sharp increase in
the current was observed [26]. The criterion of inhib-
iting activity of organosilane was the value of the shift
of Ept toward positive values [27]:

where Ept-mod and Ept-bgd are the values of the pitting
potential in the presence and absence of the modifying
additive, respectively.

Corrosion studies were performed by the method
of accelerated corrosion testing in an MHK-408CL
climatic chamber (Taiwan) at a relative humidity RH
of 95% and t = 60°C. Samples made of steel foil of steel
of 08kp brand (the composition is presented in Table 3)
with an area of 9 cm2 and a thickness of 100 μm were
tested. The value of the corrosion of steel was gravi-
metrically determined by the difference of the weight
of the samples before and after tests by weighing the
samples before the tests and after removing the corro-
sion products from the samples after the tests. The
corrosion products were removed from the surface of
the samples upon the completion of the tests by stan-
dard procedures [29]. In addition, the degree of corro-
sion damage of the painted samples was evaluated in
accordance with the requirements of the international
standard [30].

The polymer coatings were modified as follows:
(a) in the case of a PLC, the modifier (silane, an

inhibitor, or a mixture) additive was dissolved in the
required amount in a mixture of water and chloroform
(10% chloroform) and dispersed by ultrasound (in a
Sapfir-08 TTs ultrasonic bath, Russia) until complete
dissolution of the modifier. The obtained solution was
introduced into the dispersion; and

(b) in the case of a BPC, the modifier(s) was(were)
introduced in the required amount into the bulk of the
polymer (primer) and mechanically stirred for 3 h.
BTA was dissolved in isopropanol prior to introducing
into the PLC, while ODA was dissolved in toluene
prior to introducing into the BPC. The concentration
of both organosilane and each of the corrosion inhib-
itors in the coating was 5 mM.

When applying the polymer and paint coatings,
plates made of steel with a size of 100 × 150 × 3 mm
were used, onto the working section of which the
modified bitumen–polymer primer or PLC was

Δ = −pt pt-mod pt-bgd,E E E
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Fig. 2. Scheme of the beam sample for studying the rate of
crack growth: (A) holes for the fixation in the tensile test-
ing machine, (B) stress concentrator, (C) screw holes for
current leads, (D) contacts for measuring the potential,
and (E) chemically resistant lacquer.

Crack growth direction

А
А

C C

BD D

E

Fig. 3. Corrosion and mechanical tests of pipe steel by
static loading. The beam sample in the testing cell.
applied. In the case of the BPC, a strip of a reinforced
bitumen–polymer mastic was glued onto the primer,
atop which a polymer tape was applied. The consump-
tion of the primer was 300 g/m2. The thickness of the
coating was determined with an EASY-CHECK FN
thickness gauge (Germany). The total thickness of the
structure of the coatings was 2.81 ± 0.05 and 0.1 ±
0.01 mm for the BPC and PLC, respectively.

The following test solutions were used when carry-
ing out the electrochemical and corrosion studies.

• A mixture of a synthetic soil electrolyte (a so-
called “NS-4 solution” [30]) and a borate buffer solu-
tion (0.4 M H3BO3 + 0.01 M Na2B4O7) with the value
of pH of 7.0.

The composition of an NS-4 solution was as fol-
lows: 1.64 mM KCl + 5.75 mM NaHCO3 + 1.23 mM
CaCl2 + 0.74 mM MgSO4.

• A mixture of a borate buffer solution (0.4 M
H3BO3 + 0.1 M Na2B4O7) (pH of 6.7) and an NS-4
electrolyte with the addition of 0.001 M Na2S·10H2O.

• An aqueous extract from the bitumen–polymer
primer.

A modified primer was used for the preparation of
the aqueous extracts. The primer was preliminarily
dried in air, ground, and placed into a solution of buff-
ered soil electrolyte at room temperature. The
extraction time for the preparation of the aqueous
extract was 7–91 days.

All the chemicals and solvents were of reagent
grade.

The corrosion and mechanical tests were per-
formed by two methods.

(1) Static loading [31, 32].
Beam samples with a size of 200 × 15 × 3 mm with

a preliminarily grown fatigue crack with a depth of
7 mm [31] (Fig. 2), which were fixed in the electro-
chemical cell with the test solution, were used for static
tests (Fig. 3).

A constant tensile load of 500–1500 kg was applied
to the samples onto the gross cross-section using a
VEB tensile testing machine (Germany), and the
change in their electrical resistance was measured.
The scheme of the unit is presented in Fig. 4. The
duration of the tests was 5 to 14 days. The experiments
PROTECTION OF METALS AND PHYSICAL CHEMISTR
were performed at room temperature and with free
access of air. The test solution was periodically (after
2–3 days) replaced. The potentials were measured rel-
ative to a silver/silver chloride reference electrode and
recalculated for the normal hydrogen electrode scale.
To determine the rate of the crack growth, a method of
measurement of the electrical resistance of the sample
was applied [33]. The resistance of the sample was
measured by a BSZ-010-2 microohmmeter (Russia)
by a four-wire scheme with the accuracy of 10−8 Ω.

The rate of the growth was calculated by the for-
mula

(1)

where Δl is the length increment of the crack, mm and
t is the time of the tests, days.

The length increment of the crack was determined as

(2)

where d0 is the initial width of the sample, mm, and R0
and R are the initial and measured at a time point τ
resistances, respectively, Ω.

(2) Slow strain rate test (SSRT) [34, 35].
Slow strain rate tests (SSRTs) were performed on

cylindrical samples in accordance with [35]. The
appearance of the samples is presented in Fig. 5. The
geometric sizes are presented in Table 4. The samples
were mechanically treated using modes excluding the
overheating and cold hardening in the working part.

Mechanical treatment of the samples was per-
formed in the modes excluding the overheating and cold
hardening in the working part. No more than 0.05 mm
was taken off over the last two runs. The working part
of the samples was polished lengthways; sand paper of
the 0 brand was used for the final treatment. The value
of the roughness of the working surface of the samples
(Ra) was 1.25 μm. A wire was soldered to one of the

Δ= ,lV
t

( )Δ = − 0
0 1 ,Rl d

R
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Fig. 4. Scheme of the unit for measuring the rate of crack
growth by static loading: (1) sample with a crack, (2) cur-
rent stabilizer, (3) reference resistance, (4) measuring
bridge, (5) photoelectric amplifier, (6) event recorder,
(7) three-electrode electrochemical cell, (8) tensile testing
machine, and (9) working electrolyte.
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4 5
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Fig. 5. Sample for carrying out the tests by the SSRT
method: (a) the appearance of the sample and (b) the
scheme of the sample corresponding to the normative
requirements [36] for carrying out the tests by the SSRT
method.

(а)

(b)
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ends of the sample to measure the potential. The sur-
face of the samples was degreased with acetone and
covered with a chemically resistant lacquer except for
the middle thin working part.

The measurement of the sizes of the samples over
the working part before the test was performed with an
error of up to 0.1 mm in at least three points: in the
middle part and at the boundaries of the working
length. The smallest of the working values was taken as
the initial area of the cross section of the sample in its
working part (S0).

The initial calculated value of l0 was confined on
the working length by marks with an error of up to 1%.
The marks were applied using dividing machines or
manually using a metallic ruler.

Prior to the test, the samples were degreased with
an organic solvent and rinsed with distilled water.

The samples were fixed in the grips of a HYBER
AB brand tensile testing machine (Germany) and
immersed into the test solution together with the grips
(the scheme of the unit is presented in Fig. 6).

The samples were subjected to slow tension at a
constant speed of 2 × 10−6 to 1 × 10−4 mm/h through
a reduction gearbox. Upon the break of the sample,
the test was finished, and the time to its fracture was
recorded. The fractured samples were rinsed with dis-
PROTECTION OF METALS AND PHYSICAL

Table 4. Sizes of the samples for the SSRT method in accord
d0 I0 = 10d0 I D

Type 1 2.5 25 I0 + (0.5–2)d0 М
tilled water, dried in air, and placed into a desiccator
for 48 h, after which they were taken out, and the mea-
surements for the determination of the geometry of the
fractured sample and calculation of the elongation and
contraction of the sample were conducted (Fig. 7).

The contraction after the break of the sample was
calculated as

(3)

where S0 is the initial area of the cross section of the
sample, mm2, and Sk is the area of the cross section of
the sample after the break, mm2.

To study the structure of the surface organosilane
layer, steel samples were studied that were exposed in
the solutions of the aqueous extract from the modified
bitumen–polymer primer. The aqueous extract was
obtained after the exposure of the primer in distilled
water at room temperature for 50 days. A sample of
pipe steel of X70 type with a size of 25 × 15 × 2 mm
was immersed into the solution of the aqueous extract
and kept for 10 min, after which a reflection IR spec-
trum was recorded. Fourier-transform IR study of the
surface of steel was performed using a Nicolet iN10
FT-IR Microscope Fourier-transform IR spectrome-
ter (Thermo Fisher Scientific Inc., United States) in a
range of 600–4000 cm−1 with a resolution of 4 cm−1

and number of scans of 400. A mirror reflection acces-
sory with an incidence angle of 80° was used.

The control of the adhesion of the polymer compo-
sition was performed by the method of separation of
the coating from the metal at an angle of 180° in accor-
dance with [37] on a Zwick/Roell Z010 tensile testing

0

0

100%,kS SRA
S
−= ×
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Fig. 6. Scheme of the unit for the slow tension of the sam-
ple: (1) sample, (2) immobile grip, (3) mobile grip, (4) ves-
sel with the test solution, (5) output for measuring the
potential, (6) dynamometer, (7) electric motor with a
reducing valve, and (8) salt bridge.
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7

machine (Zwick GmbH & Co. KG, Germany) using
the samples shown in Fig. 8.

The adhesive strength, N/cm, was calculated by (4)
according to [38, Annex K]:

(4)

where F is the detachment strain on the section under con-
trol (N), and B is the width of the detachment strip, cm.

The water resistance of adhesion was estimated in
accordance with [37] by measuring the adhesion by the
method of separation at an angle of 180° after the expo-
sure of the samples in water for 1000 h at 20 ± 1°C.

Three samples of the same system were used in par-
allel when conducting the measurements of adhesion,
and the separation force was calculated as the arithme-
tic mean value.

In addition to the laboratory adhesion studies,
bench adhesion tests of the modified bitumen–poly-
mer coating were performed on the bench of the man-
ufacturer of the coating, OOO Delan, located in the
Noginsk region of Moscow oblast. The bitumen–

= ,F
A

B
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Fig. 7. Samples after SSRT tests with (a) large and (b

(b(a)
polymer coating was applied onto the surface of a sec-
tion of a pipe (with a diameter of 1420 mm) according
to the technology used when carrying out the works on
the field reinsulation of pipelines (Fig. 9) using both
an unmodified primer and primers modified with
organosilanes, a corrosion inhibitor, and their mix-
ture. The pipe with the applied coating was left in air
for 3 days, after which the adhesion of the coating was
measured.

RESULTS AND DISCUSSION
The corrosion cracking of a metal is an electro-

chemical process, because of which one of the key fac-
tors affecting the crack origin and growth is the rate of
the partial electrode reactions occurring on the surface
of corroding steel [6, 39]. Because of this, it is possible
to evaluate the effect of organosilanes and corrosion
inhibitors on the appearance and development of
stress corrosion cracking based on the electrochemical
data. Special attention was paid to studying the anode
reaction because the mechanism of crack develop-
ment on gas pipelines mainly occurs by the mecha-
nism of local anodic dissolution [40]; in addition, it is
known [26] that the sites of local dissolution (pittings)
that appear during anodic polarization of a metal can
act as the initiators of corrosion crack origin. One of
the most studied heterocyclic metal corrosion inhibi-
tors is 1,2,3-benzotriazole (BTA), which is widely used
for the protection of nonferrous metals, including
copper, against corrosion, and it has been shown in
recent years that BTA is capable of efficiently passivat-
ing iron and low-carbon steel and inhibiting their pit-
ting dissolution [27]. However, introducing BTA into
the coating may lead to a decrease in the adhesive
strength of the metal–polymer junction. To avoid or
minimize this effect, adhesion promoters can be used
together with BTA, the most efficient of which are
organosilanes [17–19]. In addition, it has been found
in recent years that the use of mixtures of organosila-
nes with corrosion inhibitors significantly increases
the inhibiting capacity of the latter [28]. It can be
expected that introducing a mixture of organosilane
and BTA into the bulk of a polymer coating will make
it possible to improve the anticorrosion characteristics
of the coating without a decrease in the adhesion of
the coating to the metal.
Y OF SURFACES  Vol. 57  No. 2  2021
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Fig. 8. Test sample for the control of the adhesion of the
structure of the coating of the Dekom type by the method
of detachment at an angle of 180°.

Fig. 9. Conduct of the bench adhesion tests at the testing
ground of OOO Delan.

Fig. 10. Potentiodynamic curves of St3 steel in the back-
ground solution and solution with additives: (1) back-
ground, (2) background + 5 mM VTMS, (3) background +
5 mM BTA, and (4) background + 5 mM (VTMS + BTA).
The potential sweep rate is 0.1 mV/s.
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–800
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Fig. 11. Anodic potentiometric polarization curves
obtained in a 0.1 M solution of NaCl (pH of 6.5) at the
potential sweep rate of 0.1 mV/s: (1) unmodified carbon
steel and (2–6) steel modified with the toluene solutions
with the additions of (2, 3) organosilanes: (2) 2% ODA and
(3) 1% AGM and (4–6) their mixtures: (4) 2% ODA + 2%
DAS, (5) 2% ODA + 1% AGM, and (6) 2% ODA + 1%
AGM + 1% VTMS.
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In connection with this, special attention was paid
to studying the effect of organosilanes and corrosion
inhibitors on the occurrence of the anode reaction of
dissolution of steel. Organosilanes, BTA, ODA, and
mixtures thereof were introduced into the background
solution, and anodic polarization curves were
recorded. The concentration of each component of
the mixture (i.e., organosilanes, BTA, and/or ODA)
was 5 mM. Figure 10 presents the potentiodynamic
polarization curves of steel in the background solution
(a borate buffer (BB) solution with the addition of
0.01 M NaCl) with the additions of BTA and VTMS.
As can be seen, peak current at E = −0.45 V is
observed in the polarization curve (Fig. 10) obtained
in the background solution. Disruptive discharge of
the passive film was observed at Ept = −0.13 V (Fig. 10,
curve 1). The addition of both BTA and organosilanes
and their mixtures into the solution leads to the disap-
pearance of the critical passivation current (Fig. 10,
curves 2–4) and increase in the pitting potential by
0.15, 0.10, and 0.20 V for BTA, VTMS, and DAS,
respectively (Fig. 10, Table 5). Table 5 presents the val-
ues of ∆Ept in the case of the use of the mixtures of var-
ious silanes with BTA.

A significant increase in the pitting potential was
observed for all the studied mixtures (Fig. 10, curve 4;
Table 5) both in comparison with the background
solution and in the case of introduction of the individ-
ual components of the mixture into the background
solution (i.e., individually BTA and organosilanes)
(Fig. 10, curves 2, 3). The maximum inhibiting effect
was observed for the BTA + DAS mixture (Table 5).

The corrosion inhibiting action of organosilanes
was earlier noted in the published sources [17–19, 21].
The authors associate the deceleration of the corro-
sion processes with the chemisorption of these com-
pounds on the metal surface with the formation of
Me–O–Si metal–siloxane bonds (reaction (5))
during the condensation of the silanol molecules
which are the hydrolysis products of organosilanes
[17–19] with the hydroxyl groups of the metal surface.

(5)

It is known [27] that organic amines are efficient
inhibitors of both equal-rate and local (including cor-
rosion cracking [41]) corrosion including in the case of
development of inhibited polymers [42].

Studying the electrochemical behavior of steel, the
surface of which was modified with the solutions of
ODA, organosilanes, and mixtures of organosilanes
with ODA showed (Fig. 11) that the modification of
the metal surface with both individual components of
the mixtures and a mixture of the modifiers (organos-

3 2R Si(OH) OH Me R Si(OH) O Me.− + − → − − −
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES  Vol. 57  No. 2  2021
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Fig. 12. Anodic polarization curves of steel obtained in a
borate buffer solution (pH of 6.5) with the addition of
0.001 M NaCl at the potential sweep rate of 0.1 mV/s: (1)
the unmodified bitumen–polymer primer (BP) and (2–8)
the BP modified with (2) 2% ODA, (3) 1% VTMS, (4) 1%
AGM, (5) 1% AGM + 1% VTMS, (6) 2% ODA + 1%
VTMS, (7) 2% ODA + 1% AGM, and (8) 2% ODA + 1%
VTMS + 1% AGM. The thickness of the layer of the
primer is 0.2 mm.
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ilane and corrosion inhibitor) led to the inhibition of
the equal-rate dissolution (up to the complete disap-
pearance of the peak of the active-to-passive transi-
tion) and local dissolution of carbon steel (Fig. 11,
curves 2–6). For the studied modifying mixtures, the
effect of deceleration is three- to sixfold on average.
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 5. Evaluation of the efficiency of the corrosion inhibiti
Composition of the solution and additive Ept-mod, m

Background −
BTA + VTMS 1
BTA + MPTMS −
BTA + DAS
BTA + AGM
BTA + BTESE −

Table 6. Values of pitting potentials Ept and slopes of sections 
tials more positive than Ept) of St3 carbon steel covered with 

Composition of the coating

Steel without a coating
Steel + BP + 2% ODA
Steel + BP + 1% VTMS
Steel + BP + 1% AGM
Steel + BP + 1% VTMS +1% AGM
Steel + BP + 2% ODA +1% VTMS
Steel + BP + 2% ODA + 1% AGM
Steel + BP + 2% ODA + 1% VTMS + 1% AGM
Steel covered with unmodified BP
The best result with respect to the inhibition of the rate
of local dissolution is demonstrated by the treatment
of the metal surface with a 1% toluene solution of
AGM in toluene (Fig. 11, curve 3). The rate of local
dissolution decreases 15-fold.

The anodic polarization curves recorded on the
metallic samples, the surface of which was prelimi-
narily treated with bitumen–polymer primers with
different compositions (a thickness of 0.5–0.8 mm),
are presented in Fig. 12. The obtained results show
that the presence of an unmodified coating (without
the additions of organosilanes) on the metal surface
leads to the passivation of the steel sample, and the
absence of the peak of the active-to-passive transition
of the metal (Fig. 12, curve 1), i.e., inhibition of the
equal-rate dissolution of the metal and its passivation,
is observed. The rate of dissolution of the metal from
the pitting (characterized by the slope of the anodic
curve after reaching Ept, Table 6) slightly changes. It is
0.013 and 0.014 A V−1 cm−2 for the steel with the coat-
ing and on the untreated surface, respectively. Intro-
ducing modifiers (ODA, organosilanes, and a mixture
thereof) into the bitumen–polymer primer leads to both
a shift of Ept to the anode region (Fig. 12, curves 2–8)
and a decrease in the rate of dissolution of the metal
from the pitting (Table 6). This indicates that the
modifiers inhibit both the process of occurrence of
pittings and rate of their development. The values of
the slopes of the sections of the anodic polarization
curves in the range of potentials more positive than Ept
are presented in Table 6.

It is seen that the modification of the bitumen–
polymer primer with organosilanes leads to the inhibi-
tion of the local dissolution of the metal. The modifi-
cation of the coating with a 2% ODA + 1% VTMS
mixture is the most efficient.
Y OF SURFACES  Vol. 57  No. 2  2021

ng mixtures by the change in Ept

V (Ag/AgCl) ∆Ept, V mV (Ag/AgCl)

130 0
07 237
17 113

311 441
114 244
51 79

tan α of the anodic polarization curves (in the range of poten-
a bitumen–polymer primer (BP)

Epto (NHE), mV tanα, A V−1 cm−2

−250 0.014
−70 0.009

−140 0.004
−110 0.006
−250 0.005

−40 0.003
−170 0.008
−190 0.012
−250 0.013
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Fig. 13. Dependence of the value of the contraction of the
sample of pipe steel in the case of the tests by SSRTs in the
(a) NS-4 background medium + BB and (b) NS-4 back-
ground medium + BB + 10 mM Na2S with additions of the
inhibitor systems.

70

(a)

60
50
4030
20
10

0

RA, %

RA, %

RA % in air

RA % in air

Bac
kg

ro
und

Bac
kg

ro
und

ODA
ODA

(O
DA +

 D
AS)

(O
DA +

 D
AS)

BTA

BTA
ODA +

 V
TM

S

ODA +
 V

TM
S

ODA +
 A

GM

ODA +
 A

GM

AGM

AGM

VTM
S

BTA +
 A

GM

BTA +
 A

GM
ODA +

 A
GM

(b)
80
70
60
50
40
30
20
10

0

Fig. 14. Dependence of the length increment of the crack
in the sample on the time in the background solution (pH
of 5.5) containing 1 mM Na2S (a) without additions and
(b) with the addition of 1.7 g/L ODA.
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Therefore, the study of the electrochemical behav-
ior of steel showed that the surface modifiers (orga-
nosilanes, corrosion inhibitors, their mixtures) and
polymer coatings decreased the rate of both equal-rate
and local anodic dissolution of the metal. Because of
this, it can be expected with high probability that the
studied modifiers will also inhibit the corrosion crack-
ing of carbon steel.

The corrosion and mechanical tests showed that
the selected modifiers and inhibiting mixtures were
capable of both decreasing the total affinity of the
metal for the SCC (by the results of the SSRTs) and
the rate of the corrosion crack development.

Figure 13 presents the results of the SSRTs in a pure
buffered soil electrolyte (Fig. 13a) and with the addi-
tion of hydrogen sulfide (Fig. 13b), a known SCC acti-
vator.

It can be seen from Fig. 13 that introducing modi-
fiers into the test solution leads to the inhibition of the
SCC (the value of the contraction of the sample upon
the introduction of modifiers into the solution is
smaller than in the background solution). This inhibi-
tory effect also manifests itself upon adding sodium
sulfide which is an SCC promotor [39, 40] into the test
solution (Fig. 13b, background). Moreover, the intro-
PROTECTION OF METALS AND PHYSICAL
duction of individual organosilanes or corrosion
inhibitors into the solution does not provide inhibiting
efficiency as high as in the case of addition of a corro-
sion inhibitor + organosilane mixture into the solu-
tion.

Figure 14 presents the examples of the measure-
ment of the rate of crack growth in the process of the
tests with a static load. Thus, the values of the rate of
crack growth in the background electrolyte with the
addition of hydrogen sulfide were 1.2 × 10−3 mm/h
(Fig. 14a). The introduction of a mixture of ODA and
VTMS into the solution leads to a decrease in the rate
of crack growth by almost an order of magnitude, and
it is 1.21 × 10−4 mm/h (Fig. 14b).

In addition to the effect of the modification of
polymer and paint coatings on the electrochemical
behavior of steel, the corrosion of steel under the mod-
ified coating was also studied. Figure 15 shows the
photographic images of the surface of the samples
after conducting corrosion tests in a climatic chamber
for 10 days. It has been found that equal-rate corrosion
without clearly pronounced local corrosion damage
sites is observed on the surface of the samples without
the modification (Fig. 15a). The fraction of the dam-
aged surface was 43% (Table 7). Coatings with the
addition of BTA or silanes decelerate the corrosion,
but, here, significant local damage sites are observed.
The area of the damaged surface was 9, 17, and 7%
 CHEMISTRY OF SURFACES  Vol. 57  No. 2  2021
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Fig. 15. Surface of the samples of carbon steel covered with
the styrene–acrylic dispersion (PLC) (a) unmodified and
(b–f) modified by the addition of organosilanes and a cor-
rosion inhibitor (BTA) into the bulk of the coating: (b)
PLC + BTA, (c) PLC + VTMS, (d) PLC + DAS, (e) PLC +
(VTMS + BTA), and (f) PLC + (DAS + BTA). Corrosion
tests in a climatic chamber, t = 60°C and RH of 95%.
Duration of the tests is 10 days.
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Fig. 16. Fourier-transform IR spectra of the surface of car-
bon steel treated with the (1) 1% aqueous solution of
VTMS and (2) aqueous extract from the bitumen–poly-
mer primer modified with vinylsilane. The extraction time
is 50 days, room temperature.
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(Figs. 15b–15d; Table 7) in the case of modification of
the coating by the introduction of BTA, VTMS, and
DAS, respectively. The spots of the corrosion products
on the surface of the samples appear after 3–4 days of
exposure in a climatic chamber and remain unchanged
in sizes for 10 days of the tests. This means that under-
film corrosion develops in a humid atmosphere for the
first 4 days of the tests, after which a growth of the cor-
rosion sites deep into the metal apparently occurs.

Simultaneous introduction of a mixture of orga-
nosilane and BTA into the dispersion significantly
improves the corrosion resistance of the PLC (Figs. 15e,
15f; Table 7). There are almost no corrosion products
on the surface. The fraction of the damaged surface for
the samples covered with the styrene–acrylic disper-
sion modified with a mixture of BTA with VTMS was
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 7. Fraction of the surface damaged by corrosion of
the steel samples covered with the PLC with different mod-
ifiers. Corrosion tests in a climatic chamber, t = 60°C and
RH of 95%. Duration of the tests is 10 days

System
Fraction of the damaged 

surface in accordance
with [30]

PLC without modification 43
PLC + BTA 9
PLC + VTMS 17
PLC + DAS 7
PLC + (VTMS + BTA) 0.8
PLC + (DAS + BTA) 0.1
0.8%, and with a mixture of BTA and DAS, 0.1%
(Table 7). This indicates a synergism of the actions of
the components of the mixture; i.e., the effect of the
action of the mixture significantly exceeds the effect of
each of the components of this mixture. The synergis-
tic effect can be seen in the formation of a compact
surface nanolayer strongly bound to the metal surface.

It is known that, in the case of operation of under-
ground structures, corrosion processes mainly occur
under the detached polymer coating, under which the
electrochemical protection does not work. Because of
this, to decrease the rate of corrosion of the metal
under the coating, it is necessary that the molecules of
the corrosion modifiers inhibitors migrate from the
bulk of the polymer to the interface and exit into the
electrolyte that is accumulated between the detached
coating and the metal in the process of operation. To
determine the mobility of the inhibitor molecules in
the bulk of the polymer and evaluate the possibility of
the exit of the inhibitor into the underfilm electrolyte
in the case of the detachment of the coating by IR
spectroscopy, the presence of the components of the
modified coating, in particular, vinyl-containing
silane, on the metal surface after the exposure of the
metal in the solution of the aqueous extract from the
modified coating was analyzed. Figure 16 shows the
Fourier-transform IR spectra of the surface of steel
treated with an aqueous solution of VTMS with a con-
centration of 1% (curve 1) and an aqueous extract of a
Dekom-Gaz inhibited bitumen–polymer primer
(curve 2). Coinciding bands can be seen in both curves
in the figure, which indicates the exit of VTMS from
the bulk of the polymer coating into the solution. The
IR spectrum of the aqueous extract of the inhibited
primer contains a series of bands assigned to the vinyl-
siloxane layer being formed upon the hydrolysis and
polycondensation of the VTMS molecules on the sur-
Y OF SURFACES  Vol. 57  No. 2  2021
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Fig. 17. Surface of the steel/styrene–acrylic dispersion
(PLC) interface: (a) electronic photographic image of the
metal/PLC interface, the PLC is modified with a mixture
of VTMS + BTA; (b) color mapping of the metal/PLC
interface, the PLC is modified with a mixture of BTA +
VTMS; (c) concentration of oxygen at the metal/PLC
interface, the PLC is modified with a mixture of BTA +
VTMS; (d) concentration of silicon at the metal/PLC
interface, the PLC is modified with a mixture of BTA +
VTMS; (e) concentration of nitrogen at the metal/PLC
interface, the PLC is modified with a mixture of BTA +
VTMS; and (f) concentration of iron at the metal/PLC
interface, the PLC is modified with a mixture of BTA +
VTMS. Elemental analysis is performed by the EMF
method.
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face. Thus, the intense bands near 1030 and 1000 cm−1

lie in the region of vibrations of the Si–O–Si group
[43], while the band at 905 cm−1 corresponds to the
vibrations of the bridging oxygen atom in the Si–O–Si
fragment. The bands at 1411 and 1600 cm−1 lie in the
regions close to the vibrations of the –CH=CH2 bond;
those at 2950 cm−1, to the vibrations of the CH2 bonds
of the vinyl group; and the band at 1270 cm−1, to the
vibrations of the Si–CHCH2 fragment [44]. The band
at 770 cm−1 corresponds to the vibrations of the sili-
con–carbon bonds [45]. The wide but low-intensity
band at about 3370 cm−1 lies in the region of vibrations
of the OH group of the Si–OH fragment [44]. In addi-
tion, a band lying in the region of 950 cm−1 has been
found in the spectrum that is assigned to the vibrations
of the surface –Fe–O–Si– groups [45].

The analysis of the spectra makes it possible to
determine the nature of the chemical processes occur-
ring on the surface of steel during the adsorption of
VTMS from the underfilm electrolyte. Thus, the first
stage of the process is the hydrolysis of the vinylsilane
PROTECTION OF METALS AND PHYSICAL

Table 8. Elemental composition of a pure water-diluted P
metal/polymer interface

System under study
Fe

L – 9930 83.8
L – 9930 + VTMS + BTA 53.2
molecules CH2=CH–Si(OC2H5)3 with the formation
of vinylsilanol CH2=CH–Si(OH)3 because no bands
corresponding to the vibrations of the Si–O–C groups
were detected in the spectrum, but, at the same time,
bands corresponding to Si–OH groups were observed.
This indicates the absence of unhydrolyzed VTMS
molecules on the surface. The appearance of the band
at about 950 cm−1 that corresponds to the vibrations of
–Fe–O–Si in the spectrum indicates the presence of
a chemical interaction of the VTMS molecules and
hydroxyl groups on the metal surface. Thereafter, the
adjacent adsorbed molecules enter a polycondensa-
tion reaction to form bridging Si–O–Si bonds resis-
tant to hydrolysis, which is evidenced by the presence
of bands at about 1030, 1000, and 905 cm−1.

Therefore, the IR study showed that VTMS is
capable of not only exiting the coating into the under-
film electrolyte, but also adsorbing on the surface of
pipe steel to form strong surface bonds.

Figure 17 presents the electronic photographic
images and color mapping of the metal/styrene–
acrylic dispersion (PLC) interface, while Table 8 pres-
ents the distribution of the elements at the metal/PLC
interface for both the unmodified coating and the PLC
modified with a mixture of VTMS and BTA. It can be
seen from the micrographs that the addition of a mix-
ture of BTA and organosilane into the PLC (Fig. 17a)
provides good wetting of the metal surface with the
polymer, i.e., the coating uniformly adjoins the sur-
face of the metallic substrate, and no cracks are
recorded in the layer adjacent to the surface. The study
of the metal/polymer interface, where the polymer is a
PLC modified with a mixture of BTA and VTMS,
showed that oxygen and silicon were concentrated in
the polymer layer with a thickness of 8–10 nm near the
surface (Figs. 17c, 17d), and an increase in oxygen and
silicon was observed in the modified PLC in compar-
ison with the unmodified PLC, which may indicate
the migration of the organosilane molecules from the
bulk of the polymer to the metal surface and occur-
rence of the polycondensation reaction in the near-
surface layer, while fixed oxygen is a part of the Si–O–
Si fragments.

Moreover, sites of concentration of silicon (Fig. 17b)
(they are denoted by a blue ring in the figure) and
nitrogen (they are denoted by a blue oval in the figure)
are found directly on the metal surface. It is likely that
the nitrogen molecules present in the composition of
the BTA molecules (Fig. 1) diffuse from the bulk of the
polymer coating to the interface and interact with the
surface, thus providing an increase in the adhesion of
the PLC to the metal.
 CHEMISTRY OF SURFACES  Vol. 57  No. 2  2021
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Fig. 18. Scheme of the structure of the polymer-like pro-
tective intermediate layer at the metal/PLC interface.
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Fig. 19. Adhesive strength in the case of separation at an
angle of 180° of unmodified (BP column) and modified
Dekom bitumen–polymer primer. 
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Based on the results of the performed tests, the fol-
lowing model of formation of the polymer-like film at
the metal/PLC interface has been proposed (Fig. 18).
As is shown in Fig. 18, the surface film being formed is
two-layer. The first, siloxane–azole, layer is strongly
bound to the metallic surface. The thickness of this
layer does not exceed 1–2 nm. The formation of the
second layer located over the first layer occurs due to
the siloxane groups of silane that bind to the organic
radicals of the PLC to form structures similar to the
interpenetrating polymer networks [46], which pro-
vide an increase in the adhesion of the coating. The
thickness of the second layer is 35–40 μm.

Since the main protective characteristic of insula-
tion materials on gas pipelines and other structures is
the high adhesive strength of the coating and its reten-
tion under the action of the environment, principally
the action of an electrolyte and a cathodic potential,
the effect of the modification on the adhesive charac-
teristics of the bitumen–polymer coating has been
studied. Figure 19 and Table 9 present the results of
the measurement of the adhesive strength of a Dekom
bitumen–polymer coating (BPC); Fig. 20, of the
water resistance of the BPC; and Table 10, of the resis-
tance of the BPC to cathodic detachment. Table 11
presents the values of the adhesive strength of the
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 9. Results of the tests of a Dekom coating with differen
−1.1 V (NHE), 1000 h

Nos. System

1 Unmodified BP
2 BP + (BTA + VTMS)
3 BP + (BTA + AGM)
4 BP + BTA
5 BP + VTMS
6 BP + AGM
5 BP" + DAS
5 BP + (BTA + DAS)
unmodified and modified styrene–acrylic dispersions
(PLC).

It can be seen from Figs. 19 and 20 and Tables 9–
11 that the polymer and paint coatings modified with
organosilanes, a corrosion inhibitor, and mixtures
thereof exhibited adhesive characteristics comparable
to and exceeding the characteristics of the unmodified
coatings. In addition, it should be noted that an adhe-
sive character of the separation of the coating from the
metal surface was observed in the case of the unmodi-
fied coatings. The modification of the coatings leads to
a change in the character of separation; thus, it
becomes mixed adhesion–cohesion, which indicates
that the strength of the surface–coating bond is higher
than the cohesive strength of the coating. The
obtained results show that the modification of the
coating will not only make it possible to inhibit the
development of equal-rate and local corrosion
(including SCC) on the metal, but also increase the
adhesion of the coating, which may prolong its failure-
free operating period.

Figure 21 presents the results of the measurements
of the adhesive strength of the bitumen–polymer
coating modified with organosilanes and a corrosion
inhibitor—ODA and their mixture. It can be seen from
Y OF SURFACES  Vol. 57  No. 2  2021
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Fig. 20. Adhesive strength in the case of separation at an
angle of 180° of a Dekom bitumen–polymer primer after
exposure in distilled water for 1000 h. 
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Fig. 21. Adhesive strength in the case of separation at an
angle of 180° of the unmodified (BP column) and modi-
fied Dekom bitumen–polymer primer.
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the figure that the modification of the coating with a
mixture of the corrosion inhibitor and organosilane
turns out to be more efficient than the modification of
the coating with individual organosilane and an indi-
vidual corrosion inhibitor.

It can be noted based on the results of comprehen-
sive tests that mixtures of a corrosion inhibitor (BTA
or ODA) with organosilanes are the most efficient for
improving the anticorrosion properties of coatings.
The execution of bench adhesion tests at the testing
facility of the manufacturer of the coating (Fig. 9)
showed (Table 12) that the modification of the coating
by the introduction of BTA or VTMS into the bulk of
the polymer somewhat decreased the adhesion of the
bitumen–polymer coating applied onto a section of a
pipe; however, this decrease is small and significantly
PROTECTION OF METALS AND PHYSICAL

Table 10. Character of separation of unmodified steel and ste
surface

Nos. System
1 Bitumen–polymer primer

without inhibiting additives (BP)
6 BP + VTMS

7 BP + 1(BTA + VTMS)
8 BP + (BTA + DAS)
9 BP + BTA

10 BP + (BTA + AGM)

11 BP + MPTMS

12 BP + BTESE

13 BP + AGM
exceeds the values recommended by the normative
documents for the coatings used for pipelines [47].
The introduction of a mixture of BTA with vinyl-con-
taining silane into the bulk of the polymer primer leads to
an increase in the adhesion of the coating (Table 12),
which confirms the results of the laboratory adhesion
studies.

CONCLUSIONS
1. It has been shown that mixtures of 1,2,3-ben-

zotriazole (BTA) with vinyltrimethoxysilane (VTMS)
or aminoethylaminopropyltrimethoxysilane—diami-
 CHEMISTRY OF SURFACES  Vol. 57  No. 2  2021

el modified with the bitumen–polymer primer (BP) from the

Character of separation
60% cohesion by primer,
40% adhesion from metal
90% cohesion by primer,
10% adhesion from metal
100% cohesion by primer
100% cohesion by primer
80% cohesion by primer,
20% adhesion from metal
90% cohesion by primer,
10% adhesion from metal
50% cohesion by primer,
50% adhesion from metal
30% cohesion by primer,
60% adhesion from metal
95% cohesion by primer,
5% adhesion from metal



IMPROVING THE ANTICORROSION CHARACTERISTICS 387

Table 11. Results of the adhesion tests of the styrene–acrylic dispersion (PLC) with the modifying additives: A is the adhe-
sive character of separation, and C is the cohesive character of separation

No. System Adhesive strength, N/cm Character of separation
1 PLC 234 ± 10 100% adhesion from metal
2 PLC + BTA 250 ± 10 40% cohesion by primer,

60% adhesion from metal
3 PLC + VTMS 255 ± 10 35% cohesion by primer,

65% adhesion from metal
4 PLC + DAS 265 ± 10 35% cohesion by primer,

65% adhesion from metal
5 PLC0 + (BTA + VTMS) 270 ± 10 100% cohesion by primer
6 L – 9930 + BTA + DAS 290 ± 10 100% cohesion by primer

Table 12. Results of the bench tests of a Dekom bitumen–
polymer coating (BP) with different modifiers

No. System Adhesive strength, N/cm
1 Unmodified BP 74
2 BP + (BTA + VTMS) 91
3 BP + BTA 53
4 BP + + VTMS 73
nosilane (DAS) inhibit the local dissolution and
underfilm corrosion of carbon steel, and the potential
of local depassivation shifts by 0.3–0.4 V. Here, com-
pact polymer-like layers are formed on the surface of
steel, which are strongly bound to the metal surface.

2. Corrosion and mechanical tests of the samples of
pipe steels with different types of inhibiting composi-
tions have been performed. The effect of the inhibitors
on the crack growth under static load in a model soil
electrolyte (pH of 5.5) and crack resistance of steel in
the case of slow tension in an NS-4 model underfilm
electrolyte (pH of 7.0) has been evaluated. The tests
were performed in media free from and containing
hydrogen sulfide. It has been shown that mixtures of
corrosion inhibitors with organosilanes demonstrate
the best inhibiting properties.

3. Comparative laboratory and bench tests for
adhesive strength, water resistance, and resistance to
cathodic detachment of the adhesive junctions
obtained upon applying modified polymer and paint
coatings onto the surface of steel have been performed.
It has been found that the introduction of a mixture of
organosilane and a corrosion inhibitor improves the
adhesive properties of polymer and paint coatings.
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