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The importance of chemical composition and microstructure on CO2 corrosion of carbon and low alloy
steels has been widely recognized, still contradictory results can be found in the literature. The aim of
this work is to assess the relationship between microstructure, surface condition and inhibitor efficiency
in CO2 corrosion. A C–Mn steel with two different microstructures was tested in a deoxygenated 5% wt.
NaCl solution saturated with CO2 at 40 �C, pH 6. A commercial imidazoline-based inhibitor was added
after different pre-corrosion periods. The results obtained showed that pre-corrosion decreases the inhib-
itor efficiency, but that its impact is microstructure dependent.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The widespread use of carbon and low alloyed steels in the
petroleum industry is primarily due to economic reasons. Never-
theless, their corrosion resistance is limited in certain oil and gas
environments with high chloride and carbon dioxide concentra-
tions. Depending on their chemical composition and manufactur-
ing processes, carbon and low alloyed steels may have different
microstructures which influence their mechanical properties and
corrosion resistance.

CO2 corrosion, usually referred to as sweet corrosion, is one of
the most severe forms of attack in the oil and gas production and
transportation [1,2].

CO2 dissolves in water giving carbonic acid which is dissociated,
decreasing the solution pH.

It is widely known that CO2 increases the corrosion rate of C–
Mn and low alloy steels mainly because of its effect on hydrogen
evolution reaction [3,4].

In pH > 4 solutions, the H+ concentration is small so H2CO3 pres-
ence allows for higher reduction rates, and therefore increases the
corrosion rate.

There is a possibility of H2CO3 and HCO�3 direct reduction
according to these equations [5]:

2H2CO3 þ 2e� ! H2 þ 2HCO�3 ð1Þ
ll rights reserved.

: +54 223 4810046.
son).
E0 ¼ �0:622 V ðSCEÞ

2HCO�3 þ 2e� ! H2 þ 2CO2�
3 ð2Þ

E0 ¼ �0:856 V ðSCEÞ

At pH > 5, the direct reduction of bicarbonate ion can become
meaningful as its concentration increases with pH.

The dominant anodic reaction in CO2 corrosion is the electro-
chemical dissolution of iron into ferrous ion.

As a consequence of corrosion processes, a layer of corrosion
products is formed on the surface of the steel. Its protection prop-
erties depend on the environmental conditions as well as on the
characteristics of the material. The presence of iron carbonate
(FeCO3) is commonly related with the formation of protective lay-
ers [6–11]. Because of its low solubility (pKsp = 10.54 at 25 �C [12]),
FeCO3 precipitates when ferrous cations (Fe2+) interact with car-
bonate (CO2�

3 ) and bicarbonate (HCO�3 ) ions in the solution. The
surface scales formed below 40 �C in chloride media containing
carbon dioxide consist mainly of cementite (Fe3C) with some
FeCO3 and steel alloying elements [1]. Fe3C is part of the original
steel microstructure and accumulates on the surface after the pref-
erential dissolution of ferrite (a-Fe) into Fe2+. Cementite is said to
provide an available area for cathodic reactions and to lead to a gal-
vanic coupling with a-Fe, therefore the characteristics and compo-
sition of this surface layer should be determinant for steel
performance in CO2 containing brines [13].

The amount and morphology of cementite in steels relies on
the chemical composition and manufacturing processes (heat
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treatment) undergone, so the microstructure is expected to affect
surface scales.

The key part the chemical composition and microstructure play
on CO2 corrosion of carbon and low alloy steels has been widely
documented. Still several aspects remain uncertain, and contradic-
tory results can be found in the literature [1,2]. The effect of these
variables on corrosion product films formation and their properties
as well as on the inhibitors efficiency is far from clear. This could be
due to the complexity of the problem itself and to the difficulty im-
plied in the description of the mechanisms involved. Moreover,
test conditions also vary in a wide range, rendering the comparison
almost impossible.

Whenever the environment is highly aggressive or the scales
formed on the steel are non-protective, the use of corrosion inhib-
itors is a requirement. Organic compounds containing nitrogen
such as amines, amides, quaternary ammonium salts and espe-
cially imidazolines and their derivatives are commonly employed
in the petroleum industry to decrease corrosion rates. They are
usually adsorbed on the metallic surface generating a protective
film that interferes with the electrochemical reactions involved
in the corrosion processes. Despite their extensive use, their action
mechanisms remain mostly unknown, and very few studies have
taken into consideration the role surface scale properties have on
inhibitors efficiency [14–22]. From Rozenfeld et al. [14] results,
inhibitors incorporate into the corrosion product layer and form
a protective barrier between the base material and the corrosive
media. French et al. [15] obtained SEM results which proved that
the inhibitors modified the structure of the corrosion product
layer. They suggested that, in order to interact with corrosion prod-
ucts, the structure of the inhibitor has to be appropriate, and that
some inhibitors can be effective on iron carbonates or sulphides
though not on iron oxides. Oblonsky et al. [16] studied the adsorp-
tion of octadecyldimethylbenzylammonium chloride (ODBAC) on
carbon steel with two different microstructures. They found that
ODBAC strongly physisorbs on ferritic–pearlitic microstructures
and weakly on martensitic ones. They also put forward that the
passive film formed on the martensitic steel is more stable and pre-
vents the optimal adsorption of the inhibitor.

Gulbrandsen et al. [17,18] analyzed the effect of pre-corrosion,
steel microstructure and of chemical composition on the inhibition
of CO2 corrosion. They concluded that cathodic inhibition has a
decisive influence since the rate of the cathodic reaction controls
the corrosion rate. The anodic as well as the cathodic inhibition de-
pend on pre-corrosion time and steel type. They deduced that the
negative effect of pre-corrosion is codetermined by the steel micro-
structure and chemical composition, and by the inhibitor molecu-
lar structure. Besides, they observed that the pre-corrosion effect
seems to be connected with the presence of a cementite layer on
the steel surface.

In previous works, we have shown that the inhibitor efficiency
is affected by microstructure, and that the effect could be specific
to the inhibitor molecular structure [19–22].
Fig. 1. Microstructures of FP sample
Since the effect of the steel microstructure on the inhibitor per-
formance in CO2 corrosion remains uncertain, it is important to
gain further knowledge on the participating inhibition mecha-
nisms, considering the influence of corrosion products and the
steel microstructural components. Because imidazoline derivatives
are largely used by the petroleum industry, they were selected for
this work. Both EIS and standard DC measurements (Ecorr, LPR
polarization curves) were employed to study the performance of
an oleic imidazoline-based inhibitor on a carbon steel with two dif-
ferent microstructures (ferrite–pearlite and tempered martensite)
in a high chloride, CO2 saturated solution. Surface films character-
istics were studied by means of SEM.

2. Experimental

A carbon steel with the following composition (wt%): 0.38 C–
0.99 Mn– 0.33 Si–0.17 Cr–<0.01 P–<0.01 S was used. Two different
heat treatments were conducted on the samples in a lab furnace:
annealing (austenized at 890 �C and furnace cooled – FP samples),
and quenching and tempering (Q&T) (austenized at 890 �C, water
Q&T 1 h at 700 �C – TM samples). Heat treatment conditions were
chosen to obtain two very distinct cementite morphologies: coarse
laminar and globular (Fig. 1).

Working electrodes were machined from these heat-treated
materials into 5 mm diameter bars, cut and mounted with epoxy
resin in a disc electrode holder. Electrical contact between the
sample and holder was obtained with silver loaded epoxy resin.
For the electrochemical tests, surfaces were polished with 600-grit
SiC paper, washed with distilled water and rinsed with ethanol.

Experiments were conducted at atmospheric pressure, 40 �C
and under low speed magnetic stirring. Three-electrode jacketed
test cells with a working volume of 0.5 l and a concentric Pt ring
as counter electrode were employed. A saturated calomel electrode
(SCE) was chosen as reference. Test solution was 5 wt% NaCl (ana-
lytical-reagent grade) saturated with deoxygenated CO2. The oxy-
gen concentration of the solution was measured with a DCR
OXI200 (Chemetrics�), and it was kept below 40 ppb during the
experiments. A positive pressure of deoxygenated CO2 was main-
tained throughout the experiments to avoid air ingress. The pH
was adjusted to 6 adding 10–15 ml of deoxygenated 1.0 M aq.
NaHCO3.

A commercial imidazoline-based product (R1 = (CH2)n–CH3

n = 10–17, R2 = (CH2)2–NH2) was used as inhibitor. Following the
inhibitor manufacturer specifications, a concentration of 50 ppm
was employed.

The inhibitor was added at the beginning of the experiment
(non-pre-corroded samples) and after two pre-corrosion periods:
24 and 72 h. During the pre-corrosion period, measurements were
taken every 24 h. The formation of the inhibitor film was evaluated
after 2 h and subsequently after every 24 h.

The samples were kept at open circuit potential during their
exposure to the corrosive medium.
s (left) and TM samples (right).



2458 L.D. Paolinelli et al. / Corrosion Science 50 (2008) 2456–2464
A Voltalab PGZ 402 unit was used for electrochemical measure-
ments. EIS was measured at the corrosion potential (Ecorr) using an
applied potential of ±0.005 V rms with a frequency range of
100,000–0.03 Hz. Linear polarization resistance (LPR) was calcu-
lated by polarizing the working electrode ±0.015 V vs. Ecorr with a
sweep rate of 10�4 V/s. The corrosion potential was also monitored
before and after DC and AC analyses.

Potentio-dynamic polarization curves were drawn at the end of
the experiments. The sweep rate was 10�3 V/s and the scanning
range �0.3 V and 0.25 V from Ecorr for the cathodic and anodic
curves, respectively.

The electrochemical data were analyzed by the VoltaMaster 4
and Zview 2 software.

To assess the surface films, a scanning electron microscope
(SEM Phillips XL 30) was used. The samples were washed and dried
after being withdrawn from the test cell to enable the characteriza-
tion of adherent corrosion products with no salt residues.

The corrosion rate (CR) was calculated applying Stearn Geary
equation. An approximate value parameter B = 0.017 V was applied
[23].

At least six replicas were tested for each experimental
condition.

3. Results and discussion

3.1. DC electrochemical results

3.1.1. Linear polarization
Table 1 shows the corrosion rate, Rp and Ecorr results for both

steel microstructures versus the pre-corrosion time without inhib-
itor addition.

With regard to the microstructure, differences in corrosion rate
tendency arose with time. During short exposure periods, speci-
Table 1
Ecorr, Rp and CR. TM and FP samples pre-corroded during 2, 24, 48, and 72 h

Pre-corrosion period (h) TM

Ecorr (mV/SCE) Rp (X cm2) C

2 �761 139 ± 11 1
24 �751 166 ± 14 1
48 �745 167 ± 18 1
72 �743 159 ± 26 1

Table 2
Ecorr, Rp and CR. TM and FP samples non-pre-corroded with 2, 24, 48 and 72 h of exposure

Inhibition period (h) TM

Ecorr (mV/SCE) Rp (X cm2) C

2 �650 14,763 ± 1118 1
24 �649 41,500 ± 7059
48 �650 54,425 ± 8303
72 �656 53,204 ± 12038

Table 3
Ecorr, Rp and CR. TM and FP samples pre-corroded during 24 h with 2, 24, 48, and 72 h of

Inhibition period (h) TM

Ecorr (mV/SCE) Rp (X cm2) CR

2 �665 2783 ± 904 70
24 �638 18814 ± 3536 1
48 �622 21,707 ± 4275
72 �634 27,179 ± 5972
mens with both microstructures behaved similarly, but after
72 h, the corrosion rate was about 20% lower for ferritic–pearlitic
microstructure compared to the tempered martensite one.

In order to confirm if the observed changes in corrosion rate be-
tween microstructures for different exposure times do not fall into
the limits of experimental uncertainty, an ANOVA (Analysis of Var-
iance) test was performed. The analysis showed that corrosion rate
variations between microstructures after 24 h of immersion are
statistically significant.

Better behaviour of FP samples could be explained by the pres-
ence of a FeCO3 protective film, whose precipitation could be fa-
voured by the increase in ferrous ion concentration within the
cementite lamellae in the former pearlite colonies. The exposed
lamellae were also suggested [11,24] to have an anchoring effect
that contributed to film properties improvement.

Tables 2 to 4 list the corrosion rate, Rp and Ecorr values for non-
pre-corroded and pre-corroded samples exposed to the inhibitor.

For all the experimental conditions, the inhibitor moves the cor-
rosion potential towards more positive values, denoting its anodic
behaviour.

Moreover, on inhibitor addition, corrosion rate strongly de-
creases, this effect being dependent on the steel microstructure
and the pre-corrosion length.

When non-pre-corroded samples are immersed in an inhibited
solution, there is a remarkable decrease in corrosion rate of speci-
mens with both microstructures already in the first 2 h. For longer
exposure times, efficiency keeps increasing, but after 72 h, the
average corrosion rate of TM samples is 20% smaller than that of
FP, thereby demonstrating that the inhibiting effect is better on
tempered martensite microstructure.

A beneficial effect is also observed in both microstructures
when the inhibitor is added after 24 h of pre-corrosion (Table 3),
however, under these experimental conditions, the differences
FP

R (mm/y) Ecorr (mV/SCE) Rp (X cm2) CR (mm/y)

.4 ± 0.1 �755 140 ± 10 1.4 ± 0.1

.2 ± 0.1 �747 169 ± 15 1.15 ± 0.1

.2 ± 0.1 �742 188 ± 20 1.05 ± 0.1

.25 ± 0.2 �739 191 ± 27 1.05 ± 0.15

to inhibitor

FP

R (lm/y) Ecorr (mV/SCE) Rp (X cm2) CR (lm/y)

3.5 ± 1 �659 12,225 ± 2397 16 ± 3
4.5 ± 0.8 �646 38,186 ± 7646 5 ± 0.1
3.5 ± 0.5 �643 43,768 ± 6925 4.5 ± 0.7
3.5 ± 0.8 �649 43,084 ± 4778 4.5 ± 0.5

exposure to inhibitor

FP

(lm/y) Ecorr (mV/SCE) Rp (X cm2) CR (lm/y)

± 23 �671 1436 ± 224 137 ± 21
0 ± 2 �628 11,972 ± 2563 16 ± 3
9 ± 2 �634 16,278 ± 1206 12 ± 1
7 ± 2 �623 17,900 ± 5740 11 ± 3



Table 4
Ecorr, Rp and CR. TM and FP samples pre-corroded during 72 h with 2, 24, 48, and 72 h of exposure to inhibitor

Inhibition period (h) TM FP

Ecorr (mV/SCE) Rp (X cm2) CR (lm/y) Ecorr (mV/SCE) Rp (X cm2) CR (lm/y)

2 �689 940 ± 459 210 ± 102 �698 1062 ± 392 186 ± 68
24 �639 11,007 ± 2950 18 ± 5 �648 10,802 ± 2255 18 ± 4
48 �625 13,023 ± 3633 15 ± 4 �643 14,109 ± 1606 14 ± 2
72 �626 16,224 ± 5589 12 ± 4 �644 13,943 ± 2290 14 ± 2
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Fig. 3. Comparison between polarization curves of TM (–) and FP (������) samples
pre-corroded during 24 h with 24 h of exposure to inhibitor.
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between both types of samples are greater. At the end of the inhib-
iting period, the average corrosion rate of TM is about 35% lower
than that of FP.

For 72 h of pre-corrosion (Table 4), the inhibitor positive contri-
bution is also detected. The behaviour is similar for both micro-
structures, but TM samples seem to have a decreasing tendency
of corrosion rate with time of inhibition, while FP ones could have
attained a steady state. Longer exposure times would be necessary
to clarify microstructure influence on this pre-corrosion condition.

Even though the detrimental effect of pre-corrosion is evident,
the high efficiency attained by the inhibitor for both microstruc-
tures along all pre-corrosion periods is substantial (Tables 1 and
4). Microstructure influence becomes less noticeable for the lon-
gest pre-corrosion periods.

The dispersions of polarization resistance (Rp) values are higher
for TM than for FP samples, denoting that the film formed on these
samples after the inhibitor addition is more sensitive to the minor
perturbations of the experimental conditions. Nevertheless, and
despite having higher dispersion values, the TM samples behave
better under most evaluated conditions.

3.1.2. Polarization curves
When samples are corroded without the inhibitor addition, the

anodic polarization curves (Fig. 2) show a Tafel anodic slope within
40 and 60 mV in agreement with other authors results [4,17]. At
higher potential, the current rise slows indicating the formation
of some corrosion products on the metal surface as reported else-
where [5]. The main cathodic reactions at pH 6 should be the direct
reduction of H2CO3 and HCO�3 (Eqs. (1) and (2)) which are under
diffusional control at the corrosion potential (Fig. 2). The polariza-
tion curves for TM microstructure behaved just the same.

Fig. 2 also depicts the effect of the inhibitor addition. The inhib-
itor appears to block anodic and cathodic sites, still this effect is
even more significant on non-pre-corroded samples. Besides, the
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Fig. 2. Polarization curves for FP samples, without inhibitor (—), pre-corroded
during 24 h with 24 h of inhibition (������), and non-pre-corroded samples with 24 h
of inhibition (- - -).
anodic slope increases probably as a consequence of the formation
of a surface protective film. It is worth noting that this effect relies
on surface conditions. When samples are pre-corroded, anodic
slopes are higher than when non-pre-corroded samples are im-
mersed in an inhibited solution. This could be linked to some kind
of interaction between corrosion products and inhibitor adsorption
and film formation. The change in the cathodic slopes is also
dependant on surface conditions. From the preceding, it appears
that longer periods of pre-corrosion testing are required to under-
stand this behaviour.

The change of anodic slopes due to the inhibitor addition is
microstructure dependent, being higher for TM samples (Fig. 3).

3.2. Surface morphology analysis

A homogeneous attack was observed along the whole surface
for all tested specimens. In the case of quenched and tempered
samples, corrosion products appear throughout the surface
(Fig. 4a). At higher magnification, the presence of carbides can be
detected in the corrosion products (Fig. 4e). In the ferritic–pearlitic
samples, the microstructure is revealed after corrosion. Ferrite is
corroded preferentially, and corrosion products deposited on top
of pearlite can be observed (Fig. 4c and f).

After 72 h of inhibition, there is no evidence of a continuous
protective film on the pre-corroded sample surfaces, but there
seems to be greater built up of corrosion products (Fig. 4b and d)
due to the inhibitor action. The possible removal of a protective
film formed could have occurred during the sample preparation,
prior to corrosion film analysis.

Fig. 5 shows the morphology of surfaces corresponding to non-
pre-corroded samples kept in contact with the inhibited solution
for 72 h. These samples show no evidence of a homogeneous com-
pact protective film either, but both microstructures remain prac-
tically uncorroded, except for a slight corrosion present on some



Fig. 4. Corroded surfaces of (A) TM samples pre-corroded for 72 h, (B) TM samples pre-corroded during 72 h with 72 h of inhibition, (C) FP samples pre-corroded during 24 h,
(D) FP samples pre-corroded during 24 h with 72 h of inhibition. Detail of the corrosion products of samples corroded during 24 h, (E) TM, (F) FP indications are referred to
ferrite and pearlite zones.
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part of the surfaces. This is probably originated at the very begin-
ning of the test, before the complete surface coverage by the
inhibitor.

SEM images show that there is a modification of corrosion prod-
uct morphology due to the inhibitor action. These results are in
accordance with those obtained previously for imidazoline based
inhibitors [19,20]. By means of XPS it was demonstrated that the
amount and chemical composition of corrosion products vary with
steel microstructure and the molecular structure of the employed
inhibitor. Nevertheless no clear evidence of the inhibitor film
was found.

3.3. AC electrochemical results

Electrochemical impedance spectra for some of the experimen-
tal conditions are shown as Bode plots in Fig. 6.

For samples corroded without the inhibitor addition, only one
peak is in the phase angle (a) vs. frequency (f) plot, indicating that
there is only one time constant. Such time constant is related to the
corrosion processes at the metal/corrosion products/electrolyte
interphase, and could be modelled by a simple Randles equivalent
circuit (Fig. 7a) that allows electrolyte resistance (RS), charge trans-
fer resistance (RCT) and double layer capacitance calculation.

When modelling corrosion problems, ideal capacitors are fre-
quently replaced by Constant Phase Elements (CPE) representing
leaky or non-ideal capacitors with a view to compensating for
non-homogeneity in the system [25]. The impedance of a CPE is de-
scribed by the expression below:

ZCPE ¼ Y�1ðixÞ�n ð3Þ

where ‘‘Y” is proportional to the capacitance of the corroding sys-
tem [26], ‘‘i” is

p�1, ‘‘x” is 2pf , and ‘‘n” represents a phase shift.
When non-pre-corroded samples are immersed in an inhibited

solution, the behaviour after 72 h is quite distinct (Fig. 6). For both
microstructures, the impedance module throughout the frequency
range is two orders of magnitude higher than that corresponding
to those with no inhibitor.

From the a vs. f plot, two separate peaks can be clearly seen
indicating the existence of at least two time constants. The high
frequency time constant would indicate the presence of a thin iso-
lating and protective inhibitor film covering the surface [27]. The
low frequency one could be related to corrosion processes at the
unprotected sites of the metal surface as the electrolyte penetrates
into the inhibitor film pores. The equivalent electrical circuit
shown in Fig. 7b representing a porous inhibitor film formed on
the metal surface was proposed to model this behaviour, in which
ZCPEF is related to the non-ideal capacitance of the inhibitor film, RF

to the inhibitor film pores resistance, and ZCPEdl to the non-ideal
capacitance of the double layer of the electrolyte/corrosion prod-
ucts/metal interphase. As no good fitting was obtained, a new
model was considered (Fig. 7c) which yielded very good agreement
with the experimental data. This model represents the presence of



Fig. 5. Surfaces of samples without pre-corrosion exposed to inhibitor during 72 h. General view of the slightly corroded zones on (A) FP samples, (C) TM samples. Detail of
the attack on (B) FP samples, (D) TM samples.
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a porous bilayer inhibitor film: the inner layer is formed on the me-
tal surface and the outer layer on top of the latter, both with differ-
ent electrical properties. In this equivalent circuit ZCPEFO and RFO

and ZCPEFI and RFI are related to the non-ideal capacitance, and to



Fig. 7. Different equivalent circuits used for the modelling of the impedance data.
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the pores resistance of the outer and inner layer of the inhibitor
film, respectively.

For imidazolines based inhibitors, the formation of a multilayer
film structure is also proposed by other researchers [28,29].

With regard to samples of both microstructures pre-corroded
for 24 h and kept in contact with the inhibitor during 72 h
(Fig. 6), two time constants can also be detected in the a vs. f plot.
But in comparison with the non-pre-corroded samples spectra, the
impedance module values are lower and the high frequency time
constant is shifted to lower frequencies, indicating the existence
of an inhibitor film with worse properties. This behaviour was suc-
cessfully modelled with the equivalent circuit shown in Fig. 7b.

After the 72 h of pre-corrosion plus the 72 h of inhibition
(Fig. 6), both microstructures show only one time constant, just
as in samples corroded without the inhibitor addition. This does
not imply the absence of a second time constant since a superim-
position with the low frequency one could have occurred, consid-
Table 6
Circuit parameters from the modelling of impedance spectra for TM and FP samples pre-c

RS (X cm2) YCPEF (X�1 cm�2 sn 10�6) nCPEF

TM
24 h pre-corrosion 2.3 – –

Inhibition period (h)
2 3.2 – –

72 2.9 143 0.76

FP
24 h pre-corrosion 2.2 – –

Inhibition period (h)
2 2.1 – –

72 2 287 0.8

Table 5
Circuit parameters from the modelling of impedance spectra for non-pre-corroded TM an

Inhibition period
(h)

RS

(X cm2)
YCPEFO

(X�1 cm�2 sn 10�6)
nCPEFO RFO

(X cm2)
YCPEFI

(X�1

TM – without pre-corrosion
2 2.5 1.6 1 35 100

72 2.7 1.3 1 55 103

FP – without pre-corrosion
2 2.5 1.6 1 21 61

72 2.3 1.9 1 44 125
ering their particular electrical properties. The impedance
module values are lower than those of samples pre-corroded for
24 h, indicating the detrimental effect surface degradation has.
Nevertheless, the beneficial effect of the inhibitor can be clearly ap-
praised if the impedance values are compared with those mea-
sured without the inhibitor addition.

Tables 5 to 7 list the circuit parameters corresponding to the
modelling of impedance spectra for all the experimental conditions
studied. Fitting errors were below 10%.

As mentioned above, when the inhibitor is added to non-pre-
corroded samples, the protective film seems to be made up of
two layers with different electrical properties. For both microstruc-
tures, the inhibitor film is already formed after the first two hours
of exposition. The resistance of the inner layer (RFI) is two orders of
magnitude higher than that of the outer one (RFO) (Table 5) which
would suggest that the number of pores per unit of area and/or the
pores size that could be penetrated by the electrolyte is smaller.
This could be related to an inner layer higher molecular density
as proposed by other authors [28]. The capacitance of the inner
layer (YCPEFI) is higher than that of the outer, and the value of the
constant phase element exponent (nCPEFI) is between 0.5 and 0.7.
This low value would indicate a strong inhomogeneity in the cur-
rent flowing through both layers. This could be attributed to an
unclearly defined limit between both layers.

Regarding the microstructure, the charge transfer (RCT) and film
(RFI + RFO) resistances of TM samples are higher even for short peri-
ods of exposure (2 h) than those of ferrictic–pearlitic ones, demon-
strating that the film formed on quenched and tempered samples
has better isolating properties.

As Table 6 shows, the electrical parameters for both microstruc-
tures corroded for 24 h without the inhibitor addition are very sim-
ilar and Rct values agree with the Rp ones obtained from DC
experiments. Two hours after the inhibitor addition, the film has
not yet developed; but the electrical properties of the double layer
have improved. It is also worth noting that the adsorption on TM
samples is faster. For longer exposure periods, the formation of
an isolating film can be seen for both microstructures. After 72 h,
the charge transfer resistance increases more than 10 times if
orroded during 24 h with posterior exposition to inhibitor

RF (X cm2) YCPEdl (X�1 cm�2 sn 10�6) nCPEdl RCT (X cm2)

– 1353 0.85 164

– 904 0.8 2386
125 180 0.56 49330

– 1391 0.86 167

– 1157 0.82 1321
77 109 0.78 17869

d FP samples exposed to inhibitor

cm�2 sn 10�6)
nCPEFI RFI

(X cm2)
YCPEdl

(X�1 cm�2 sn 10�6)
nCPEdl RCT

(X cm2)

0.54 5889 81 0.68 7191
0.53 9552 41 0.78 77,039

0.68 1507 202 0.64 8380
0.54 2274 131 0.79 71,009



Table 7
Circuit parameters from the modelling of impedance spectra for TM and FP samples
pre-corroded during 72 h with posterior exposition to inhibitor

RS

(X cm2)
YCPEdl (X�1 cm�2

sn 10�6)
nCPEdl RCT

(X cm2)

TM
72 h pre-corrosion 2.1 2535 0.87 153

Inhibition period (h)
2 2.1 1926 0.84 970

72 2.8 934 0.81 16,229

FP
72 h pre-corrosion 2.1 2131 0.87 195

Inhibition period (h)
2 2.2 1814 0.87 1035

72 2.4 1071 0.83 13,979
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compared to that at 2 h of exposure, again being higher for TM
samples. The film pores resistance (RF) is also higher, and the film
capacitance (YCPEF) is lower for quenched and tempered samples,
indicating that the film formed on these specimens has better pro-
tective properties than that formed on FP ones.

For 72 h of pre-corrosion (Table 7), ferritic–pearlitic samples
show a slightly smaller double layer capacitance (YCPEdl) and a
higher charge transfer resistance (RCT). This is in accordance with
the lower corrosion rate values obtained from DC experiments.
When the inhibitor is added, both microstructures show a signifi-
cant increase in the charge transfer resistance and a decrease in
the double layer capacitance; this effect is more noticeable for
longer contact periods with the inhibitor. After 72 h of inhibition,
the charge transfer resistance is two orders of magnitude higher
than that of non-inhibited samples. Once again TM samples pro-
vided a better performance.

The above results confirm that the inhibitor behaves better on
non-corroded surfaces, and that this effect is microstructure
dependent. The differences between the tempered martensite
and the ferritic–pearlitic specimens on the adsorption and forma-
tion of the inhibitor film could be related to their very different
superficial iron carbide distribution (Fig. 1). Considering that the
inhibitor will be more strongly adsorbed through Lewis acid–base
interactions with the exposed Fe3C compared to metallic iron and
ferrous ions [22], the morphology and distribution of these iron
carbides should not be overlooked.

Even though other authors have also determined the detrimen-
tal influence of pre-corrosion on inhibitors efficiency [18,30] the
proposed mechanism is related to the accumulation of laminar
cementite on the steel corroded surface which provides a larger
cathodic area. The results described above do not entirely support
this mechanism because the pre-corrosion effect is present in both
microstructures. Even the one with less cementite accumulation
on surface (TM) [19] is sensitive to this effect.

The detrimental effect of pre-corrosion on the inhibitor film for-
mation could be related to at least two distinct causes. On the one
hand, as there are different compounds (a-Fe, Fe3C, FeCO3) on the
corroded surface, the properties of the inhibitor adsorption could
be different on each of them. On the other hand, the more intricate
surface resulting from the corrosion process before the inhibitor
addition, makes it more difficult for the inhibitor molecules to dis-
place water and reach the reaction sites. Regardless of the cause,
the resulting film will tend to form more slowly and be more
defective.

Further research should be conducted in order to provide more
evidence on the effect of the microstructure and characteristics of
corrosion products films on inhibition mechanisms. Particularly,
regarding the influence of cementite accumulation on the surface,
it would be very useful to monitor the system for longer pre-corro-
sion and inhibition periods.

4. Conclusions

The following conclusions can be drawn from the results above:

1. For both microstructures, a protective film that greatly
decreases the corrosion rate is formed after the inhibitor addi-
tion under all tested conditions.

2. Pre-corrosion has a negative effect on the inhibitor efficiency
for both microstructures.

3. Steel microstructure affects the inhibitor performance, and the
inhibitor films formed on Q & T samples proved to be better
under most experimental conditions tested.
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