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Octadecylamine (ODA) has been the subject of numerous investigations for the corrosion protection of carbon steels in nuclear
pressurized water reactors (PWR). In the present work, electrochemical impedance spectroscopy was used to study and to compare
the ODA behavior after different treatment temperatures (from 80 °C to 275 °C) representative of the secondary circuit of the
PWR. The ODA films were characterized at room temperature. The impedance data analysis allowed the ODA film parameters
(thickness and pennittivitzy) to be obtained. The ODA film thickness was independent of the treatment conditions and was about

20 nm. At 120 °C and 2

0 °C, the presence of magnetite, formed during the treatment in the autoclave, strongly improved the

corrosion protection afforded by the ODA films. An instantaneous inhibitive efficiency of 99.9% was assessed. At 275 °C, thermal

degradation of the ODA molecules was shown.
[DOL: 10.1149/1945 7111/ab7d42]

In the secondary circuit of nuclear pressurized water reactors
(PWR), conservation conditions during shutdown and layup periods
are a major issue to prevent corrosion phenomena that can affect
feed water systems and steam generators. Conventional conservation
programs are time consuming and, in some cases, constraining for
operators due to the use of toxic additives." An alternative method to
those currently used to simplify metal surfaces conservation consists
of their preservation with film forming amines (FFA), also known as
fatty amines. FFA have been used for several decades to mitigate
corrosion of materials in cooling water circuits.” '* FFA are known
for their tendency to adsorb on metal or oxide surfaces by sharing
the free electron pair of the amine nitrogen with the positively
charged iron ions.'” The aliphatic chain creates a hydrophobic
physical barrier that prevent water, oxygen and other corrosive
agents to reach the metal surface.'® The protective film has been
described by several authors as a monolayer.>>*® The fatty amines
are defined by the general formula R, [NH (R,) ], NH,, where n is
an integer between 0 and 7, R, is an unbranched alkyl chain with 12
to 18 carbon atoms and R, is a short chain alkyl group that usually
contains 1 to 4 carbon atoms. Octadecylamine (ODA), one of the
simplest FFA molecules (n = 0, R; = C,gH37), has been the subject
of numerous investigations both in thermal power plants® !":!7 2!
and in nuclear power plants conditions.>*?> ?* Although steam
generators have already been treated with FFA, their behavior is still
not lsufﬁcicntly well understood to define criteria ensuring optimal
use.

In a recent work,”> an ODA film formed at 80 °C on a carbon
steel surface has been characterized by using ex situ (optical
observations, contact angle measurements and X ray photoelectron
spectroscopy (XPS)) and in situ (electrochemical impedance spec
troscopy (EIS)) measurements. The composition of the thin organic
film has been determined from XPS and its physical characteristics
(permittivity and thickness) obtained from EIS measurements. From
the XPS analysis, the film thickness, in dry and vacuum conditions,
was estimated between 2 and 10 nm. A film thickness of 16 nm was
determined from the EIS data analysis, in good agreement with the
XPS results. Thus, the impedance data analysis, by using both
graphical methods and a power law model, allowed a methodology
for the in situ characterization of organic thin films on conductive
surface to be proposed.”

“E-mail: nadine.pebere@toulouse-inp.fr

In order to move forward, the aim of the present work was to use
the EIS technique to investigate the ODA behavior for the corrosion
protection of a carbon steel in different conditions close to those
encountered in the feed water systems of the PWR secondary circuit.
To link the previous results, obtained on a bare carbon steel (rotating
disk electrode (RDE)),> with data obtained in conditions represen
tative of the PWR secondary circuit (pressurized equipment), a
synthetic magnetite layer was first electrodeposited on the carbon
steel surface, before the ODA film formation. Indeed, carbon steels
and low alloy steels, which constitute the major part of the PWR
secondary circuit, are covered by a thick layer of magnetite formed
in normal operation.”®* The objective was to confirm the ODA
ability to adsorb on corroded surfaces. Then, in a second step, the
ODA films were formed in an autoclave at different temperatures
(from 120 °C to 275 °C). Carbon steel samples were also exposed in
the autoclave in the absence of ODA (reference samples). All the
impedance measurements were afterwards performed in aerated
condition and room temperature on the different samples to assess
the presence or not of the ODA film. According to the methodology
detailed in our previous paper,” the physical parameters of the ODA
films were extracted from the impedance diagrams. In addition, the
instantaneous corrosion inhibition efficiency was assessed.

Experimental

Materials. P275 low carbon steel was supplied by EDF
(France). Its composition is reported in Table I.

For T < 100 °C, the working electrode was a rotating disk of
1 cm? surface area consisting of the cross section of a cylindrical rod
(P275 carbon steel). The lateral part of the rod was covered with a
heat shrinkable insulating sheath, leaving only the tip of the carbon
steel in contact with the solution. The carbon steel surface was wet
ground with silicon carbide (SiC) papers down to grade 4000,
ultrasonically cleaned with ethanol, rinsed with deionized water and
dried.

For T > 100 °C, the experiments were performed in an autoclave.
Carbon steel plates (20mm X 30mm x 3 mm) were used. The
samples were wet ground with SiC papers down to grade 800 to
comply with the initial surface state of carbon steel pipes in the
nuclear industry. In the autoclave, a temperature probe allowed its
precise monitoring (the temperature was controlled by a surrounding
heater with an accuracy of + 1°C). A sampling hose was used to
follow the chemistry of the solution inside the autoclave:



Table 1. Chemical composition (Wt%) of the P275 carbon steel.

Element C Si Mn Cr Mo Ni Cu Fe

016 04 0515 03 008 05 03 Bal

conductivity, pH and ODA concentration during the tests. A titanium
mesh, attached to a rotating axis, carried three carbon steel plates.
The rotation rate of the sample holder was maintained at 100 rpm.

ODA was in the form of ODACON’, a commercial emulsion
(~50 g L™" FFA) supplied by REICON™,

Electrochemical deposition of magnetite. A magnetite layer
was electrodeposited on the carbon steel during 30 min to ensure the
formation of a thick layer, following the procedure described by
Goujon et al.?® A classical three electrode cell was used with a
mercury sulfate electrode (MSE) in a saturated potassium sulfate
solution as reference, a platinum grid as counter electrode and the
RDE as working electrode. The rotation rate was fixed at 500 rpm.
Figure 1 shows a top view and a cross section of the magnetite layer.
After 30 min of deposition, its thickness is about 40 ym. Through
pores can be observed on the micrograph. The magnetite layer has
been thoroughly characterized by Goujon et al.

ODA films formation. At low temperature (T < 100 °C), the
ODA film formation on the electrodeposited magnetite was obtained
with conditions similar to those used for the ODA film formation on
the bare carbon steel.”> The deposition conditions (ODA concentra
tion, temperature, pH of the solution, immersion time and electrode
rotation rate) are reported in Table II.

At higher temperatures (T > 100 °C), the carbon steel plates were
placed in the pressure equipment, the pH,s °C of the solution was
fixed between 9.6 and 9.8 with ammonia and ethanolamine. The
electrolyte was deaerated with nitrogen bubbling before each
experiment. Hydrazine was added (1 mgkg™') to ensure reducing
conditions. For security reasons, the pressure equipment was not
completely filled, and a steam phase was present above the liquid
phase. Three test temperatures were chosen: 120 °C, 220 °C and
275 °C. These temperatures are representative of the water station,
the entrance of the generator and the generator, respectively.' * At
120 °C and 220 °C, the samples were dipped in the liquid phase. At
275 °C, the samples were placed in the steam phase to reproduce the
conditions of the upper part of the steam generators. The ODA
concentration in the liquid phase was controlled to be close to
2mgkg™', which is in the order of magnitude of the ODA
concentration injected for the conservation of the circuit.! * For
220 °C, an additional experiment was carried out with a higher ODA
concentration (25 mgkg™'). For each temperature, carbon steel
reference samples were prepared without ODA in similar conditions
as described above.

Surface characterizations. For the surface characterizations,
the electrodeposited magnetite and the samples from the autoclave
were kept in contact with air for the shortest possible time.

Optical observations were performed with an Olympus PMG3
optical microscope. Scanning electron microscopy (SEM) images
were obtained with a Zeiss Gemini Sigma in secondary electron
mode. Energy dispersive X ray spectroscopy (EDX) analyses were

Table II. Deposition parameters for the ODA film formation on the
magnetite layer.

ODA concentration 100 mg kg !
Temperature 80 °C
Electrode rotation rate 500 rpm
pH25 °C 10
Immersion time 30 min

-.J-J-" g

lectrodeposited
magnetite layer |

Carbon steel

Figure 1. Observations of the carbon steel surface (RDE) after the magnetite
electrodeposition: (a) Top view (optical microscope) and (b) cross section
(SEM).

performed at different locations on the carbon steel surface treated
with ODA at 120 °C to compare the chemical composition of the
regions of interest.

The contact angles were measured at room temperature using a
Kriiss Mobile Surface Analyzer. The protocol consisted in depos
iting a deionized water drop of an accurate volume of 1 ul on the
sample surface and then measuring the static contact angle (6) 60 s
after the drop deposition. To assess the homogeneity of the surface
properties, 20 measurements were performed on different locations
on the samples surface.

EIS measurements. The impedance measurements were per
formed with a conventional three electrode cell with a mercury
sulfate electrode (MSE) in a saturated potassium sulfate solution and
a platinum grid, as reference electrode and counter electrode,
respectively. The working electrode consisted of the carbon steel
RDE or the carbon steel plate, depending on the temperature of the
ODA films formation. In both cases, the surface area in contact with
the electrolyte was 1 cm”. The electrolytic solution was prepared
from deionized water by adding 107> M Na,SO, (analytical grade).
The choice of this medium was based upon its low electrical
conductivity, close to that encountered in industrial water circuits,
its low corrosiveness toward carbon steel and because it is an easily
reproducible baseline solution. The pH was fixed at 10 with
ammonia. A high pH value (around 10) is currently considered for
secondary circuit conditioning to limit flow accelerated corrosion of
carbon steels and to decrease the magnetite solubility.?® '

A Solartron 1286 electrochemical interface connected to a
Solartron 1250 frequency response analyzer was used. EIS measure
ments were performed under potentiostatic regulation at the



corrosion potential (E.,,) in the frequency range of 65kHz to
1 mHz with 8 points per decade, using 15 mV ¢, sinusoidal voltage.
The linearity was checked by varying the amplitude of the signal
from 5 mV s © 50 mV,,. At least two measurements were
performed to ensure reproducibility. All the experiments were
carried out at room temperature. Data modelling was carried out
with a non commercial software developed at the LISE CNRS
(Paris).

EIS Data Analysis

When the presence of an ODA film was identified on the ODA
treated samples, the impedance results were analyzed with a model
to determine the thickness and the dielectric permittivity of the
organic film, according to the recently developed methodology.”
This methodology is briefly recalled below.

The impedance data are commonly analyzed by using electrical
equivalent circuits, in which the capacitances are replaced by
constant phase elements (CPE) to better describe the non ideal
behavior of the interface. The CPE impedance, (Zcpg), is expressed
in terms of model parameters o and Q as:

1
Zepp = ——— 1
PE= o0 (1]
With w=2nf. The o and Q parameters can be graphically
extracted.*

In the case of oxide films or organic coatings, the capacitance of
the layers can be graphically extracted from the high frequency part
of the impedance data, (Z(w)), by using the complex capacitance
representation:>>32 33

1
Clw) = ——— 2
= oz - R .

Where C is the capacitance as a function of w = 27f and R, is the
electrolyte resistance. The ODA film capacitance, Cy, was deter
mined from the extrapolation at high frequency. Then, the dielectric
layer thickness can be calculated using the following relationship:

(3]

Where ¢, ¢ and 6, represent the ODA dielectric permittivity, the
vacuum permittivity and the ODA film thickness, respectively. For
bulk ODA, a dielectric permittivity value of 2.7 was reported in the
literature.*®

Recently, different studies suggested that the origin of the CPE
behavior observed with oxide films or organic coatings may be the
consequence of a normal distribution of their resistivity along the
film thickness according to the model developed by Hirschorn
et al.>”*® The resistivity p(§), with £ = g , is expressed (Eq. (4))
as a function of the layer thickness, 6, the depth, x, in the layer, the
boundary resistivity values pg and p; at the metal/film interface (x =
0) and at the film/electrolyte interface (x —(Wé) and ~ which is derived

from the CPE parameter « such as o = ~—
!

—1
P& _ (n +( s e n
Ps Po Po
The corresponding impedance can be determined using an
integral expression:

1

— +Jw650 + (— - —)5”

Ps

Ziw) = 6 f d¢ [5]

Regression of EIS data with the power law model allows the
extraction of physical parameters related to the film such as
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Figure 2. Electrochemical impedance diagrams for the carbon steel covered
by the magnetite with ODA treatment (100 mg kg ', 80 °C; 30 min; pHys
°C 10,9 500 rpm) and without ODA. The diagrams are obtained after
2 h of immersion in the 10 > M Na,SO, solution. (a) Impedance modulus
and (b) phase angle. The dotted lines are the fitted curves with the equivalent
circuit shown in Fig. 10.

permittivity, thickness and resistivity values at the interfaces. In
the present work, the ODA dielectric permittivity value obtained
from the regression will be compared to that reported in the
literature.*®

Results and Discussion

First, the ODA film formed on the magnetite layer (henceforth
called ODA treated magnetite) is characterized by EIS. Then, the
influence of the treatment temperature on the ODA films formation
is discussed. In a third part, the impedance data are analyzed with the
power law model in order to extract the physical parameters of the
ODA films formed at different temperatures. Finally, the instanta
neous corrosion inhibition efficiency is assessed from the impedance
data obtained at the corrosion potential, with and without ODA.

ODA treated magnetite. The impedance spectra, in Bode
coordinates, obtained for the magnetite layer and for the ODA
treated magnetite after 2 h of immersion in the Na,SO, solution are
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Figure 3. SEM micrographs of the carbon steel samples after the treatments in the autoclave. (a) 168 h at 120 °C without ODA, (b) 168 h at 120 °C with ODA
(2 mg kg 1, (c) 168 h at 220 °C without ODA, (d) 168 h at 220 °C with ODA (2 mg kg 1, (e) 2 h at 275 °C in the steam phase without ODA, (f) 2 h at 275 °C
in the steam phase with ODA (2 mg kg ' in the liquid phase) and (g) EDX spectra (normalized from the Fe peak) corresponding to different areas on the treated
ODA carbon steel at 120 °C during 168 h (Fig. 3b).

presented in Fig. 2. For the magnetite layer, the impedance diagram at high frequency (between 10* 10 Hz), attributed to the presence of
is characterized by a single time constant related to the electro the ODA film.>> Without ODA, the value of the impedance modulus
chemical behavior of the carbon steel/magnetite/electrolyte inter at low frequency is about 3200 € cm?, close to that obtained for the

face. After the ODA treatment, an additional time constant appears bare carbon steel (mechanically polished) in the same conditions.?



This means that the thick electrodeposited magnetite layer does not
strongly influence the electrochemical behavior of the interface. This
could be attributed both to the porous structure of the magnetite, as
observed in Fig. 1, and to its good conductive properties.>® For the
ODA treated magnetite, the impedance modulus at low frequency
increases about one decade (24600 2 cm?) which is, again, similar to
the result previously obtained with ODA on the bare carbon steel.”
These results underline that the ODA film has roughly the same
signature on the impedance diagrams when adsorbed on the bare
carbon steel or on the electrodeposited magnetite. These impedance
data will be further analysed and the results will be discussed by
comparison with those obtained after the treatments in the autoclave
at temperatures higher than 100 °C.

Carbon steel treated with ODA in the autoclave at T > 100 °C.
Surface observations and contact angle measurements. SEM images
of the surface morphology of the carbon steel samples treated at
120 °C, 220 °C and 275 °C in the autoclave, with and without ODA,
are shown in Fig. 3. The formation of a magnetite layer is observed
for all the coupons. The size of the magnetite crystallites increases
when the treatment temperature increases, particularly for the samples
treated at 275 °C in the steam phase (Figs. 3e and 3f). In that case, the
dissolution of the magnetite was limited in the steam and it
accumulated on the samples surface. In the presence of ODA, dark
areas are visible on the samples treated at 120 °C and 220 °C (Figs. 3b
and 3d). Their composition was qualitatively analyzed by EDX for the
sample treated at 120 °C (Fig. 3g). A significant enrichment in carbon
is observed which could be attributed to the presence of ODA
clusters. Such clusters have already been observed for the bare
carbon steel treated at 80°C with a higher ODA concentration
(100 mgkg™).*

Contact angle measurements for the ODA treated samples at
120 °C (Fig. 3b) and 220 °C (Fig. 3d) highlight a change in the
surface hydrophobicity by comparison with the non treated samples
(Figs. 3a and 3c, respectively). The contact angles increase by
around 22° and 25° for the ODA treated carbon steel at 120 °C and
220 °C, respectively, compared to the reference samples. This
difference would be linked to the ODA adsorption on the surface.
For the samples exposed at 275 °C in the steam phase (Figs. 3e
and 3f), the surface roughness, due to the formation of larger
magnetite crystallites, could be at the origin of the increase of the
contact angle, both with and without ODA. In that case, the contact
angle measurement cannot be used to verify the ODA adsorption. As
it will be shown further, there was no ODA film on the surface at this
temperature.

ODA film formation: influence of the deposition conditions. The
impedance diagram, in Bode coordinates, for the carbon steel treated
in the autoclave with ODA (2 mg kg ') during 168 h at 120 °C and
after 2 h of immersion in the Na,SO, solution is presented in Fig. 4.
The diagram is compared with that obtained for a reference sample
(same conditions without ODA). The impedance modulus (Fig. 4a)
at 107 Hz shows a significant increase after the ODA treatment
(more than two decades) compared to the reference sample. In
addition, the phase angle (Fig. 4b) reveals a very well defined time
constant in the high frequency range, which is not visible on the
reference sample, and related to the ODA film formation on the
sample. Thus, the ODA is able to form a film on the carbon steel
surface at 120 °C in the representative thermochemical conditions of
the secondary circuit. The significant increase of the impedance
modulus after the ODA treatment could be due to the deposition
condition (temperature and treatment time in the autoclave) and
could also reveal a synergistic effect between the magnetite layer
formation and the ODA adsorption.

Figure 5 shows the impedance diagrams of the carbon steel
samples after the treatment in the autoclave at 220 °C, with ODA
(2mgkg™" and 168h of immersion (Figs. 5a and 5b) and
25mgkg~" and 2h of immersion (Figs. 5¢ and 5d) and without
ODA. With 2mgkg™" of ODA, the impedance diagram for the
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Figure 4. Electrochemical impedance diagrams for the carbon steel samples
treated at 120 °C during 168 h with ODA (2 mgkg ') and without ODA.
The diagrams are obtained after 2 h of immersion in the 10 3 M Na,SO,
solution. (a) Impedance modulus and (b) phase angle. The dotted lines are
the fitted curves with the equivalent circuit shown in Fig. 10.

ODA treated sample (Figs. 5a and 5b) is relatively similar to that of
the sample without ODA. This was unexpected because the contact
angle measurements pointed out a more hydrophobic surface after
the ODA treatment. Moreover, the SEM images suggested the
presence of the organic molecules on the surface (dark areas in
Fig. 3d). The impedance results indicate that the ODA molecules did
not homogeneously cover the electrode surface, leaving film free
areas without protection.

To check if it was possible to form an ODA film at 220 °C,
carbon steel coupons were treated in similar conditions with a higher
ODA concentration (25 mgkg™"). The impedance diagrams are
displayed in Figs. 5c and 5d. It can be seen that after 2h of
treatment, the impedance modulus at 107 Hz (Fig. 5c) increases
about 2 decades, similarly to what was observed after the treatment
at 120 °C, and a time constant, characteristic of the presence of the
ODA film, is visible on the phase angle (Fig. 5d). Thus, the
comparison of the EIS results for the samples treated with
2mgkg™' of ODA at 120 °C (Fig. 4) and at 220 °C (Figs. 5a and
5b) emphasizes the important role played by the temperature. To
explain these results, the most likely hypothesis would be the
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Figure 5. Electrochemical impedance diagrams for the carbon steel samples treated: (a), (b) at 220 °C during 168 h with ODA (2 mg kg ') and without ODA
and (c), (d) at 220 °C during 2 h with ODA (25 mg kg ') and without ODA. The diagrams are obtained after 2 h of immersion in the 10 3 M Na,SO, solution.
(a), (c) Impedance modulus and (b), (d) phase angle. The dotted lines are the fitted curves with the equivalent circuit shown in Fig. 10.

thermal degradation of the ODA at 220 °C and for long immersion
times, as set out further.

Figure 6 compares the impedance diagrams obtained for the
carbon steel treated at 275 °C after 2 h and 24 h in the presence of
ODA (2mgkg™") and after 2h without ODA. The impedance
modulus at low fre(iuency is higher after 2h of treatment with
ODA 4 x 10°Q cm?) compared to the reference sample (2 x 10°Q
cm?). However, the time constant characteristic of the film is hardly
discernible (Fig. 6b). After 24h of treatment, the impedance
modulus decreases and the phase angle reveals a single time
constant, indicating that the film effect disappeared after 24 h at
275 °C. The thermal degradation of the ODA molecules at 275 °C
could explain this result.

To confirm this hypothesis, the ODA concentration in the liquid
phase at 275 °C was determined as a function of time. The variation
of the ODA concentration with time is reported in Fig. 7. It can be
seen that the ODA concentration rapidly decreases. About 80 wt% of
the initial concentration disappear during the first 6 h. After 24 h, the
ODA concentration is almost zero. Thus, the absence of the ODA
film response on the impedance spectra after 24 h of treatment
(Fig. 6) and the rapid decrease of the ODA concentration in the
liquid phase during the same period (Fig. 7) confirmed the thermal
degradation of the ODA at 275 °C. The ODA degradation might also
take place at 220 °C, which would explain the absence of the film
after 168 h of treatment with 2 mg kg~' ODA (Figs. 5a and 5b).

EIS analysis. High frequency part: physical description of the
ODA films. The ODA films formed on the steel samples at different
temperatures were characterized by analyzing the high frequency
domain (10 Hz to 10 kHz) of the impedance diagrams. A focus was
made on the determination of the ODA films thickness and on the

resistivity profiles obtained from the power law model. Due to the
absence of a high frequency time constant on the impedance
diagrams for the samples treated with ODA (2mgkg™") during
168h at 220°C and during 2h at 275°C, the corresponding
impedance results were not considered in the following.

The complex capacitance plots corresponding to the impedance
diagrams with ODA presented in Figs. 2, 4 and 5c and 5d are
displayed in Fig. 8, as well as the fitted curves with the power law
model (Eq. 5). The regressed parameters are reported in Table III
For comparison, the values obtained for the ODA treated carbon
steel®® are added in Table III. It is interesting to note that in all cases,
the ODA permittivity value extracted from the power law model is
equal to 2.8 which is very close to the permittivity value found in the
literature for bulk ODA (¢ = 2.7).%°

First, the result for the ODA treated magnetite is shown in
Fig. 8a. The film thlckness 0, calculated from Eq. 3 with C; =
1.22 x 1077 Fem™? (graphically determined film capacitance) is
identical to the extracted value with the power law model and is
equal to 20 nm. This result is roughly consistent with that obtained
on the carbon steel treated with ODA in the same deposition
conditions.>> The in depth resistivity profile of the ODA layer
formed on the electro deposited magnetite was calculated from
Eq. 4 and reported line (a) in Fig. 9. The profile is similar to that
obtained on the treated carbon steel.>> From Figs. 2, 8a and 9, it can
be concluded that the ODA film formed on two different substrates
(electrodeposited magnetite and carbon steel), in the same deposition
conditions (treatment with 100 mgkg™' ODA during 30 min at
80 °C), have the same physical characteristics.

The complex capacitance plot of the ODA treated carbon steel
at 120 °C during 168 h with 2 mg kg™' ODA is shown in Fig. 8b.
The ODA film thickness, calculated from the film capacitance
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Figure 6. Electrochemical impedance diagrams for the carbon steel samples
treated at 275 °C in the steam phase during 2h and 24 h with ODA
(2mgkg ' in the liquid phase) and without ODA during 2 h. The diagrams
are obtained after 2 h of immersion in the 10 *M Na,SO, solution. (a)
Impedance modulus and (b) phase angle.

(Ct = 142 x 107" Fem %) and from the regression with the
power law model, is equal to 18 nm. This value is relatively
similar to that obtained after the treatment with 100 mg kgfl ODA
at 80 °C during 30 min on the bare carbon steel (16 nm?>) and on
the magnetite (20 nm). Thus, it appears that the deposition
conditions have little influence on the ODA film thickness.
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Figure 7. ODA concentration in the liquid phase at 275 °C as a function of
time.

However, the in depth resistivity profile (line (b) in Fig. 9) is
different from those obtained at low temperature. In this case, a
high resistivity plateau (po = 10'?  cm) is observed over about
half the ODA film thickness (approximately 10 nm), which is in
agreement with the significant increase of the impedance modulus
at low frequency after the ODA treatment. The physical origin of
this high resistivity plateau is not yet understood. One hypothesis
could be the incorporation of the ODA molecules in the magnetite
layer formed during the treatment at 120 °C, which would lead to
the formation of a compact mixed ODA/magnetite layer. This
hypothesis is in agreement with previous studies.’ ’ It may be
noted here that the high resistivity plateau was not observed on the
ODA treated magnetite probably because the magnetite layer and
the ODA film were deposited consecutively.

Finally, for the film formed during 2 h at 220 °C with 25 mg kg™
ODA, the film thickness, 8, determined both graphically (Fig. 8c)
and by regression with the power law model is equal to 15 nm,
which is close to the ODA films thickness already obtained for the
different treatment conditions. For this system, a slight deviation is
visible at high frequency between the experimental and the regressed
data (3> = 0.77). In line (c) in Fig. 9, the resistivity profile highlights
a high resistivity plateau (10'" € cm) over about 4 nm thick. The
lower resistivity value and the narrower plateau obtained after 2 h at
220 °C with 25 mg kg~' ODA compared with 168 h at 120 °C with
2mgkg~' ODA might be linked to the influence of the treatment
time.

Low frequency part: corrosion inhibition efficiency. In the
absence of ODA, the impedance spectra obtained for the carbon

Table III. Regressed parameter values obtained with the power-law model for the ODA layers formed for different treatment conditions

(temperature and concentration) on the carbon steel.

Treated carbon steel at

Treated magnetite layer

Treated carbon steel at Treated carbon steel at

1

80°C, [ODA] 100mgkg !,  at 80°C, [ODA] 100 mgkg ' 120°C, [ODA] 2mgkg ',  220°C, [ODA] 25mgkg !,
30 min Taken from Ref. 25 30 min 168 h 2h
8/mm 16 20 18 15
a 0.78 0.67 0.95 0.89
e 2.8 2.8 2.8 2.8
po! Qcm 1 x 10" 1 x 10'° 9 x 10" 9 x 10"
ps! Q cm 1.6 x 10° 1 x 107 8 x 107 1 x 10°
X’ 0.32 0.24 0.18 0.77
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Figure 8. Complex capacitance plots corresponding to the EIS spectra
presented in: (a) Fig. 2, (b) Fig. 4 and (c) Figs. 5c¢ and 5d. The dotted lines
are the fitted curves with the power law model (Eq. 5).

steel samples were characterized by a single time constant (Figs. 2, 4
and 5c and 5d). This time constant, between 107! and 10 2Hz
(or 107> Hz), can be attributed to the processes occurring at the
carbon steel/electrolyte interface. The presence of magnetite, which
has a high electrical conductivity, has very little influence on the
impedance response.”> On the other hand, the ODA films are
assumed to be strongly adsorbed on the samples surface as suggested
by the high resistivity at the metal/film interface (Fig. 9).
Nevertheless, the ODA films were very thin (about 20 nm) and the
corrosion process would occur on a reduced surface area. As a first

approximation, we can consider that the second time constant
observed on the impedance diagrams for the ODA treated samples
is due to the charge transfer process at the bottom of the through
pores of the ODA layer, at the magnetite/electrolyte interface.
Without ODA, the parameters associated with the single time
constant were determined with a simple R//CPE circuit (R,, Q4 and
). For the ODA treated samples, the parameters were determined
by using the equivalent circuit shown in Fig. 10. The dotted lines in
Figs. 2, 4 and 5c and 5d are the fitted curves with the equivalent
circuit. As it can be seen, the experimental data are in perfect
agreement with the fitted data. The fitted parameter values (R;, QO
and a) are reported in Tables IV, V and VI.

From the CPE parameters (o and Qg), the double layer
capacitance (C,) values were calculated by using the Brug
formula:

[6]

1 1 (a—1)/a
R, R,

1
Ca= Qdﬂ‘(— + =

The R, values were used to calculate the instantaneous inhibitive
efficiency (IE) according to the following equation:

Rinh _ RO
Rl

IE% =

with R/ is the charge transfer resistance for the ODA treated
samples and R is the charge transfer resistance for the samples
without ODA.

For the magnetite and for the ODA treated magnetite at 80 °C
(Table 1V), the C, values were 200 uF cm ™2 and 24 uF cm” 2,
respectively. With magnetite only, the C,; value is in the order of
magnitude of a double layer capacitance (=50 xF cm2), slightly
higher. This could be due to an increase of the surface area linked to
the presence of pores in the magnetite layer. For the ODA treated
magnetite, the accessible surface area at the bottom of the through
pores of the ODA film can be estimated from the ratio of the
capacitances. A value of 12% was obtained. The calculated IE was
equal to 87%, in good agreement with the capacitances ratio.

For the results at 120 °C (Table V) and 220 °C (Table VI), the Cy
values without ODA are of the same order of magnitude (200 300 pF
cm %) as that obtained at 80 °C for the magnetite layer (Table IV).
These results are in agreement with the formation of the magnetite
layer during the exposure in the autoclave and once again confirms the
good conductivity of the magnetite. With ODA, it is first important to
note that the R, values were determined with a significant margin of
error. However, the R, values are significantly higher than those
obtained without ODA. Thus, the inhibitive efficiency reached very
high level (IE > 99.9%). Secondly, it should be emphasized that the
oy values are low. This may be attributed to a porous electrode
behaviour. As a consequence, the C, values cannot be accurately
calculated. These results pointed out that the magnetite layers formed
at 120 °C and 220 °C combined with the ODA molecules resulted in
substantial improvement of the corrosion protection. Additional EIS
experiments performed as a function of the exposure time in the
Na,SO, solution (not shown) confirmed the beneficial role of the
magnetite on the stability of the ODA film (the diagrams remained
unchanged with immersion time). This confirmed the incorporation of
the ODA molecules in the magnetite layer as suggested by the high
resistivity values determined at the metal/film interface.

Table IV. Fitted parameter values obtained from the impedance diagram for the carbon steel covered by the magnetite and from the low-frequency

time constant of the ODA treated magnetite.

R, ( cm?) R, (Q cm?) Qs (Fem 2s@ D) a Cy (uF cm ?) IE (%) X
Magnetite 778 3200 43 x 10 4 0.63 200 0.21
Magnetite + ODA 1141 24600 1.0 x 10 * 0.60 24 87 0.38



Table V. Fitted parameter values obtained from the impedance diagram for the carbon steel sample treated at 120 °C during 168 h in the autoclave
without ODA and from the low-frequency time constant of the ODA treated sample.

R(Qcm?) R, (Qcm?) Qs (Fem 2@ V) a Cy (pF cm ?) IE (%) X
Without 3661 16300 30x 10 4 0.74 294 0.96
With ODA 3877 3.5 x 107 41x10 ¢ 0.48 99.95 0.72

Table V1. Fitted parameter values obtained from the impedance diagram for the carbon steel sample treated at 220 °C during 2 h in the autoclave
without ODA and from the low-frequency time constant of the ODA treated sample.

R, (Qcm?) R, (Q cm?) Qu(Fem 2s@ V) a Cy (uF cm ?) IE (%) o
Without 4016 6300 22x 10 * 0.70 169 0.41
With ODA 3930 5 x 107 28 %10 ° 0.65 99.98 1.12

: — T Conclusions
138 il C) By (b) ! ] The ODA film formation was investigated in laboratory condi

§ 1
E |- (C)  ---- Bauxetal. [25] ! o ] tions, first on electrodeposited magnetite at 80 °C, and then in an
= 1012 !’ | o _____ o] autoclave at 120 °C, 220 °C and 275 °C. The presence of the ODA
o E & T i 83 films on the carbon steel surface treated at 120 °C and at 220 °C was
@ 1011 i g | \ RS confirmed by surface observations and EIS measurements. For the
by F o | LY | £ carbon steel sample treated at 275 °C, the presence of an organic film
24A10 = | \ [N was not shown. It was demonstrated that at 275 °C, ODA molecule
S 10 [ £ S0 Y I %‘ 1 degradation occurred and that more than 80 wt% disappeared in less
'-g L= N 3 N | & 3 than 6 h. From the impedance data analysis, the determined ODA
s 109 r % | N Mo ) ] 1 films thickness was independent of the treatment conditions, and
[0} E o | Y . : SEECE around 20 nm. However, the resistivity profiles, obtained from the
o 108 L = | el = power law model, were different according to the treatment condi
g | R I é ] tions. At 120 °C and 220 °C, the impedance results accounted for the
1 07 f | : \_! w4 presence of a highly protective layer which would be efficient for
r | o 3 long term protection of the carbon steel, attributed to the beneficial
1 06 s | ; . . i \{ ] role of the magnetite formed during the exposure in the autoclave.
' 3 * * * * * This study, based on a detailed analysis of the EIS measurements,
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Figure 9. In depth resistivity profiles of the ODA layers as a function of
position, calculated from Eq. 4, obtained from the impedance analysis (high
frequency part): (a) on the synthetic magnetite (from Fig. 2) and comparison
with the result obtained for the bare carbon steel with the same treatment™:
100 mg kg ' ODA; 80 °C; pHas °C  10; 30 min, (b) after 168 h at 120 °C
with 2mgkg ' ODA (from Fig. 4) and (c) after 2h at 220°C with
25mgkg ' ODA (from Figs. 5c¢ and 5d).

Qy, o
|
R, AN
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Figure 10. Electrical equivalent circuit used to fit the experimental diagrams
when the presence of an ODA film was identified on the ODA treated
samples.

provided a better understanding of the ODA behavior as a function
of the temperature and shows that EIS is a powerful technique to
characterize organic thin films on industrial samples.
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