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IMPROVING THE CORROSION RESISTANCE OF MILD
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ABSTRACT. The main purpose of this work is to improve the corrosion
resistance of steel substrates using the characterization of new composite zinc
electrodeposits containing graphene oxides and reduced graphene oxide. The
zinc-graphene based composite deposits were obtained by electrodeposition
of an acidic electrolyte (pH = 5) at a current density of 20 mA/cm?. Anionic
surfactant (i.e., sodium dodecyl sulfate) was used to obtain uniform and
compact coating morphology. Also, the investigated deposits had in their
structure the graphene oxides produced by graphite exfoliation and the results
concerning corrosion behavior of the zinc electrodeposits (Zn/S235 and Zn-
graphene/S235) were compared using the same experimental conditions.
Microstructural characterization was carried out by SEM-EDS, whereas
corrosion resistance was evaluated by EIS and polarization curves.
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INTRODUCTION

Steel is one of the most widely used materials in the industry and it is
a subject of corrosion in industrial environments. The corrosion of steel has a
great impact on economics thus, it is imperative to protect it. Coatings are one
of the most cost-effective and practical strategies to protect a steel surface
against attack from an aggressive species. Zinc is widely used as a sacrificial
coating by providing a barrier in the traditional steel anticorrosion field and
has an important role in protecting steel substrates. However, its lifespan is
limited in aggressive environments, especially in humid conditions [1]. There
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are several ways to improve the corrosion resistance of zinc-coated steel,
varying from chromating the zinc surface to its coating with organic molecules
and the incorporation of useful nanoparticles in the zinc coating [2].

Recently, research works have revealed that electrochemical methods
are also powerful tools to prepare graphene materials through electrochemical
exfoliation of graphite both in ionic liquids or aqueous solutions for ultra-
capacitors [3]. From several past years’ graphene has been at forefront of
research because of its spectacular physics properties [4] and application
potential arising from its unusual mechanical, thermal, optical, chemical, and
electrical properties. Application of graphene for corrosion protection has been
explored by various research groups due to its impermeability to ions and
molecules [5].

Graphene oxide (GO) is one of the most commonly used materials
for graphene-based applications. In the last decade, several synthesis routes
have been proposed to prepare GO, such as: mechanical exfoliation [6],
chemical vapor deposition [7], and thermal decomposition [8]. The most
attractive property of GO is that it can be (partially) reduced to graphene-like
sheets by removing the oxygen containing groups with the recovery of a
conjugated structure [9].

Graphene (G), graphene oxide (GO) and reduced graphene oxide
(rGO), has shown its potential use in anti-corrosion coating for metal
substrates. Kirkland et al. [10] employed graphene as a corrosion protection
barrier for nickel and copper. Singh et al. [11] reported the fabrication of a
robust graphene-reinforced composite coating with excellent corrosion
resistance by aqueous cathodic electrophoretic deposition. Ramezanzadeh
et al. [12] developed a sol-gel based silane film filled with functionalized GO
nanosheets to enhance the epoxy coating resistance against corrosion and
cathodic delamination over the steel substrate [13].

In this context, the aim of the study was the preparation of zinc-
graphene-based composite deposits and their characterization. The anticorrosion
protective ability of the composite deposits in case of mild steel tested in an
acidic solution was investigated by electrochemical methods (polarization
measurements and electrochemical impedance spectroscopy).

RESULTS AND DISCUSSION

Microstructural characterization

The influence of graphene oxide on the composition and structure of
zinc-graphene deposits were investigated by Scanning Electron Microscopy
in conjunction with Energy Dispersive Spectroscopy (SEM-EDS) methods.
Figure 1 shows the SEM images of Steel substrate (S235), Zn/S235,
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Zn-rGO/S235 and Zn-GO/S235 deposits and Figure 2 shows EDS images
for Zn-rGO/S235 and Zn-GO/S235 deposits. The images show a visual idea
in which the formation of a protective film on the steel surface occurs to reduce
the corrosion rate. It can be observed in the presented morpho-structural results
that the surface morphology is different in all cases and a possible explanation
could be the rearrangement of the zinc deposit microstructure in the presence of
graphene materials.

Steel:(S235) b Zn/S235

Steel _ 0004 30.0kV 7.5mm x5.00k SE(UL) 0 Zn_Steel_0004 30.0kV 7.5mm x5.00k SE(UL) 10.0um
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.

Zn-GO_ 0004 30.0kV 7.5mm x5.00k SE(UL) 10.0pm

Figure 1. SEM micrographs of S235, Zn/S235, Zn-rGO/S235 and Zn-GO/S235.

Also, from the SEM micrographs can be observed a successful
codeposition of GO in Zn matrix. The coatings: Zn-rGO/S235 and Zn-GO/S235
present inclusive and uniform deposits than Steel and Zn/S235 samples.
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Figure 2. EDS quantitative X-ray microanalysis for Zn-rGO/S235 and
Zn-GO/S235 deposits.

The elemental composition was determined by EDS investigation on the
surface coating of the steel samples deposits. Analyzing the images from Figure
2 it can be observed a uniform distribution of the elements which makes up the
deposit on the surface of the steel samples. As it can be seen from Table 1, the
EDS analysis indicated in both cases that Zn has a large proportion but were
also present O, C and Fe. The presence of the Fe in the substrate can be easily
attributed to steel samples, while the presence of the O and C may be due to
the process of coatings preparation. Since rGO was synthesized via the
reduction of GO, the presence of oxygen was still noticeable, possibly due to the
remaining oxygen functional groups in the air-dried Zn-rGO. It can be noticed a
high percentage of Fe and O in the Zn-rGO deposit compare with the Zn-GO
substrate. The occurrence of these elements may involve the formation of
Fe oxides in the substrates. Based on the identification of the elements in the
composite coatings (Zn-rGO and Zn-GO) deposited on the steel surface, rather
it is expected a good corrosion protection if use Zn-GO.

Table 1. The weight percentage of the detected elements by the EDS on the
samples surface region of the Zn-rGO and Zn-GO composite coatings (wt %)

Sample Zn (o) C Fe
Zn-rGO 57.29 22.78 2.50 17.43
Zn-GO 79.82 7.68 12.35 0.15

Corrosion tests of the coatings
Open circuit potential

The corrosion resistance of coatings was characterized by electro-chemical
impedance spectroscopy and Tafel plots. In order to determine the corrosion
behavior of mild steel (S235), in acidic media 3 wt.% NaCl, in the presence of Zn
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and Zn/graphene based coatings, the experiments were started by recording
the open circuit potential (OCP). The OCP was measured vs. Ag/AgCI/KClsat
and become relatively constant after 1h. The OCP values were situated
around -500 mV for steel samples and around -1 V for zinc deposited ones.

Electrochemical impedance spectroscopy

The EIS plots were recorded, immediatly after open circuit potential
(OCP), in order to investigate the corrosion protection efficiency of Zn, Zn-
rGO, Zn-GO and Zn-2GO coatings. The results are presented in Figures 3
and 4. From the Nyquist plots, it can be observed that the impedance spectra
are characterized by two time constants (or two capacitives loops). The
impedance spectra were analyzed for all cases by fitting the experimental
data with a Re(Qeoat(Reoat(Qai(Rct)))) equivalent electrical circuit (Figure 5).
The equivalent electrical circuit from Figure 5 consists of:

- the R« - Qq elements, exhibiting a loop at high frequencies, represents
the charge transfer resistance R and the constant phase element corresponding
to the double layer capacity, Qu, at the coated steel | electrolyte interface.

- the Reoat — Qeoat €lements, exhibiting a loop at low frequencies, where
Reoat represents the resistance of the corrosion products accumulated at the
interface and Qcat, the constant phase element corresponding to the capacity
due to an oxidation-reduction process occurring into the coating layer

- Re represents the electrolyte resistance between the reference electrode
and the work electrodes surface,

- coefficients ng and neoat represent the depressed feature of the capacitive
loop in Nyquist diagram (0 <n<1).

In order to understand the electrochemical process occurring at the
work electrodes surface, the parameters for all samples were obtained by using
the proposed equivalent electrical circuit. The quality of fitting procedure was
evaluated by the chi squared (x?) values, which were of order 10-. The results are
shown in Table 2.

Table 2. The electrochemical impedance parameters estimated by fitting the
experimental impedance data from Figure 2.

Qcoat le
Re Rcoata Rcta Rp
Sample kQ-cm?|kQ-cm? UQX?S:{ZS” Nooat®| KQ-cmM? mQX-%(:lriQs” nac | kQ-cm?
Zn 0.012 | 0.072 128.20 0.62| 0.174 9.16 0.81| 0.250

Zn-rGO | 0.011 | 0.176 49.41 0.69| 0.239 9.14 0.64| 0.398
Zn-GO 0.013 | 0.194 40.12 0.80| 0.284 12.54 0.76| 0.478
Zn-2GO | 0.012 | 0.296 95.75 0.54| 0.335 9.80 0.81| 0.631
aThe standard error for Reoat, Rt Values was between 1.05% - 5.18%;

®The standard error for Qeoat, Qu Values was between 3.10%-4.31%;
°The standard error for n values was between 0.81% - 3.51%.

27



NICOLETA COTOLAN, GRAZIELLA LIANA TURDEAN, JULIETA DANIELA CHELARU

300
H Zn/S235
p— ® Zn-rGO/S235
NE Zn-GO/S235
G 200 | ® Zn-2GO/S235
"‘E 71.90 mHz
£ VY Tl
b \ i
E 100 Wopen T T
N 100 kHz . \ e . 0l
s Ve, 3 (T - \ P
J ‘5- ~10 mHz
[

0 | | | | |
0 100 200 300 400 500 600
Z,lohm*em’]

Figure 3. Nyquist impedance diagrams for the S235 electrodes coated
with Zn, Zn-rGO, Zn-GO and Zn-2GO, immersed in 3 wt.% NaCl;
the lines represent fitted data.

Based on the data from Table 2, it can be observed that the highest
polarization resistance (obtained by the sum: R, = Ret + Reoat [14]), which is
an indicator of corrosion resistance, was obtained in the case of S235 coated
with the Zn-2GO. Thus, increasing the quantity of GO in Zn coating favors
the corrosion resistance of the S235. It can be presumed that the degree of
inhibition depends on the amount of incorporated graphene, which also

depends on the GO type.

Figure 4. Bode plots for the steel electrodes coated with Zn, Zn-rGO, Zn-GO or
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Figure 5. The equivalent electrical circuit used for fitting of the
experimental results.

An increase of the absolute impedance at low frequencies region
(102 mHz) in Bode plots (Figure 4) can be observed, in case of using oxide
graphene coatings, suggested an improvement of the corrosion resistance.

Polarization measurements

In order to determine the corrosion current density (icor) and the
corrosion potential (Ecor) Were recorded the potentiodynamic polarization curves
in the potential range of £ 200 mV vs. OCP (Figure 6). For all the coatings, the
results obtained by Tafel interpretation of the polarization curves are presented
in Table 3. Based on these results it can be seen that the value of icorr decreased
in all cases when used graphene oxide coatings, compared with Zn coated
sample. This behavior can be due to the inclusion of the graphene oxide materials
in the metallic deposit.

—=—12Zn/S235

—+—2Zn-rGO/S235
Zn-GO/S235

-2{ —v—2Zn-2G0O/S235

'8 T T T T T T T T T
1.2 -1.1 1.0 -0.9 0.8
E/V vs. Ag/AgCI/KClg ¢
Figure 6. Tafel polarization curves recorded for steel coated with different type of
Zn and Zn-GO-based protective deposits (see inset). Experimental conditions:
current density, 20 mA/cm?; deposition time, 20 minutes.
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Table 3. The corrosion parameters, estimated by extrapolation of the
Tafel curves of each sample

Sample Zn Zn-rGO | Zn-GO | Zn-2GO
Concentration of rGO/GO (mg/L) - 50 50 100
Ecorr (MV vs. Ag/AgCI/KClsat) - 996 - 983 - 986 - 963
lcorr (MA) 64.71 26.91 11.74 6.35
Corrosion Rate (mm/year) 0.0751 | 0.03122 | 0.01362 | 0.00736

An important parameter for measuring the corrosion resistance is the
corrosion rate. Based on Faraday's law, the corrosion rate (CR) can be
calculated by the following equation [15]:

K- Icorr " EW
= A
Where K = 3272 (mm / A-cm-year) is the corrosion rate constant

lcorr IS COrrosion current (A)

EW = 27.9225 g is equivalent weight of Fe

p =7.874 g/ cm3is the density of Fe

A = 0.5 cm? is sample surface area.

The corrosion rate values are summarized in table 3. It can observe
that the GO exhibited better corrosion protection property than Zn and Zn-rGO.
In the case of using coating containing GO the protective effect increases after
doubling its concentration. Thus, for 2GO, the value of CR decreases almost
half compared with the value of CR in the case of GO. This behavior is in
agreement with the results obtained from the EIS measurements.

CR

CONCLUSIONS

In this paper, the corrosion resistance of two types of Zn/graphene
based coatings on steel was examined. According to the electrochemical
investigations, both coatings (Zn-rGO and Zn-GO) led to increasing the
corrosion resistance of S235 steel compare with Zn coating. But a significant
increase of the polarization resistance and decrease in the corrosion rate
was observed for Zn-GO composite coating. Thus, the amount of GO material
was raised and the obtained results have shown that the concentration
gradient of GO material in zinc sulphate electrolyte has an important effect
on the corrosion resistance. The corrosion rate for the Zn-GO composite
coating has decreased by an order of magnitude, by doubling the amount of
GO in coatings.
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EXPERIMENTAL SECTION

Materials and solutions

The electrochemical cell contained three electrodes: working electrode
(WE), reference electrode (RE), and counter electrode (CE). A steel (S235)
disk electrode was the WE, S = 0.5 cm?. The Ag/AgCI/KClsst was used as RE
and a Pt foil as CE. The S235 steel sample had the following composition:
0.22% C, 0.85% Mn, 0.055% P, 0.055% S and Fe balance. The surface of
the S235 electrodes was examined by optical microscopy the results were
reported previously [16]. WEs were cut from a steel bar and introduced in a
Teflon cylinder; a copper rod was attached for ensuring electrical contact.
Before using, the working electrode was wet polished on emery paper of
different granulation (up to 2000 grade) and finally on felt with a suspension of
alumina. After that, the electrode was ultrasonicated for 2 minutes, degreased
with ethanol, and washed with distilled water in order to remove all the
impurities from the surface and then dried at room temperature.

The acidic solution for corrosion measurements was the electrolyte with
the following composition: 320 g/L ZnSO4, 10 g/L NaCl, 30 g/L Na>SO4 and 0.05
g/L CH3(CH2)11SO4Na or sodium dodecyl sulfate (SDS) with pH = 5. All the
reagents were obtained from Merck, Germany. All the coatings including pure Zn
were electrodeposited using the same SDS concentration in order that corrosion
behavior of the coatings can be studied as a function of GO content alone.

Two types of graphene materials were used for the zinc composites
electrodeposition process: (i) water-ethanol graphene oxide GO suspension
obtained by the method of protected sono-oxidative exfoliation of graphite (GO);
(i) commercial reduced graphene oxide (rGO), purchased from Graphenea,
Spain. The preparation and characterization of GO material were described
in detail by A. Pérez del Pino et al. [17].

Morpho-structural investigations

The Scanning Electron Microscopy (SEM) was performed using an Ultra
High Resolution (UHR) SEM Hitachi 8230 system operated in high vacuum
conditions. The instrument capabilities allow particular scanning options in order
to show the distribution of components in relation to their chemical composition
and topography of the studied surface. High resolution SEM images acquired at
low landing voltage can be assessed without the destruction of the samples. The
SEM accelerating voltage was 15kV in a vacuum of 10° mbar and secondary
electrons images combined with Energy Dispersion Spectroscopy (EDS) analysis
were used to investigate the morphological properties.

Electrochemical methods

The electrodeposition samples were obtained on a PC — controlled
electrochemical analyzer PAR 2273 (Princeton Applied Research, USA).
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The corrosion measurements were performed with a computer-controlled
potentiostat AUTOLAB, PGSTAT302 N (Eco Chemie BV, Utrecht, Netherlands)
and GPES/FRA program was used for data analysis. The open circuit
potential for steel immersed in the corrosive solution was monitored for 1 hour.
Electrochemical impedance spectroscopy (EIS) measurements were carried
out at OCP, in the frequency range of 100 kHz-10 mHz at 10 points per decade
with an AC voltage amplitude of + 10 mV. Electrochemical impedance data were
fitted using ZSimpWin 3.21 software. Immediately after the EIS measurement
were recorded the polarization curves by scanning in a potential range of £ 200
mV vs. open circuit potential (for Tafel interpretation) with a scan rate of 0.166
mV/s. The testing temperature was 21 °C £ 2 °C.
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