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Abstract

The goal of our work is to develop, study, chamapte and apply new epoxy
macromolecular matrices in the coating process, #@mdoptimize them in the
conservation of marine heritage. Epoxy resins asehriologically and nano-
technologically compatible thermosetting macromoleanatrices, which are easy to
use, thanks to their structures and viscosimetnid eneological properties, able to
protect the heritage subject to atmospheric cavrosin this paper, we tested the
synthesized, crosslinked and formulated novel nmoftecular nanoglycidyl
trihnydrazine 4,4,4-tripropoxy ethylene tribisphen®d (NGTHTPETBA), used as an
anti-corrosive coating for E24 steel in 3.5% Nal@l.order to evaluate the inhibiting
performance of the NGTHTPTBAE coating for E24 stamlrosion, and to examine its
coating behavior, we applied the different (MGTHTPETBA/MDA) and
E>(NGTHTPETBA/MDA/PN)  formulations. The stationary dn transient
electrochemical studies are very revealing.

Keywords: NGTHTPETBA, coating, E24 steel, adsorption phenoone crosslinking,
formulation and electrochemical studies.

Introduction

Polyepoxide resins are very important thermosettirtgchnological

macromolecular matrices [1- 2], which have been elyidused in several
industrial fields, such as radioactive waste cooudlibg [3-4], viscosimetric and
rheological behavior [5-6-7], aeronautical consiuc [8], spatial construction
[9-10], and metallic objects corrosion inhibitiohl] and coating [12]. Our goal

* Corresponding author. E-mail addrasississou@gmail.com



R. Hsissou et al. / Port. Electrochim. Acta 36 @0259-270

is to assess a new behavior of an E24 steel coatimigh is easy to implement
and inexpensive for the heritage protection subpbdb standard atmospheric
corrosion. The field of heritage conservation hasrdwed some corrosion
protection means that were developed for indusaqpgilications, such as the so-
called chemical or electrochemical conversion omgti metallic deposits or
organic polymer films, which are now commonly usés a result, these
processes have been used in the field of heritagesecvation. This study
consists in physico-chemically applying and studyannew polyepoxide resin,
and its anticorrosive behavior against E24 stegharine environments. These
materials can be corroded in aggressive media {#]13td, therefore, the best
way to protect them against corrosion is a coaéipglication [15-16]. Among
these various types of coatings we have found acgamlymers, which play a
very important role in preventing the oxidation resion, and also avoiding the
heritage degradation [17-18]. The coating methoth wpoxy resins remains a
very effective approach to avoid rapid corrosioecduse of its good adhesion,
good acid/alkali resistance, and its high croskhtig density, thanks to its
macromolecular structure [19].

In this work, we applied a new nanofunctional eppxgpolymer, nanoglycidyl
trinydrazine 4,4,4-tripropoxy of ethylene tribispioé A, synthesized in the
laboratory [20], on E24 steel, in marine environtsefMhe coating impact on
E24 steel was assessed by using the twdNESTHTPETBA/MDA) and E
(NGTHTPETBA/MDA/PN) protection formulations, whikevaluating their anti-
corrosive behavior by two electrochemical methodamely the stationary
method and the transitional method.

Materials and methods

Hardware

Used products

In this work, we used the nanofunctional epoxideppiymer nanoglycidyl
trinydrazine 4.4.4-tripropoxy of ethylene tribisplod A (NGTHTPETBA),
synthesized in the laboratory [20], methylene dia@i(MDA), natural phosphate
and 3.5 % NacCl. The latter has been marketed bgidhidChemical Co.

Figure 1. The electrochemical cell with three electrodes.
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Used methods

Electrochemical cell with three electrodes

Electrochemical measurements were obtained by ummnglectrochemical cell
with three electrodes, as shown in Fig. 1.

There is a platinum electrode as a counter eleefr@al saturated calomel
reference electrode (ECS) and a cylindrical E24Isteorking electrode. The
surface of contact with the corrosive solution vtasm2. Before each test, the
working electrode was polished with abrasive pa@®8, 1200 and 1500.
These three electrodes were immersed in a 100 mtaic@r, and inserted in its
orifices with well-designed diameters and spacimgaking it possible to receive
the systems for agitation, temperature controbtamr and deaeration.

Electrochemical measurements

By using a potentiometer/galvanostat SP-200 Bial&gience Instruments, the
stationary measurements were carried out in a potimamic mode. The
working electrode was previously kept immersedhat free corrosion potential
for 30 minutes. The scanning speed was 1 mV/s. détermination of the
electrochemical parametersofi Ecor, Ba and fc) from the polarization curves
was carried out by using a nonlinear regressionthy Ec-Lab software.
Therefore, the coating efficiency was calculatedulgh the following formula:

0
n% = ('corr_oﬁjxloo (1)

corr

where i%r and ior are the corrosion current densities (AQmrespectively,
without and with the coating polymer’s differentrimulations.

Ba and Bc are the Tafel constants of the anodic and cathosictions (W),
respectively. These constants are related to tpegf Tafelp (V.dec?) and the
form on the logarithmic scale given by:

_In(10) _ 2.303 @
b b ‘

B

The electrochemical impedance spectroscopy measutsrmvere carried out by
using the same apparatus, with a signal amplitdéOomV. The explored

frequency ranged from 100 KHz to 10 MHz. The resulere then analyzed by
using an equivalent electrical circuit of Bouckasmmulation program [19]. The
effectiveness of the coating protection was evelidty using the following

relationship:

R, - Rg
/7% = R x100 (3)

P

where R, and R are the polarization resistance, respectivelyhabsence and
presence of the coating polymer’s different forniolas.
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The hardening of nanoglycidyl trihydrazine 4.4 #itwpoxy of ethylene
tribisphenol A (NGTHTPETBA)

The polyepoxide resins can be converted into theettimg macromolecular
matrices, because many of their chemical compofunasion as curing agents
during the process. Among the hardeners of polyeeosystems, there are two
major classes: acid anhydrides and amines. Ther ledéimain good hardeners
thanks to their chemical structure. The aromatim@ounds provide very good
thermal stability and mechanical properties to poé/mer [21]. They are often
used for high-tech applications. The hardener whiehare using is methylene
dianiline, of which chemical structure is showrFig. 2:

H,
N C NH,

Figure 2. Semi-developed formula of methylene dianiline.

The impact of methylene dianiline on the epoxidéescribed by the following
reaction, according to Fig. 3:

(|DH TH
V\f\f‘C—CHz Hzc—cu\nr\
H :: :: : : H
C—CH2 HZC—CJ\N\

O OH

Figure 3. Diagram of NGTHTPETBA resin crosslinked with MDA.

Ratio calculation

Calculation of stoichiometric coefficients

Once having cured the multifunctional polyepoxideacnomolecular matrix in
the hardener presence (especially amines), in otdeobtain its optimum
properties, it is desirable to make the prepolyared the curing agent react to
approximately stoichiometric amounts [7].
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Calculation of the epoxy equivalent (EEW) to thentbgsized nanoglycidyl
trinydrazine 4,4,4-tripropoxy of ethylene tribisploé A macromolecular matrix
is as follows:

M,, (NGTHTPETBA
f

EEW=

with f as the functionality of the synthesized epo&sin, where:

EEW:%% G

EEW=165¢g/ eq (€

The calculated AHEW (Amine Hydrogen Equivalent We)gconstitutes the
mass of the hardener containing an amine equivalent

M, (MDA)
f
Methylene dianiline: M = 198;f=4

AHEW = (7)

AHEW = 198 (8
4
AHEW=49.5g/ eq 9

Calculation of the ratio by weight
The hardener-resin ratio by weight was calculatedhe majority of cases, per
PHR (parts per hundred of resin):

AHEW
x100
W ax

Amine( PHR) =

In this case, for NGTHTPETBA:

Amine (PHR = 222 400 (11)
165
Amine (PHR=304g/ eq a2z

Therefore, 30 g of methylene dianiline per 100 ghahoglycidyl trinydrazine
4,4,4-tripropoxy of ethylene tribisphenol A had react with the prepolymer,
curing it, for it to achieve optimum properties.
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Calculation of the load quantity
We calculated the quantity of the desired load mting to the following

equation:

y% = X (13)

" resin+ MDA+ x

E24 steel metal coating by nanoglycidyl trinydra&zih4,4-tripropoxy of ethylene
tribisphenol A

To obtain reliable and reproducible results, thegglwas subjected, before each
test, to the surface polishing with abrasive papéracreasingly fine grain sizes:
600, 1200 and 1500. The used experimental prots@d follows: Formulation 1
(NGTHTPETBA/MDA) - we mixed 1 g of NGTHTPETBA with.3 g of MDA,
as a hardener, and then stirred it to give a sifigid phase for about 30 min.
The formulation was applied to E24 steel by usinfijira-producing rod. This
coated plate was placed in the oven at 70 °C foth@drs, to crosslink the
polymer deposited onto the substrate; FormulatiGd@THTPETBA/MDA/PN)

- we followed the previous protocol (Formulationwvtith the addition of 5% of
natural phosphate as load.

The used electrolyte (3.5% NaCl)

We used 3.5% NaCl as a corrosive solution. We peeph00 mL of 3.5 % NacCl,
and then we dissolved 3.5 g of it in 100 mL of idest water. The used
polyepoxide resin was NGTHTPETBA.

2 J=——NGTHTPTBAE/MDA/PN
NGTHTPTBAE/MDA
1 f—NaC13.5 %

I (mA/c mz)
1

(5

log

5

14 12 40 08 06 04 -02 00 02 04

E(V/Ag/AgCl)
Figure 4. Polarization curves of E24 steel in 3.5% NaCkhie presence of the matrices
(Eo, E1 and E), after 30 min of immersion at 298 K.

In Fig. 4, we notice that the cathodic branchesndbshow linearity, and are
considered to be the sum of two curves (showingethikinetics) by reducing
oxygen and hydrogen [22]. However, the anodic Hdmaacalso do not show
linearity, due to the E24 steel dissolution [23].
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Table 1. Accumulations of the various electrochemical parars recorded from the

polarization curves.

Protective matrices Plaques - Ecorr I corr Bc Ba n
(Ei) (mV/Ag/AGCI) | (MA/cm?) | (mV/dec) | (mV/dec) | (%)
3.5 % in NaCl | 665 22 275 78 -
NGTHTPETBA/MDA E 562 1.98 82 80 91
NGTHTPETBA/MDA/PN B 558 0.80 110 98.5 96

In this section, we have studied the protectinghmasm for E24 steel by the
matrices (b, E: and E), which consist of the standard polyepoxide resin
(NGTHTPETBA), the hardener (MDA) and the naturalogpphate load. The
results interpretation, according to the matrixstiauation, is as follows:

In the control & matrix, which was made without the substrate ogatihe Ci

and OH anions coming from the corrosive medium directhaek the substrate,

which induces direct corrosion.

H:O + 0: J OH
Cl Na“™
NGTHTPIBAE/MDA
Cl- OH"
Fe?* h
H,O0+%0,+2e 20H - Fe "
E 24 Steel

Figure 5. Mechanism of the Eprotective matrix (NGTHTPTBAE/MDA) amid the

metal substrate and the film, after immersion B%3@NaCl.

H,0 + O,

H0+%0,+2¢€

o

Cl
l NGTHTPTBAE/MDA/PN
OH

q

20H-

Fe **

e
Fe -~

E 24 Steel

Figure 6. Protective mechanism of the matrix (NGTHTPETBA/MDA/PN) amid the
metal substrate and the film, after immersion %8 NacCl.
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Fig. 5 and 6 show the protection mechanism for E2del by the E
(NGTHTPETBA/MDA) and E (NGTHTPETBA/MDA/PN) formulations,
respectively without and with the natural phosphate

Thanks to the Ematrix (NGTHTPETBA/MDA), we anticipate that there a
relatively large diffusion of chloride and hydroxigns through the protective
film, which could have micropores, by inducing frémary corrosion, translated
by icorr = 1.98puA/cm? andI]% = 91%. This would lead to an acceleration of the
metal anodic dissolution [24]. The Enatrix protection mechanism is shown in
Fig. 5.

Once having appliedBnatrix (NGTHTPETBA/MDA/PN), we have found that
the corrosive species (@nd OH) diffusion is slowed down by the layer formed
by natural phosphate [25-26]. In this case, thectelehemical corrosion
parameters areohr = 0.80uA/cm? andl] = 96%. The protection mechanism for
the B matrix is shown in Fig. 6.

The corrosion potential mainly moves towards thedendirection, with E
(NGTHTPETBA/MDA) and E (NGTHTPETBA/MDA/PN) matrices. The
addition of 5% of natural phosphate is accompatigdh marked decrease in
corrosion current, in both cathodic and anodic damaThis allowed us to
conclude that natural phosphate addition to thenfdation made it act as a

mixed inhibitor.

| ——NGTHIPTBAE/MDA/PN
18000 o = NGTHTPTBAE/MDA - e
J —B—NaCl13.5% i/

15000 =

12000«

-Z. (Ohm.cmj)

m

9000+ a—0—0__
6000+

3000+

0 3000 6000 9000 12000 15000 18000 21000 24000 27000

Zr(Ohm.cmZ)
Figure 7. Open-circuit electrochemical impedance diagraner alnmersing E24 steel
in 3.5% NaCl, in the matrices ¢F1 and E) presence, at 298 K.

Electrochemical impedance spectroscopy
In order to study in detail the mechanism of capatbehavior, we performed

electrochemical impedance spectroscopy, of whishlte are represented in the
form of Nyquist diagrams. These impedance diagrainiise E24 steel, immersed
30 min before each open circuit measurement incireosive 3.5 % NaCl
solution, with respect to the set of matrices, (& and k), are presented in Fig.
7. This confirms the results obtained by the pabeilyhamic polarization curves.
The analysis of the different diagrams on the casitpm of the protective
matrices (b, E1 and E) shows that they are formed by a high-frequency
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capacitive loop attributed to the film effect, wihids due to the diffusion
phenomenon. In fact, the more the semi-circle diammcreases, the better is
the corrosion resistance of the protective film][2¥Fhis study confirms the
results obtained by the stationary method.

Furthermore, Fig. 8 and 9, respectively, show tlmeldBand the phase angle
patterns of the E24 steel coating behavior in amaagnvironment. The plots of
these diagrams in the presence of different fortiarla, b, E: and E, are
illustrated in the figures below.

-70

—8—NGTHTPTBAE/MDA/PN
= NGTHTPTBAE/MDA

-60 - r.. —8—NaCl135%
on  -50- 1
g ] " l‘
= 4 L]
N -404 .:,l \.\ =
y b i n -
£ -30- [t S
W [~ Rl L ) |
1 L N | \ B
o L] ]
201 we ® -
1 ﬁ .. n
10 = | ] L
=
1 o
0o ]
. L] hd L] b L] - L) L) L] hd L] o L
3 2 1 0 1 2 3 4 5 6

log (frequency /Hz)

Figure 8. Phase angle diagrams of NGTHTPETBA in 3.5% Na@kra30 min of
immersion in different formulations ¢EE: and E) at 298 K.

4,54 —=— NGTHTPTBAE/MDA/PN]
1 —8— NGTHTPTBAE/MDA
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354
=
£ 3,0+
% 2,54
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L} L L] LJ L] L] L]
2 ] 0 1 2 3 4 5 6

log (frequency /Hz)

Figure 9. Bode diagrams of NGTHTPETBA in 3.5% NaCl, afterr@th of immersion
in different formulations (& E: and E), at 298 K.

According to Fig. 8, we have found that the phasgles increased with the
number of coating constituents. This increase iasphangles confirms a higher
protection obtained by stronger coating formuladiqio, E: and E). Indeed,

from this phase angle diagram, we have found thatet are three frequency
domains: low frequencies, high frequencies andrimggliate frequencies. For
low frequencies, the increase in the impedance laiesvalues confirms the
greatest protection with different coating formidas for E24 steel. At high

frequency, the phase angle values are approximatglsl to zero. This indicates
that the electrode behavior corresponds to thetisoluesistance [28]. For the
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intermediate frequencies, the phase angle is ¢t0%6°, and a linear relationship
between log | Z | in view of log (f), with a slopse to -1, was observed. The
latter shows the capacitive behavior of the coatingtermediate frequencies.

In the literature, the condenser’'s behavior woukditbeal, if the slope value
reached -1, and if a phase angle value reached BBe’°phase angle values are
calculated from the phase curves (2) in view of (fvygquency). These values of
a vary between -0.50 and -0.70 for the differenttiogaformulations, which
could be related to the non-ideal structure ofrtetal/solution interface. These
results confirm those of electrochemical impedaspEctroscopy.

According to the presented curve shapes, the BoddNgquist diagrams show a
capacitive behavior at the interface, and the ert# of an equivalent electrical
circuit (Fig. 10), which is due to the interpretatiof the information on the
behavior properties of the metal surface coatingcanrosion. This circuit is
composed of: R(electrolyte resistance);s Ccoating film capacity); R(coating
film resistance); R (load transfer resistor); andi@double layer capacity).

f

i
R,
Ca
R, i |

Ra

C
|
1

Figure 10. Equivalent electrical circuit of the impedance gitaans obtained in the
presence of different formulations for E24 steeBi5% NacCl.

The electrochemical impedance values and the effoyi resulting from each
protection matrix (& E: and E) are grouped in Table 2.

Table 2: Various electrochemical parameters taken fromrtipedance diagrams.

Protective Rs Rct Cul Ct Rp n

matrices B | (Q.cn?) | (Q.cn?) (UF/cn?) | (UF/cn?) | (Q.cm?) | (%)
Eo 6.5 2.40 1253 935 218.6 -
Ex 12 5 236 11.4 3519 94
E> 84.9 31.8 34 1.94 29346 99

From this table, we conclude that the polarizatesistance values of the coating
film for the B, E1 and E protective matrices confirm the parameters results
obtained from the potentiodynamic polarization @svTable 3 summarizes the
results of the stationary and transient methods.

Table 3. Evaluation parameters of the stationary and tesmisnethods

stationary method transient method
Ei |corr Il Rp Il
(LA/cm?) (%) (Q.cn) (%)
Eo 22 - 218.6 -
Es 1.98 91 3519 94
E2 0.80 96 29346 99
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That behavior is correlated with a very low bareéiect caused by the existence
of pores and defects in the coating, and/or bypber adhesion between the
coating and the metal substrate. The absence @sahof the non-pigmented
coatings is suggested by the obtained low chaegester resistance and the rapid
formation of bubbles over the entire coating swefawhere the significant
corrosion occurs [29]. On this basis, the larganisdrcle in the E coating
system Nyquist diagram indicates a better corrosasistance (see Table 3),
which is explained by the presence of a naturalsphate responsible for the
higher corrosion resistance.

Conclusion

After synthesizing the nanofunctional polyepoxideegmlymer nanoglycidyl
trihnydrazine 4,4,4-tripropoxy of ethylene tribisploe A, we applied it for E24
steel protection by a coating process, which isvddrfrom the formulations
based on a standard epoxy prepolymer, methyleneilida and natural
phosphate used as a load. The obtained electrochemasults, namely the
potentiodynamic polarization curves and those efdalectrochemical impedance
spectroscopy, are quite in reasonable agreemedtcanfirm that the natural
phosphate presented in the formulateariatrix (NGTHTPETBA/MDA/PN) has
a strong protective effect. Finally, the Bode ahe@ fphase angle diagrams
confirm the electrochemical impedance spectrosgepults. In perspective we
will approachthe theoretical modeling study by using the DFT #mel PM6
methods, in order to confirm the adhesion sites &m metal support.
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