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A B S T R A C T

The aim of this work was to investigate the effect of silicate-based films on the corrosion resistance of the API 5L
X80 steel in carbonate-bicarbonate solution at room temperature. The films were electrochemically obtained by
anodic and cathodic treatments and by immersion in 1.0M sodium metasilicate solution. The corrosion behavior
was evaluated using electrochemical impedance spectroscopy and potentiodynamic polarization. Film mor-
phology was examined by scanning electron microscopy. Adhesion strength was measured by pull-off tests. The
chemical composition was evaluated by X-ray photoelectron spectroscopy. The anodic film yielded the best
corrosion resistance (protection efficiency 83%). The protection mechanism is discussed.

1. Introduction

API 5L X80 steel is used as pipeline material for oil extraction in the
recently discovered Brazilian pre-salt layer [1,2]. The presence of sul-
fide and chloride ions in the operation field has been shown to be a
threat to these steels, since it is often related to the onset of localized
corrosion processes [3–5]. Thus, these ions along with tensile stress and
a susceptible metallic surface can lead to undesirable phenomena such
as stress corrosion cracking (SCC), sulfide stress corrosion cracking
(SSCC) and hydrogen induced cracking (HIC) [6–8]. Protective films
have been considered as an alternative to reduce corrosion failures of
pipeline steels in-service.

Due its availability, low cost, lack of toxicity and ability to form
stable thin films, sodium silicate was extensively used as a corrosion
inhibitor for steel in aqueous supply networks around 70 years ago
[9–11]. The adsorption models of silicates have been reported in the
literature [12,13]. The film formed in the presence of silicate ions is
generally described as a two layer deposit, where the inner layer is
composed mainly of iron corrosion products and the outer one is a
mixture of adsorbed compounds of silica, ferrous hydroxide and silica
gel [10,14–17].

The general accepted corrosion protection mechanism of silicate-
based layers assumes that film formation occurs in solution as a result of
adsorption on the metallic surface covered by corrosion products. The
inhibition effect depends on the solution pH and silicate concentration
[15,18]. Yang et al. [12] mention that negatively charged silicate

anions such as Si(OH)3− are active adsorbate species for magnetite in
silicate solutions with pH above 10. Salasi et al. [15] have shown that
the corrosion protection efficiency of silicate inhibitors depends on the
formation of a silica layer on the metallic surface. This process, in turn,
is driven by complex combination of the silica film with corrosion
products and depends on the inhibitor concentration in solution. In-
deed, the sorption of silicate anions on iron oxide species has been
shown by several authors [12,13,18]. Jolstera et al. [13] have found
that adsorption of silicate on maghemite (γ-FeOOH) surface occurs by
the formation of iron-silicate surface complexes whose nature is pH-
dependent. Hiemstra et al. [19] have found similar results for interac-
tion of silicate species with goethite (α-FeOOH).

Exploring a different approach, Burstein and Souto [20] in-
vestigated the effect of anodic pretreatment of 304 stainless steel sur-
faces in sodium metasilicate solution on their pitting corrosion beha-
vior. Pitting susceptibility was found to be much reduced by the anodic
treatment in metasilicate solution. Authors hypothesized that such
improved pitting resistance was due to the formation of some type of
“capping” on the stainless steel surface upon contact with the metasi-
licate solution, consisting of a silica or silicate rich layer. However, the
exact chemical nature of this layer was not investigated. The effec-
tiveness of anodic treatment of different steels in metasilicate solution
with regard to decreasing its surface activity and enhancing the cor-
rosion resistance was also observed by Izquierdo et al. [21]. Never-
theless, the chemical composition of the silicate layer was not eval-
uated. The improved corrosion resistance of carbon steel exposed to
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silicate-based solution was also highlighted by Deodeshmukh et al.
[22]. These authors studied the passivation behavior of carbon steel in
3.5 wt.% NaCl solution containing bicarbonate and silicate anions.
Detailed assessment of the chemical nature of the surface films by XPS
provided evidence for the formation of silica on the carbon steel surface
which was related to the improved resistance to localized corrosion.
Notwithstanding, the film formation route was not explored as a cor-
rosion control parameter.

In the present work, we attempted to shed more light on this topic
by producing silicate-based films through different processing routes
and evaluating their effect on the corrosion behavior of API 5L X80
specimens. Up to our knowledge, there are no reports in the current
literature showing the effect of silicate-based films on the corrosion
behavior of pipeline steels and correlating the observed data with a
detailed investigation of the chemical composition for films produced
by different methods. Thus, the aim of the present work was to in-
vestigate the morphology, composition, and corrosion resistance of
films obtained by different treatments on API L X80 pipeline steel
specimens. The films were formed by anodic and cathodic electro-
chemical treatments and also by immersion in 1.0M Na2SiO3 solution
at room temperature. Film characterization was carried out using
scanning electron microscopy (SEM) coupled to energy dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), pull-off
tests, potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS).

2. Experimental

2.1. Material and sample preparation

The chemical composition of the API 5L X80 steel is shown in
Table 1. The material was kindly supplied by Usiminas (Brazil) as a
square section bar (6.25 cm2 and length of 14 cm). The working elec-
trodes were cut in a square section with an average area of 0.28 cm2

and average thickness of 0.5 cm. Next, the steel piece was embedded in
cold curing epoxy resin and mounted in a PVC holder. The exposed face
of the electrode was abraded using silicon carbide (SiC) waterproof
paper up to grit 2400, polished with 0.5 μm alumina (Al2O3) suspension
and cleaned using deionized water, being subsequently dried in a warm
air stream provided by a conventional heat gun.

2.2. Film formation

The electrolyte employed for film formation was an aqueous solu-
tion consisting of 1.0M Na2SiO3 (pH 12) at room temperature. Three
experiments were conducted: one immersion test and two electro-
chemical tests. The tests were conducted in triplicate.

A three-electrode cell set-up was used for the electrochemical tests.
The counter electrode was a platinum wire and a silver/silver-chloride
(Ag/AgCl) electrode as reference. The experiments were performed
using an Ivium-n-Stat potentiostat/galvanostat. The working electrodes
were initially reduced potentiostatically at −1.0 VAg/AgCl for 5min to
remove the naturally formed oxide from the electrode surface. The films
were formed using a potentiostatic technique, using two different
routes: cathodic polarization at −0.8 Vag/AgCl, −1.2 VAg/AgCl and −1.6
VAg/AgCl (cathodic treatments) and anodic polarization at +0.5 VAg/

AgCl + 1.0 Vag/AgCl and+ 1.5 VAg/AgCl (anodic treatments). The treat-
ment time was 60min for all cases. After film formation, the samples
were thoroughly rinsed with deionized water and dried in the air.

Additionally, the samples were immersed in the 1.0M Na2SiO3 so-
lution at room temperature for 5 and 10 days to induce the spontaneous
formation of the silicate-based film on the API 5L X80 pipeline steel.
After being removed from the solution, the samples were thoroughly
rinsed with deionized water and dried in the air.

2.2.1. Electrochemical characterization
The corrosion behavior was assessed in a solution consisting of

0.1 M NaHCO3, 0.05M Na2CO3 (pH 9.12). The solution was prepared
with deionized water (18.2MΩ cm) and analytical grade reagents. The
testing solution was chosen due to the well-known critical role played
by bicarbonate and carbonate anions in the onset of stress corrosion
cracking of pipeline steels in high pH medium [23–26]. The tests were
performed at room temperature. The measurements were carried out in
a conventional three-electrode cell using a platinum wire as the
counter-electrode and Ag/AgCl as reference using an Iviun n-Stat po-
tentiostat/galvanostat. The open circuit potential was monitored for
30min. Next, EIS measurements were carried out at the open circuit
potential in the frequency range from 40 kHz to 10mHz with 10 points
per decade and an amplitude of the perturbation signal of± 10mV
(rms). Following EIS, the working electrodes were subject to potentio-
dynamic polarization in the potential range from−300mV (vs. OCP) to
+1.0 VAg/AgCl at a sweep rate of 1mV s−1. The tests were carried out in
triplicate.

The samples were firstly evaluated using potentiodynamic polar-
ization tests in order to identify those with the highest corrosion re-
sistance for each one of the processing routes (films obtained by anodic,
cathodic and immersion treatments). These data are presented as sup-
plementary material (Figs. S1–S3). The values of passive current density
(ipass) were used as the criterion to select the conditions with the best
corrosion resistance (Table S1). The best anodic film was obtained for
the +1.5 VAg/AgCl condition. For the cathodic and immersion condi-
tions, the films obtained at −0.8 VAg/AgCl and after 10 days of im-
mersion presented the lowest values of ipass. As a consequence, the films
formed at +1.5 VAg/AgCl, −0.8 VAg/AgCl and after 10 days of im-
mersion in the 1.0M Na2SiO3 at room temperature were selected for
further characterization of morphology, adhesion and chemical com-
position. These conditions will be designated as “anodic”, “cathodic”
and “immersion” films from this point up to the end of the text.

2.3. Film characterization

Cross-sectional micrographs of the silicate-coated samples were
obtained by SEM (Jeol JSM-6010LA). EDS mapping analysis was car-
ried out to reveal the distribution of Fe, Si, O and Na across film
thickness.

Adhesion strength (practical adhesion) of silicate-based films to API
5L X80 steel samples was investigated by pull-off tests. Aluminum studs
(15mm-diameter) were bonded onto coated steel surfaces using thin
films of epoxy adhesive, two-part Araldite 2015 (Huntsman Advanced
Materials, Germany). Epoxy curing occurred at room temperature for
24 h. Then, the studs were pulled in the axial direction with respect to
the coated surfaces at constant crosshead speed (1.5 mmmin−1) until
full detachment of the epoxy films from them. Pull-off test curves
(normal stress versus displacement) were obtained using an Instron
universal testing machine, model 4465, equipped with a 1 kN load cell.
Adhesion strength of the as-polished API 5L X80 surface was tested as
reference.

XPS measurements were performed to investigate the surface
chemistry of the API 5L X80 steel samples. XPS spectra were acquired
using a Thermo Scienctific K-Alpha+ spectrometer with a mono-
chromated Al K-α X-ray source, spot diameter of 400 μm and calibrated
to the adventitious C1s peak at 284.8 eV. Chemical state assessment was
achieved by curve-fitting the spectra using the Avantage™ software.
Depth profile experiments were also carried out by sputtering the sur-
face of the silicate-coated steel with Ar+ ions. Each sputtering cycle

Table 1
Chemical composition of API 5L X80 steel.

Mass (%) C Mn Si P S Nb Al Cr V Fe

0.04 1.75 0.20 0.02 0.002 0.065 0.025 0.11 0.025 Bal.

L.A. de Oliveira et al. Corrosion Science 139 (2018) 21–34

22



consisted of 30 s Ar+ etching with energy of 3 keV. The sputter rate
estimated from tantalum pentoxide (Ta2O5) was 0.34 nm s−1. The ratio
between sputter rates of Ta2O5 and silica (SiO2) is 1.82 [27], giving a
rough estimate of 0.19 nm s−1 for the films obtained in the present
work.

3. Results

3.1. Film formation by the electrochemical routes

Chronoamperometric curves obtained during anodic and cathodic
treatments of the API 5L X80 steel samples are shown in Fig. 1. Both
treatments were conducted in 1.0 M Na2SiO3 solution at room tem-
perature for 1 h. The anodic curve (Fig. 1a) shows a sharp decrease of
the current density in the first 400 s, followed by a stabilization trend
up to end of the test. The current densities are positive but the slope of
the anodic curve is negative, indicating that the anodic reaction rate
decreases on the surface of the working electrode with time. The
cathodic treatment shows negative current densities during the test
(Fig. 1b). The cathodic currents were gradually shifted to less negative
values during film growth. Stabilization of the current density values
indicates complete coverage of the steel substrate by the silicate-based
films.

3.2. Open circuit potential

The corrosion behavior of the silicate-treated API 5L X80 samples
was evaluated in a solution consisting of 0.1M NaHCO3 and 0.05M
Na2CO3 at room temperature. The open circuit potential (OCP) was
initially monitored for 30min. The results are shown in Fig. 2. The
evolution of OCP with time shows a steady state condition for the as-
polished API 5L X80 steel during the whole monitoring period. The film

obtained by immersion presented a decreasing trend, indicating that
surface dissolution took place over the test. The OCP is less noble than
that of the as-polished steel. The film produced by cathodic deposition
was the least noble, showing the most negative OCP values among the
experimental conditions evaluated in the present work. The anodic
treatment, in turn, yielded the noblest OCP values at the end of the test.
Furthermore, there is an increasing trend of the OCP during the test,
suggesting its protective nature is improved with time.

3.3. EIS measurements

Following the monitoring period of the OCP, EIS plots of the coated
API 5L X80 steel were obtained in 0.1 M NaHCO3+0.05M Na2CO3

solution at room temperature. The results are shown in Fig. 3. Nyquist
plots are characterized by a capacitive loop in the low frequency do-
main whose radius is less depressed for the anodic film. The corrosion
resistance of the electrode surface is associated with the capacitive loop
radius [28,29]. In this respect, the anodic treatment provided the best
corrosion resistance according to the data shown in Fig. 3a. Bode plots
confirmed this trend as seen in Fig. 3b. The log | Z |versus frequency
plots are characterized by a negative slope of approximately -1, de-
noting the capacitive response of the electrochemical interface [30].
The values of log | Z | at low frequencies are related to the corrosion
resistance of the electrode surface, being higher for the anodic film with
respect to the other experimental conditions. The values of log | Z | for
the films obtained by immersion and cathodic treatments are even
lower than that of the as-polished steel. Bode phase angle plots present
a highest phase angle near −80° for the as-polished, anodic and im-
mersion films at approximately 30 Hz, indicating a deviation from the
ideal capacitive response at −90° [31]. Deviation from the ideal ca-
pacitive response is even higher for the cathodic film as the maximum
phase angle reaches only −75° at 1 Hz. Moreover, there is a trend of
decreasing the phase angles for lower frequencies, independently of the
experimental condition, suggesting the onset of charge transfer reac-
tions in the low frequency domain. Notwithstanding, this trend is less
marked for the anodic film in comparison with the other silicate-coated
surfaces and the as-polished substrate. The phase angles remain more
capacitive at the lowest frequencies for the anodic film, indicating a
higher stability in the electrolyte and, therefore, a more corrosion re-
sistant surface.

A more quantitative interpretation of the EIS diagrams was obtained
by fitting the experimental data with an electrical equivalent circuit
(EC). A two time constants model was adopted to simulate the experi-
mental data, according to the EC shown in Fig. 4. This model provided
the best fitting for all experimental conditions evaluated in the present
work. For the as-polished API 5L X80 steel the physical meaning of each
circuit element can be given as follows: R1 is the electrolyte resistance;
R2 is the naturally formed oxide film resistance, Q1 is the capacitance of

Fig. 1. Potentiostatic polarization curves of the API 5L X80 steel in 1.0M Na2SiO3 solution at room temperature: a) anodic treatment; b) cathodic treatment.

Fig. 2. Variation of the open circuit potential with time in 0.1M
NaHCO3+ 0.05M Na2CO3 solution at room temperature.
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CPE1, modeling the capacitance associated with the oxide film. This
element is related to first time constant in the medium to high fre-
quencies. Next, a second element is used to model the charge transfer
reactions at the base of the defects of the oxide film. R3 is the charge
transfer resistance, Q2 is the capacitance of CPE2, modeling the double
layer capacitance at the interface between the metallic surface and the
electrolyte. Constant phase elements (CPEs) were used instead of pure
capacitors to account for surface heterogeneities [32]. The exponent of
the CPE (n) is a measure of these heterogeneities, being 1 for ideal
capacitors and 0.5 for diffusion-controlled processes [33]. Circuit

Fig. 3. EIS results of the as-polished and silicate-coated API 5L X80 steel: a) Nyquist; b) Bode plots.

Fig. 4. Electrical equivalent circuit used to fit the experimental EIS data shown
in Fig. 3.

Table 2
Fitting parameters for the experimental EIS data of API 5L X80 steel samples in 0.1M NaHCO3+ 0.05M Na2CO3 solution at room temperature.

Element As-polished Immersion Anodic Cathodic

R1 (Ω cm2) 34.0 ± 15.3 33.7 ± 10.3 55.0 ± 5.2 38.7 ± 10.4
Q1 (10−5F cm2 sn-1) 1.50 ± 0.31 2.42 ± 1.08 0.25 ± 0.10 0.52 ± 0.21
R2 (kΩ cm2) 40.3 ± 13.5 13.9 ± 4.8 9524 ± 2566 7.9 ± 2.3
n1 0.91 ± 0.03 0.91 ± 0.03 0.86 ± 0.02 0.83 ± 0.03
Q2 (10−5 4F cm2 sn-1) 1.50 ± 0.35 2.40 ± 0.42 0.79 ± 0.11 0.02 ± 0.01
R3 (MΩ cm2) 0.76 ± 0.17 1.30 ± 0.26 3.17 ± 0.58 0.79 ± 0.21
n2 0.94 ± 0.02 0.92 ± 0.02 0.93 ± 0.03 0.63 ± 0.03
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parameters are displayed in Table 2. The impedance of a CPE is given
by Eq. (1) where Q is the CPE capacitance, n is the CPE exponent, j is
the complex variable and ω is the angular frequency.

= −Z Q jω[ ( ) ]CPE
n 1 (1)

The same EC was employed to fit the experimental data of the si-
licate-coated samples. The circuit parameters are the electrolyte re-
sistance, R1, the silicate film resistance, R2 and its capacitance Q1, the
charge transfer resistance at the film/substrate interface, R3, accounting
for the corrosion processes that take place due to electrolyte penetra-
tion through film defects and double layer pseudo-capacitance Q2.

The sum of R2 and R3 is equivalent to the polarization resistance of
the working electrode, being directly associated with its corrosion re-
sistance [34]. It is clear from Table 2 that the anodic film provided the
best corrosion resistance whereas the films obtained by immersion and
cathodic treatments were less protective, showing even lower values of
R2 than the naturally formed oxide layer on the surface of the as-po-
lished substrate. R2 for the anodic film is 685 and 1202 times higher
than for the immersion and cathodic films, respectively.

It is well-known that capacitance increases with the area exposed to
the electrolyte [35]. Low capacitance values are associated with a more
compact and corrosion resistant film. This effect can be perceived by
considering the values of Q1. The lowest value of this parameter was
obtained for the anodic film. It is 52% and 90% lower than the Q1

values of the cathodic and immersion films, respectively. The anodic
treatment yielded the best coverage of the steel surface, giving rise to
the lowest values of Q1 and the highest corrosion resistance.

Fig. 5. Potentiodynamic polarization curves of the as-polished and silicate-
coated API 5L X80 steel.

Table 3
Electrochemical parameters for the API 5L X80 steel in the as-polished and
silicate-coated conditions.

Condition Ecorr (mVAg/AgCl) ipass (μA cm−2) η(%)

As-polished −280 ± 12 3.09 ± 0.78 –
Immersion −304 ± 65 2.34 ± 0.51 24 ± 3
Anodic −308 ± 20 0.54 ± 0.02 83 ± 5
Cathodic −347 ± 64 15.80 ± 3.56 −411 ± 15

Fig. 6. SEM cross-sectional images of the silicate-coated API 5L X80 steel: a) anodic film; b) cathodic film; c) immersion film.

L.A. de Oliveira et al. Corrosion Science 139 (2018) 21–34

25



3.4. Potentiodynamic polarization

Potentiodynamic polarization curves for the films obtained in so-
dium metasilicate solution are shown in Fig. 5. The values of corrosion
potential (Ecorr) and passive current density (ipass) were determined
from the curves. The results are presented in Table 3. In order to give a
more quantitative interpretation of the protection efficiency (η) of each
type of film, this parameter was calculated using Eq. (2), where ipass°
and ipass are referred to the passive current density of the untreated and
silicate-coated substrate, respectively.

= ⎛

⎝
⎜

− ⎞

⎠
⎟η

i i
i

x(%) 100pass pass

pass

0

0
(2)

The corrosion potential (Ecorr) was slightly shifted to more cathodic
values after the formation of the silicate-based films by immersion and
anodic conditions. The cathodic film, in turn, presented a more intense
shift toward the cathodic direction. The lower Ecorr for the cathodic film
indicates it is less stable than the films obtained by immersion or anodic
treatment.

The polarization curves are typically passive independently of the
surface condition as was expected due to the alkaline character of the
electrolyte employed for the electrochemical tests. In this case, anodic

Fig. 7. (a) Cross-sectional image and EDS mapping of: (b) Na; c) O; d) Fe; e) Si for the anodic film.
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dissolution is controlled by the passive current densities [36]. These
values are shown in Table 3. Following Ningshen et al. [37], ipass was
determined as the current density corresponding to the middle of the
passive region. The lowest ipass was found for the film obtained by the
anodic treatment which is, therefore, the most stable condition with
respect to corrosion resistance. The film formed under cathodic treat-
ment presented the highest passive current density, indicating it is the
least protective condition whereas the film obtained by immersion
presented an intermediate value of ipass. The protection efficiency of the
anodic film is 3.45 times higher than that of the immersion film
whereas the cathodic film did not protect the substrate against corro-
sion as indicated by its negative protective efficiency (Table 3).

Further assessment of the protection efficiency was carried out by
estimating the film porosity according to the procedure described by
Diaz et al. [38] and Andrade et al. [39]. Film porosity (P) can be

determined based on Eq. (3) where Rp,s is the polarization resistance of
the uncoated substrate and Rp is the polarization resistance of coated
material. This parameter was calculated assuming that Rp corresponds
to the sum of R2 and R3 in Table 2. The porosity obtained for the anodic
film was 6.3% while that for the immersion film was 61%. The cathodic
film, in turn, did not provided a reasonable value according to Eq. (3),
since it led to lower value of Rp when compared to the bare substrate,
thus offering no protection against corrosion, as indicated by its nega-
tive protection efficiency (Table 3).

⎜ ⎟= ⎛

⎝

⎞

⎠
P

R
R

x(%) 100p s

p

,

(3)

Fig. 8. (a) Cross-sectional image and EDS mapping of: (b) Na; c) O; d) Fe; e) Si for the cathodic film.
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3.5. SEM/EDS analysis

SEM cross-sectional images of the silicate-based films are shown in
Fig. 6. The anodic film (Fig. 6a) is thin and compact. Its interface with
the underlying API 5L X80 steel is continuous. The cathodic film
(Fig. 6b), in turn, is not continuously distributed at the interface with
the substrate. There are visible regions where it apparently detaches
from the substrate, suggesting it is not well-adhered to it. The immer-
sion film (Fig. 6c) is more evenly distributed across the interface with
the substrate than the cathodic one. It is clearly, though, less compact
than the anodic film.

EDS mapping obtained on the cross-section of the silicate films re-
vealed the distribution of Si, Na and O across the film interface. EDS

mapping for the anodic film (Fig. 7) shows that Si, Na and O are
homogeneously distributed on the cross-section with a slightly Si en-
richment near the top surface. EDS mapping for the cathodic film
(Fig. 8) shows that Si and O are mainly enriched at the top surface.
Differently from the anodic film, though, the distribution is not
homogeneous with a clear region where the contents of all elements
significantly decrease. Such region corresponds to the areas where the
film is apparently detached from the metal substrate in the cross-sec-
tional view shown in Fig. 8a. The anodic film presented a more compact
morphology at the interface with the substrate. EDS mapping for the
immersion film (Fig. 9) indicates that Si, O and Na are less homo-
geneously distributed across the interface with the substrate than the
anodic layer but did not display the defective regions observed for the

Fig. 9. (a) Cross-sectional image and EDS mapping of: (b) Na; c) O; d) Fe; e) Si for the immersion film.
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cathodic film.

3.6. Pull-off test

Normal stress versus displacement curves obtained by pull-off tests
are presented in Fig. 10. The epoxy adhesive surfaces were fully cov-
ered with silicate-based films after the pull-off test. Thus, a cohesive

failure of these films is believed to have occurred. The reference sample
(as-polished API 5L X80 surface), in turn, revealed an adhesive failure
at the epoxy/stud interface. In this case, the adhesion strength of API 5L
X80/epoxy was not assessed, since the epoxy/stud interface failed
earlier.

The anodic film presented the highest value of normal stress,
reaching approximately 9.0MPa. This result is in agreement with the
EIS and potentiodynamic polarization measurements, since the adhe-
sion strength to metallic substrate is strongly related to corrosion pro-
tection [40]. The adhesion strength was significantly reduced for the
immersion film. Likewise, the cathodic film failed even before testing,
during specimen clamping to the testing machine which precluded pull-
off curve measurement for this condition. Its defective interface with
the substrate (Fig. 6b) is likely to yield low adhesion strength whereas
the more continuous distribution of the immersion and anodic films
across the interface with the steel substrate should give rise to improved
adhesion strength to the substrate.

3.7. XPS analysis

3.7.1. Core levels
High resolution XPS spectra were acquired to achieve detailed in-

formation about the surface chemistry of the different silicate-based
films. The Fe2p region is shown is Fig. 11. From the patterns shown in
this figure the Fe2p core levels were deconvoluted into six different
components. The Fe2p core level structure is complex due to the ex-
istence of spin-orbit doublets of elemental iron, Fe2+, Fe3+ and shake-
up satellites of Fe2+ and Fe3+ species [41]. The first component at the

Fig. 10. Normal stress versus displacement curves for the as-polished API 5L
X80 and silicate-coated samples obtained from the pull-off tests.

Fig. 11. XPS Fe2p core levels for the silicate-coated API 5L X80 steel: a) anodic film; b) cathodic film; c) immersion.
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lowest binding energy was assigned to metallic iron from the API 5L
X80 steel substrate. The other signals were assigned to Fe2p3/2 and
Fe2p1/2, corresponding to oxidized iron species. Component (ii) signal
was due to a mixture of Fe2+ and Fe3+ species such as FeO, Fe(OH)2, Fe
(OH)3, FeOOH, Fe2O3 and Fe3O4 [42,43]. Component (iii) is assigned to
FeOOH species, corresponding to Fe3+ signal which is confirmed by the
weak satellite peak (vi) assigned to Fe2p1/2 component of Fe3+ [44].
Component (iv) is a broad satellite peak of Fe2p1/2 signal, corre-
sponding to nonstoichiometric FeOOH and Fe2O3 [41]. Component (v)
is a pronounced satellite peak of Fe3+ species. The results reveal that
iron is mainly present as a mixture of oxide/hydroxides, independently
of the silicate-based film formation route.

The Si2p region is shown is Fig. 12. From the patterns shown in this
figure the Si2p core levels were deconvoluted into two different com-
ponents for the cathodic and immersion films. For the anodic film, in
turn, one single component was assigned to the Si2p core level. The
component with binding energy around 103 eV is assigned to silicon
bonded to oxygen in the silica compound (SiO2) where the lower
binding energy component is reported for silicate-based species
[45,46]. Silicon chemical state depended on the silicate treatment. Si-
licon was encountered exclusively as silica for the anodic film, whereas
silicate and silica species were found for the cathodic and immersion-
treated surfaces. The silica content was higher for the immersion-
treated specimen whereas silicate species predominate for the cathodic
film. The atomic concentrations are shown as supporting information in
Table S2.

The Na1s core levels for the different silicate-based films are shown

in Fig. 13. From the patterns shown in this figure the spectra were
deconvoluted into two different components for the anodic and im-
mersion films. For the cathodic film, in turn, one single component was
assigned to the Na1s core level. The peak at 1071.4 eV for the cathodic
film corresponds to Na(I) species, such as Na2O, as reported by Yuan
et al. [45]. Other authors report this component at slightly higher
binding energies ranging from 1071 up to 1073 eV [47,48] which is
consistent with the high binding energy component found for the
anodic and immersion films. The low binding energy component of the
anodic and immersion films could be related to metallic sodium.
However, metallic sodium is associated with an Auger peak at ap-
proximately 492.2 eV [49,50] and the low binding energy component
appears above 498 eV in the survey spectra of the silicate-based films
(Fig. S4). Thus, it could not be associated with metallic sodium. It is
probably related to an interface ligand between the silicate film and the
steel substrate which takes place only for the anodic and immersion
films.

The O1s region for the different silicate-based films is shown in
Fig. 14. From the patterns shown in this figure the spectra were de-
convoluted into three different components for all silicate-based films.
Component (i) is assigned to O2− species whereas component (ii) is due
to OH- ligands. The high binding energy component is often assigned to
adsorbed H2O, OH− or O− species [51].

3.7.2. Depth profile experiment
XPS depth profile experiments of the silicate-coated API 5L X80

steel were performed to study the atomic concentration of the main

Fig. 12. XPS Si2p core levels for the silicate-coated API 5L X80 steel: a) anodic film; b) cathodic film; c) immersion.
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elements in the silicate-based films as they are continuously sputtered
with Ar+ ions. Fig. 15 shows the variation of the Fe2p, Si2p, Na1s and
O1s atomic concentrations with sputtering time for the anodic film. Iron
atomic concentration increases with time whereas oxygen and silicon
concentrations gradually decrease as the anodic film is sputtered. So-
dium concentration, in turn, is rather unaffected throughout the test.
The silicate-based film was not removed after sputtering as can be
unequivocally perceived by the relative high silicon and sodium con-
centrations that are still observed at the end of the test.

Fig. 16 shows variation of the atomic concentrations of Fe2p, Si2p,
Na1s and O1s with sputtering time for the cathodic film. The Fe2p
signal steadily increased with the sputtering time whereas the intensity
of Si2p, Na1s and O1s peaks was rapidly shortened. In fact, the atomic
concentrations of Si2p and Na1s have drastically fallen after only 300 s
of sputtering. At the end of the test, Fe2p concentration greatly sur-
passed that of the other elements, giving a clear indication that the
silicate-based film formed by the cathodic treatment is more easily re-
moved than that formed upon the anodic treatment. The low adhesion
strength (Fig. 10) and defective interface with the substrate (Fig. 8) are
probably related to the easy removal of the cathodic film and its low
corrosion resistance. The corrosion protection ability can be, therefore,
deeply affected by the type of potentiostatic polarization method em-
ployed to produce the silicate film. This will be discussed in Section 4.

Fig. 17 shows the variation of the atomic concentrations of Fe2p,
Si2p, Na1s and O1s with sputtering time for the immersion film. It is
noteworthy that the Fe2p signal increases, but with a much slower rate

than was observed for the cathodic film. As a consequence of sputtering
with argon ions the intensity of the Si2p, Na1s and O1s peaks was
gradually reduced due to film removal. However, the film was not
completely removed, as the Si2p and Na1s signals are still detected at
the end of the experiment. In fact, the Na1s concentration was little
affected by sputtering, similarly to what was observed for the anodic
film. Notwithstanding, while the Si2p concentration remained higher
than the Fe2p concentration during sputtering for the anodic film, the
film grown by immersion presented an opposite trend. The Fe2p con-
centration surpassed that of the Si2p at the end of the test, but with a
much lower difference than was observed for the cathodic film. These
results indicate that the film grown by immersion presents an inter-
mediate removal rate between that of the anodic and cathodic films. It
is also interesting to note that silicon was more easily removed than
sodium from the film surface, independently of the formation route.
This suggests that silicon should be enriched in the outer part of the film
and would be in direct contact with the electrolyte during corrosion. In
fact, EDS mapping (Figs. 7–9) confirm this hypothesis, showing silicon
enrichment at the top surfaces.

The oxygen to silicon ratio (O/Si) was determined from the XPS
depth profiling results of the different silicate-based films. The results
are shown in Fig. 18. It is seen that whereas the O/Si ratio is rather little
affected by the sputtering process for the anodic and immersion films, it
is severely affected for the cathodic film, dropping off to zero after an
etch time of 300 s. Moreover, it is interesting to note that the ratio is
near 2.0 for the anodic and immersion films, indicating the possible

Fig. 13. XPS Na1s core levels for the silicate-coated API 5L X80 steel: a) anodic film; b) cathodic film; c) immersion.
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presence of stoichiometric SiO2, as indicated by the XPS high resolution
Si2p spectra shown in Section 3.7.1.

4. Discussion

Electrochemical characterization of the films obtained in 1.0 M
Na2SiO3 solution at room temperature indicated that the best corrosion
resistance was obtained for the anodic treatment at +1.5 VAg/AgCl. The

film formed by immersion for 10 days was less protective as shown in
Table 3. The film obtained by the cathodic treatment at −0.8 VAg/AgCl

did not protect the API 5L X80 substrate against corrosion.
From the high resolution XPS spectra shown in Section 3.7.1 the

Si2p region (Fig. 12) presented remarkable differences for each type of
film. The anodic film showed only silica-type bonds. The immersion and
cathodic films presented a mixture of silicate and silica bonds. The silica
bonds prevail over the silicate bonds for the immersion film whereas an

Fig. 14. XPS O1s core levels for the silicate-coated API 5L X80 steel: a) anodic film; b) cathodic film; c) immersion.

Fig. 15. Variation of the atomic concentration with the sputtering time for the
main elements in the anodic film surface during depth profile experiment.

Fig. 16. Variation of the atomic concentration with the etch time for the main
elements in the cathodic film surface during depth profile experiment.
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opposite trend was observed for the cathodic condition. Moreover, the
high resolution spectra for the Na1s region (Fig. 13) indicated the ex-
istence of a probable interface ligand between the silicate film and the
steel substrate for the anodic and immersion films that was not found
for the cathodic film. The presence of silica-type bonds and the inter-
face ligand in the case of the Na1s region had a positive influence on the
corrosion resistance of the coated substrate. From the depth profile
experiments (Section 3.7.2) it was possible to infer that the cathodic
film was much more easily removed than the films obtained by the
anodic and immersion treatments. Silicon was enriched in the top layers
as also confirmed by SEM/EDS analysis (Section 3.5).

At a highly alkaline pH, as that employed for the formation of the
silicate-based films in the present work, anionic species are likely to be
encountered in solution such as HSiO3

− and SiO3
2− [52,53]. According

to the literature, Fe2+ and Fe3+ ions participate in the formation of the
silicate-base film on carbon steels by reacting with the silicate species in
solution [54]. The presence of corrosion products on the metallic sur-
face is considered as a determining factor for the formation of a pro-
tective silicate layer [55]. The formation of silica-rich layers is favored
at high concentration of silicate anions in solution [52].

The mechanism through which the films developed in the present
work are formed can be derived from the following reasoning. The
presence of corrosion products on the surface of the API 5L X80 steel is
not favored during the cathodic treatment, since the reducing en-
vironment does not allow extensive oxidation of the metallic surface. In
this respect, as the corrosion products should react with the silicate
anions on the solution to promote the formation of the silicate-based
film, the cathodic treatment does not lead to a protective layer. Its

relative low atomic concentration of silica-type bonds (Table S2) sup-
ports this assumption as well as its discontinuous interface with the
substrate. Moreover, its relative low adhesion strength to the steel
substrate (Section 3.6) and easy removal during depth profile experi-
ments justify its poor corrosion protection ability. The film obtained by
immersion, in turn, has a naturally formed corrosion product layer on
its surface. Thus, during immersion, the silicate anions react with this
layer, giving rise to a silicate film richer in silica (Table S2) when
compared to the cathodic film. Yet, the presence of the intermediate
ligand between film and substrate for the Na1s region (Fig. 13) would
enhance the interaction between the silicate layer and the underlying
steel surface giving rise to the slower removal rate and higher adhesion
strength of the immersion film. The corrosion resistance is thereby in-
creased with respect to the cathodic film.

The formation of corrosion products was intensified for the anodic
treatment, thus promoting strong interaction with the silicate anions in
solution. As a consequence, a silica-rich film was obtained as shown by
the XPS results. This silica layer presented good adhesion to the sub-
strate (Section 3.6) and was not easily removed as observed from the
depth profile experiments. The formation of a silica or silicate-rich layer
during anodic treatment of a ferrous alloy in 1.0 M Na2SiO3 was hy-
pothesized by Burstein and Souto [20] as being responsible for the high
resistance to localized corrosion observed for the samples treated in
such conditions. In a similar manner, the anodic film developed in the
present work owes its protective character to a silica-rich layer that is
well adhered to substrate and continuously distributed across the in-
terface with the substrate, as unequivocally shown by the results ob-
tained by XPS, pull-off tests and SEM/EDS analysis. The oxidizing
conditions of the anodic treatment were essential to sustain the for-
mation of this layer, giving rise to a more compact and well-adhered
film to the API 5L X80 substrate, thereby improving its corrosion re-
sistance. Indeed, the compactness of the anodic and immersion films at
the interface with the substrate was observed on the cross-sectional
images presented in Section 3.5. The experimental data obtained by
XPS, SEM/EDS and pull-off tests support the proposed mechanism for
the corrosion protection ability of the films developed in this work.

5. Conclusions

Silicate-based films were formed on the surface of the API 5L X80
pipeline steel by anodic, cathodic and immersion treatments in 1.0M
NaCl solution at room temperature. The corrosion resistance of the
anodic film was by far superior to that of the cathodic one, displaying a
protection efficiency of 83% whereas the cathodic film did not protect
the steel substrate from corrosion in 0.1 M NaHCO3+0.05M Na2CO3

solution. The immersion film presented a protection efficiency of 24%.
The enhanced performance of the anodic layer against corrosion was
associated with its compactness, adhesion strength and chemical com-
position. SEM/EDS analyses revealed the compactness and homo-
geneous distribution of Si, O and Na on the cross-section of the anodic
film. Pull-off test indicated that the anodic layer was well-adhered to
the substrate. The immersion film, in turn, presented lower adhesion
strength whereas the cathodic film was poorly adhered to the substrate.
The corrosion behavior was also related to the silica content on the
silicate-based films, as indicated by XPS analysis. The cathodic film
presented the lowest silica content. The anodic film was enriched in
silica-type bonds whereas the immersion film presented a mixture of
silicate and silica-type bonds but with higher silica content than the
cathodic film. The mechanism through which this chemical composi-
tion affects the corrosion behavior was discussed. The interaction of the
silicate anions with the steel surface was enhanced for the immersion
and anodic treatments, giving rise to a silica-rich film with good ad-
hesion and corrosion resistance. The reducing environment of the
cathodic treatment did not favor the formation of a well-adhered film,
thus producing a silicate-based film with poor corrosion protection
ability.

Fig. 17. Variation of the atomic concentration with the etch time for the main
elements in the film grown by immersion in 1.0M Na2SiO3 solution at room
temperature for 10 days.

Fig. 18. O/Si ratio of the different silicate-based films as determined from the
XPS depth profiling results.
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