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Abstract. Carbon steel (C75) is exposed to highly reactive species such as hydroxyl radicals ‘OH created
by a gliding arc discharge (GAD) in humid air at atmospheric pressure. The protective properties of
carbon steel treated by GAD are studied versus different treatment times () and for an immersion in
corroding 0.5 M sodium chloride solution during 24 h. Evolutions of corrosion rate are studied using weight
loss measurements and electrochemical methods, e.g., electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization. The results obtained by GAD treatment show that the corrosion rate of steel
decreases with the ennoblement of the corrosion potential and the decrease of the corrosion current density.
This indicates that the plasma treatment acts as an anodic type inhibitor and suggests the formation of a
protective layer. EIS measurements confirm the presence of this film: the charge transfer resistance (Rct)
increases with GAD treatment time, leading to a corrosion inhibition efficiency around 73% for a treatment
time equal to 60 min. This confirms the importance of the plasma effect. The gliding arc discharge is a clean
and efficient technology for the surface treatment of carbon steel; it improves the anticorrosion properties

of steel in aggressive environments, forming a resistant and insulating barrier.

1 Introduction

Investment costs related to corrosion inhibition in indus-
trialized countries represent 2-4% of gross national prod-
uct. Direct or indirect damage caused by the corrosion
of metallic materials is very significant. Carbon steel is
one of the most important and widely used materials that
play a fundamental role in metallurgical industries. Steel
with high carbon content is used for applications where
high resistance and hardness properties are required such
as wearing elements, kitchenware, vehicle gearboxes, saw
blades, springs, chains, washers and others. Steel corro-
sion may occur even in reinforced concrete, if chlorides
penetrate through the concrete and reach the steel rein-
forcement causing the attack of the passive film. The cor-
rosive attack due to chloride penetration usually leads to
localized corrosion causing the accelerated loss of the steel
section, which may cause rapid failure of the reinforcement
barrier [1].

# e-mail: a.addou@univ-mosta.dz

Emerging processes using electrical discharges plasma
are used and applied to various fields. The gliding arc dis-
charge (GAD), i.e., a technique that operates close
to ambient temperature and atmospheric pressure, has
been successfully applied from the degradation of liquid
solutes [2-7] to pollutant abatement and surface protec-
tion for higher corrosion-resistant stainless steels [8-10].
Plasma treatment nowadays represents an important tool
for modifying and improving the chemical and surface
properties of solid materials, such as improving the cor-
rosion resistance, etching, and cleaning [11,12], and mod-
ifying the surface of material support to affect bacterial
adhesion [13]. A GAD in the presence of humid air gener-
ates highly oxidizing radicals such as ‘OH (standard po-
tential £°("OH/H20) = 2.85 V/NHE) and its dimer HyO4
[E°(H302/H20) = 1.68 V/NHE]. These radicals are re-
sponsible for the formation of metal oxides on the treated
surface that form a protective barrier layer which enhances
the corrosion resistance [14-16]. Other species (e.g., NO
and their derivatives, such as peroxynitrite ONOO™) are
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formed and participate accordingly in the oxidizing char-
acter of the plasma [E°(ONOO~/NOz) = 2.44 V/NHE]
and the formation of oxide layers. Various low tempera-
ture plasma treatments have been developed to prevent
corrosion of carbon steel [17-20]. However, while the cor-
rosion behavior of structural steels of low carbon is well
known, work on steels with high carbon content could not
be found in the literature. That is why we focused our
study on these types of widely used materials in desalina-
tion plants in marine environments. The aim of this work
is to enhance the corrosion resistance of carbon steel (C75)
by a GAD treatment. After treatment, samples are im-
mersed in corroding solution (25 °C) during 24 h and their
corrosion resistance is evaluated using gravimetric, poten-
tiodynamic polarization and electrochemical impedance
spectroscopy (EIS) measurements. The influence of pH
and of various electrolytes was investigated.

2 Experimental materials and methods
2.1 Materials
2.1.1 Carbon steel

The material used in this study was C75 carbon steel
which was provided by Weber Metaux with the following
chemical composition (in wt.%) of C: 0.70-0.80, Si: 0.15—
0.35, Mn: 0.60-0.90, P: 0.025, S: 0.025, Cr: 0.20-040 and
the remainder iron (Fe). For all the experiments, the car-
bon steel samples were polished with silicon carbide emery
(120, 340, 600 and 1200) to produce a fine surface finish-
ing; degreased in ethanol for 10 min in ultrasonic bath
and washed with distilled water, degreased in acetone and
dried.

2.1.2 Gliding arc discharge (GAD) apparatus

The GAD reactor used for this study (Fig. 1) was pro-
posed by Lesueur et al. [21]. An electric arc ignites at the
smallest gap between two diverging electrodes raised to a
convenient potential difference. The electric power is pro-
vided by a special transformer (50 Hz; 9000 V; 100 mA
in open conditions). The electric arc is pushed away from
the ignition point by the feeding gas flow. It sweeps along
the gradually increasing length of the electrode gap thus
forming a large plasma plume where it breaks down at
threshold length. A new arc then appears and develops
according to the same procedure. The solid carbon steel
target placed in front of the electrodes is therefore exposed
to the flux of the impinging activated species generated
in the electrical discharge. The GAD device, easy to oper-
ate, is a source of chemically reactive species the nature of
which depends on the plasma gas used. Compressed air is
led through a bubbling water flask to get water-saturated.
The plasma treatment was carried out for different expo-
sure times denoted by ¢ and ranging from 0 to 60 min.
The working parameters were identified as the electrode
gap: e = 2 mm, the distance between electrode neck and
the carbon steel surface: d = 3 cm, the gas flow rate:
Q =700 L h~!, and the nozzle diameter & = 1 mm which
delivers a cylindrical gas flow. The carbon steel samples
were cooled by circulating cold water.

2.2 Analytical techniques

Corrosion resistance was always evaluated for an immer-
sion time in the corroding solution at 25 °C during 24 h.
The influence of different solutions was studied (electro-
lyte, pH).

Humid Air HV

Flowmeter ——p

Air supply —» ]

Water flask M

(O] E— —

m

(0]

Q

5}

Qo

(0]

(2}
m
(]
2}
=
(9]
Q
=
(9]

* Plasma’

Carbon steel disc

Water-cooled —]

support sample

Fig. 1. Gliding arc discharge experimental setup and disposition for treatment of carbon steel.
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2.2.1 Gravimetric measurements

Carbon steel samples were 7.55 cm? disks. Weight loss
tests were carried out in a double-walled glass cell
equipped with a thermostat-cooling condenser. The
corroding solution (NaCl 0.5 M, pH = 6.4) volume was
100 mL. After the corrosion test (24 h), the specimens
of carbon steel were carefully washed in double-distilled
water, dried and then weighed. The weight loss was eval-
uated from the difference between the weight of carbon
steel before and after GAD treatment and corrosion test.
Weight loss allowed us to calculate the mean corrosion

rate denoted by W in mg dm~2 day—!.

2.2.2 Polarization curves

Polarization curves were conducted using an electrochem-
ical measurement system potentiostat-galvanostat Volta-
lab 21 model PGP201 controlled by a PC. The potential of
the electrode was swept from its free corrosion potential
after 30 min, to more positive values. The test solution
was purged with pure nitrogen. Gas bubbling was main-
tained through the experiments. The working electrode
(carbon steel disk 1 + 0.1 cm?) was embedded in poly-
tetrafluoroethylene. A conventional three electrode elec-
trochemical cell of volume 100 mL was used. A saturated
calomel electrode (SCE) and a platinum disk electrode
were used as reference and auxiliary electrodes, respec-
tively. All potentials are reported versus SCE. The linear
sweep of potential was set at a speed of 10 mV min~!.
The current-potential curves are plotted in the direction
of oxidation in the range —1 to 0 V/SCE and displayed
directly on the monitor. The corrosion potential F.o,, and
the corrosion current densities 7.+ are determined on the
curve log(i) = f(F) by Tafel extrapolation method.

2.2.3 Electrochemical impedance spectroscopy (EIS)

EIS tests were performed at room temperature (25+1 °C
and pH = 6.4 £ 0.2) in a polymethyl methacrylate cell
with a capacity of 1000 mL. A saturated calomel elec-
trode (SCE) was used as the reference; a Pt electrode was
used as the counter one. All potentials are reported versus
SCE. EIS measurements were performed using a Solartron
SI 1287 electrochemical interface and a Solartron 1255B
frequency response analyzer in a frequency range of 10° Hz
to 10~ Hz with 10 points per decade and a sine wave with
10 mV amplitude to perturb the system. Plasma-treated
or untreated carbon steel sample (7.5+0.1 cm? disks) was
used as working electrode. Impedance data were analyzed
and fitted with the simulation software ZView 2.80 equiva-
lent circuit. Impedance diagrams are given in the Nyquist
and Bode representations. Values of R.; and Cq; obtained
from Nyquist plots were studied versus GAD treatment
time ().

3 Results and discussion
3.1 Weight loss measurements

Gravimetric measurements of carbon steel samples were
performed versus GAD treatment time (¢). The corrosion
resistance efficiency (E1%) was calculated by the following
relation [22]:

g1 = Yo—W

x 100,
Wy

(1)

where Wy is the corrosion rate of untreated carbon steel
and Wis the corrosion rate of treated carbon steel. Results
are gathered in Table 1.

The corrosion rate decreases as t increases and the in-
hibition efficiency reaches 75% for ¢t = 60 min giving evi-
dence that surface modifications induced on carbon steel
surface by the GAD treatment lead to a layer acting as a
good corrosion inhibitor.

3.2 Potentiodynamic polarization results

The anodic and cathodic corrosion reactions occurring
on polarization of untreated or treated carbon steel af-
ter immersion in 0.5 M NaCl at pH = 6.4 were stud-
ied through the potentiodynamic polarization measure-
ments. The Tafel extrapolation method was applied to
the polarization curves and corrosion parameters data in-
cluding corrosion current density (icorr), corrosion poten-
tial (Ecorr), cathodic Tafel slope (bc), anodic slope (ba)

Table 1. Gravimetric results of carbon steel corrosion in 0.5 M
NaCl (pH = 6.4; 24 h; 25 °C) versus GAD treatment time ().

t (min) W (mg dm™2 day™') FEl (%)
0 43.99 -
10 41.99 04.54
20 33.99 27.73
30 21.99 50.01
45 15.98 63.67
60 10.99 75.01

Table 2. Evolution of polarization parameters and corrosion
resistance efficiencies of carbon steel in NaCl (pH = 6.4; 24 h;
25 °C) versus GAD treatment time ().

t _Ecorr icorr ba —bc E2
(min) (mV/SCE) (uA cm™?) (mV dec™ ") (mV dec™) (%)

0 671.2 33.04 173.12 038.81 -

5 666.8 17.06 180.63 070.54  48.36
10 656.1 12.54 181.01 476.01  62.04
20 645.4 04.00 169.12 406.43  87.89
30 631.6 03.16 090.53 195.12  90.42
45 613.7 02.12 097.44 202.35  93.57
60 594.2 01.60 072.52 310.73  95.15

30801-p3



The European Physical Journal Applied Physics

LOG [i (A.cm?)]

Anodic Tafel line Cathodic Tafel line
y=17,31x+6,71 y=-3,88x- 8,7186
R =0,9903 R* =0,9984
-6L
-10 .09 -08 -07 -06 -035
E vs. V/ISCE

Fig. 2. Tafel curve of non-treated carbon steel in 0.5 M NaCl
(pH = 6.4), showing Tafel lines for the determination of cor-
rosion potential and of corrosion current densities (scan rate:
10 mV min~").

and corrosion resistance efficiency F2% calculated from
equation (2) are listed in Table 2.

iOcorr - icorr
——— x 100,

E2% = (2)

20corr

where igcorr and icopr are the corrosion current densities
for carbon steel without and with plasma treatment for
different exposure times, respectively, determined by ex-
trapolation of cathodic Tafel lines to the corrosion poten-
tial. Figure 2 shows the polarization curve obtained for
the untreated sample with the Tafel lines.

Electrochemical polarization measurements (Table 2)
show that the corrosion current densities decrease as ¢ in-
creases. The potential shift toward the positive direction
is due to anodic protection. This effect induces an en-

=

Log[i(A.cm?)]

-7k

noblement of corrosion potential of steel. The corrosion
potential shift toward the positive direction and the de-
creasing current density of carbon steel with ¢ indicates
the efficiency of the GAD treatment to protect carbon
steel against corrosion in 0.5 M NaCl, pH = 6.4 by the
formation of a passive film on its surface.

The results of Table 2 show that for ¢ = 0 the slope
of the Tafel cathodic (bc) polarization curve is —38.8 mV
dec! indicating a strong dissolution of the untreated steel.
The increases of bc value versus ¢ imply an increase in the
rate of recovery of the formed layer as well as its homo-
geneity. The active area of the surface of carbon steel is
reduced and the formed film may have a resistive behav-
ior. The slope of the Tafel anodic (ba) polarization curve
of carbon steel equal to 173.1 mV dec™! for ¢ = 0 decreases
with t and reaches 72.5 mV dec™! for ¢ = 60 min. This de-
crease is due to the formation of a passivation layer. High
efficiency percentages are rapidly reached. It is equal to
87.9% for t = 20 min. A decrease in 7.y by more than
95.2% is obtained for ¢ = 60 min, which proves the effi-
ciency of GAD treatment: the dissolution of GAD treated
carbon steel in 0.5 M NaCl, pH = 6.4 is delayed or pre-
vented by the formation of a protective barrier layer. This
observation was already made by different authors [9,10]
and is consistent with the behavior of an oxide film grow-
ing on a metal surface exposed to the corroding plasma
gas. The behavior of E.o. and icor as a function of the
exposure time to GAD suggests the formation of a pro-
tective film, which first causes an increase in the corrosion
potential and a decrease in the corrosion current.

3.3 Effect of pH of the solution on the polarization
curves of carbon steel treated by plasma

The effect of pH on the electrochemical behavior of
carbon steel versus t was evaluated at neutral (pH = 6.4;
0.5 M NaCl) and basic (pH = 11.9; 0.5 M NaCl +
0.006 M NaOH). The pH was adjusted par adding to

(b)

Log [i(A.cm?)]

-1.000 -0.900 -0.800 -0.700 -0.600 -0.500 -0.400

E vs.V/SCE

Fig. 3.
pH = 1.9; scan rate = 10 mV min1).

-0.500 -0.400 -0300 -0.200

E vs.V/SCE

-0.800 -0.700 -0.600

Polarization curves of carbon steel in 0.5 M NaCl without and with plasma treatment (Fig. 3a: pH = 6.4; Fig. 3b:
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| —— Omin
—— S min
—— 30 min
05 —— 60 min

i (mA.cm?)

-0.600 -0.500 -0.400 -0.300

E vs.VISCE
05}

Fig. 4. Voltammograms in (0.5 M NaCl + 0.01 M NaNOs)
of carbon steels exposed to the discharge for 0, 5, 30, 60 min
(pH = 6.4).

0 min

(7}

5 min

—— 30 min

(=]

—— 60 min

i (mA.cm?)

0 L

ﬁ?—-tﬁw -0.700
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Fig. 5. Voltammograms in (0.5 M NaCl + 0.01 M
NaNOs + 0.006 M NaOH) of carbon steels exposed to the
discharge for 0, 5, 30, 60 min (pH = 11.9).

0.600 -0.500 -0400 -0.300

NaOH 0.006 M. Results are shown in Figure 3 (pH = 6.4
and 11.9). These results show that the corrosion potential
of the steel increases with ¢ and with the pH of the solu-
tion. For ¢ = 60 min, there is a potential shift to anodic po-
tentials, of 99.5 mV /SCE at pH = 6.4 and of 122 mV /SCE
at pH = 11.9 compared to corrosion potential of the un-
treated carbon steel at pH = 6.4. The corrosion current
density decreases with pH of the solution and times du-
ration. This decrease results in the appearance of a larger
domain of passivity in alkaline medium, suggesting that
the layer formed under plasma is more stable in basic pH.

Similar experiments were performed in another elec-
trolyte and a complexing medium was selected, e.g., (NaCl
0.50 M + NaNO3 1072 M) at pH = 6.4 and 11.9 (Figs. 4
and 5). The corrosion potential of steel treated at different
exposure times by plasma increases as the pH
increases, while corrosion current density decreases.
Polarization curves in the complex medium show a larger
domain of passivity in the alkaline solution containing ni-
trate ions. For ¢ = 60 min, the voltammogram shows a
large passive domain, moving from about 280 mV for at

f f— Omin} pH=6.4
—— 60 min

o
in

.5 —— 60 min } P2

o

I ————

-0.500

i (mA.cm?)

-0.400 ' -0.300 -0.200

05}

-1

Fig. 6. Voltammograms of carbon steels exposed to the dis-
charge for 60 min. Electrolyze 0.01 M NaNOs at different pH
(6.5 and 11.9).

pH = 6.4 to about 350 mV for at pH = 11.9 (Fig. 6).
This indicates the existence of an oxides/hydroxides layer
on carbon steel surface, whose stability is higher at basic
pH. In this medium, nitrate ions can be reduced by iron
and iron oxide/hydroxide leading to a stable compound
layer after a reaction of denitrification already proposed by
Hao et al. [23] according to equation (3):

8Fe(OH), | +NO3 + 6H,0 — NHj + 8Fe(OH), | +OH~
(3)
The large passive domain of the treated samples shown by
polarization curves in NaCl 0.5 M containing nitrate ions
at pH = 11.9 suggests the presence of Fe(II) oxide or hy-
droxide, as Fe3O4 and Fe(OH)s. The passive layer formed
under plasma tends to stabilize in the presence of NO3
by formation of Fe(OH)3 on carbon steel surface. This ex-
plains larger passive domain observed at pH = 11.9.

i(mA.cm?)

-1275 -1.250 -1.225

1.300
'k E vs. WISCE
1300 -1.200 -1.100 -1.000 -0.900 -0.800
E vs.VISCE

Fig. 7. Voltammograms of carbon steel treated at different
exposure times to the gliding arc discharge in a NaOH solution
of pH = 11.9 (scan rate: 10 mV min™*).
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3.4 Reduction of the species formed on the surface
of treated carbon steel

The oxides/hydroxides formed on the surface of the carbon
steel are reduced in the middle NaOH 0.025 M (pH = 1.7,
scan rate 1 V min~!) by linear sweep voltammetry in
the potential regime pure diffusion. Cathodic polarization
curves of treated carbon steel samples were recorded in
0.025 M NaOH, for various exposure times to the dis-
charges (Fig. 7).

The appearance of a reduction peak to 1.29 V/SCE
confirms that the carbon steel surface is oxidized by highly
oxidizing species ‘OH generated by gliding arc discharge.
This peak generally corresponds to the reduction of iron
hydroxides Fe(OH)3/Fe(II) [10,24]. The reduction poten-

Rs CPE

A fh. L
>,
Rct

Fig. 8. Electrochemical equivalent circuit diagram for metal-
electrolyte interface.

tial of this couple Fe(OH)3/Fe(II) depends on solution pH
and potential according to the mechanism [25]:
Fe(OH), + 3¢~ < Fe(II) 4+ 30H~ (4)
The increase in peak intensity reduction as a function of
the exposure time to the discharge reflects an increase
in the amount of iron oxides. The peak intensity indi-
cates that the deposited oxide layer is very thin. These
results are consistent with the results found by
Benstaali et al. [24] for stainless steels (304L and 316L)
and Depenyou Jr. et al. [10] for mild steel (AIST 1018).

3.5 Electrochemical impedance spectroscopy (EIS)
measurements

The evolution versus t of corrosion behavior of carbon steel
was also investigated by EIS for 0.5 M NaCl at room tem-
perature. Nyquist and Bode diagrams were fitted accord-
ing to the equivalent circuit shown in Figure 8. In this
equivalent circuit, Ry, R, and A represent the solution
resistance, the charge transfer resistance and a constant

Table 3. Evolution of EIS characteristic parameters versus treatment time (¢) for carbon steel after 24 h immersion in 0.5 M

NaCl (pH = 6.4, 24 h, 25 °C).

t R, Ret n 10° A Cal E3
(min)  (Q cm?) (k2 cm?) Q'S em™?) (mFem™?) (%)
0 60.17 1.44 0.84 1.19 1.33 -
5 49.36 1.41 0.79 1.67 2.15 -
10 50.23 1.52 0.84 1.09 1.20 4.93
15 46.22 1.68 0.77 0.75 0.80 14.24
30 48.41 2.78 0.79 0.49 0.55 48.11
60 50.02 5.42 0.78 0.63 0.09 73.35
(a) -s000
| —0O— O0mn
—&— Smn
—&— 30 mn
<4000 |- —¥— 60 mn
T 3000 10° 10 10° 10’ 10° 10’ 10* 1¢°
purs Frequency (Hz)
R
e . 75
v—¥ Y» v, §
. 8 o
| “ | 3
v, S i Y \ § 2
| g
1 i 1 i 1 " 0 ]
2000 3000 4000 5000 10°* 10 10° 10° 10° 10° 10* 10*
Frequency (Hz)

7.1 cem?

Fig. 9. (a) Nyquist and (b) Bode phase angle diagrams of carbon steel in 0.5 M NaCl without and with plasma treatment.
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phase element (CPE) respectively. R values were calcu-
lated from the difference in impedance at lower and higher
frequencies. Corrosion resistance efficiencies (E3%) were
calculated using the following formula (5) [26]:

Rct

E3% = {1 —
’ Rct—treat

] % 100, (5)
where R and Rt _treat are charge-transfer resistance val-
ues for untreated and treated carbon steel respectively.
Double layer capacity (Cqj) values were calculated in our
case by Brug et al. [27], in equation (6).

Ca = (Ax R (6)

where A (27! S® cm~2) is a CPE constant and n is an
empirical exponent (0 < n < 1), which measures the de-
viation from the ideal capacitive behavior. Table 3 shows
evolutions of R¢:, Cq1 and E3% versus t.

Evolutions versus t of Nyquist and Bode diagrams for
untreated and treated carbon steel are shown in Figure 9.
A decentered capacitive loop from the center of real axis
appears. This could be attributed to different physical
phenomena such as roughness and heterogeneity of solid
surfaces, impurities, grain boundaries and distribution of
surface active sites [28,29]. The large peak at 10 Hz fre-
quency and at 50° phase angles is associated to the ap-
peared surface layer. The literature [30-33] reports that
for porous electrodes, the high frequency response depends
on the AC signal penetrability into the pores. When the
AC signal does not penetrate as deep as the pores length,
it detects only the pores and phase angles between 45°
and 90°. The layer obtained gives a great resistance to
carbon steel against corrosion. It is clear that the GDA
treatment increases the values of R. and reduces Cy.
The decrease in Cy is attributed to an increase of elec-
tronic double layer thickness [34]. Increasing R value is
attributed to the presence of a protective layer on the
metal. The data obtained from EIS technique are in good
agreement with those obtained from potentiodynamic po-
larization and mass loss methods.

4 Conclusion

This study gives evidence that highly oxidative property

of the ‘OH radicals modifies the surface sample and forms
more resistive barrier layers which improve the corrosion
potential and strongly decrease the corrosion current after
plasma treatment.

Humid air plasma treatment provokes the corrosion
inhibition of carbon steel and gravimetric measurements
show that an efficiency equal to 75% is reached for a
GAD treatment time equal to 60 min and an immersion in
0.5 NaCl (pH = 6.4) during 24 h. Potentiodynamic polar-
ization measurements indicated that the plasma acts as an
anodic inhibitor delaying the corrosion process by form-
ing a protective layer on the surface. The large passive
domain of carbon steel treated by plasma shown by polar-
ization curves in NaCl 0.5 M containing nitrate ions at ba-
sic pH suggests the presence of Fe(Il) oxides/hydroxides,

as Fe3O4 and Fe(OH),. Cathodic polarization curves
recorded in 0.025 M NaOH showed the large peak’s in-
tensity to 1.29 mV /SCE. This peak generally corresponds
to the reduction of iron hydroxides as Fe(OH)s. The in-
crease of the charge transfer resistance of treated carbon
steel, reaching 73.3% for ¢ = 60 min, confirms the forma-
tion and the presence of this layer.

The corrosion inhibition efficiency is really observed
on carbon steel surface treated by a GAD plasma. This
process which is a clean electric emerging technique could
be a good alternative one in order to substitute the
toxic chemical inhibitor (benzotriazole) process and
consequently in order to preserve and to protect the
environment.

We thank the Algerian and French Governments for supporting
a large part of this work in the frame of a Franco-Algerian
Scholarship Program.
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