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This work presents the development and characterization of a ring-shaped sensor built around a steel sample
(AISI 1020) to determine the near-surface solution pH (NSSpH) during pitting corrosion. The pH sensor is consti-
tuted by a ring of IrOx, a material that is sensitive to pH changes, synthesized using the Pechinimethod on a glass
tube with a gap of 1 mm between the pH sensor (ring) and the metal sample (disc). The evolution of the corro-
sion process was also followed using a temporal series of micrographs with an optical microscope. At the same
time, the sensor followed the NSSpH during the passivation of the metal, during the breakdown of the passive
film, and during the pit evolution in an aqueous basic solution containing HCO3

− and Cl− species. When the pit
potential was reached, the NSSpH was reduced by one pH unit.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Several electrochemical processes are strongly influenced by the
bulk solution pHand, evenmore, by changes in its value close to the sur-
face [1–4]. Among such processes, it is well described that corrosion de-
velops in metal/film/solution interfaces and that it is strongly affected
by the near-surface solution pH (NSSpH). Considering the Pourbaix di-
agram for the ternary system iron–sulfide–H2O [5], the formation of
an iron sulfidefilm only over the pearlitic grains of carbon steel is an ex-
perimental result that is not expected [1]. This is an example that can be
explained by changes in the NSSpH, which can be rather different from
the changes in the bulk. The cementite from the pearlitic grains is a
phase of low hydrogen overvoltage and, therefore, it acts as a cathode
with respect to ferrite [6]. Because of this, even in an acid solution this
phase can present higher pH values than other phases. As the solubility
of the sulfide solid decreaseswith increasing pH, in this case [1], the pre-
cipitation of FeS film occurs only over the cementite phase, as observed
before in the literature [1,6].

Concerning pitting corrosion, changes in the electrolyte composition
in the cavity could stabilize the local galvanic cell action by elimination
of the passive state keeping the bottom of the pit in active dissolution.
Pickering [7] has showed that different solution compositionswhichde-
velop inside the pit cavity can influence the magnitude of the potential
drop needed to shift its value into the active region. In this sense, Suter
et al. [8] used a finite element difference model to simulate the change
in the concentration of aggressive species contained in the stagnant so-
lution within the pit cavity. The authors proposed that a stable pit
growth occurs when a pit has at least 3 μm of depth, a chloride concen-
tration ([Cl−]) of 6mol L−1, and a pH of 2 inside the cavity [8]. In anoth-
er example, the existence of stable pits during the pitting corrosion in
dissolved CO2 environment [9] can be attributed to FeCO3 (siderite) for-
mation, which precipitates inside the pits and induces the acidification
of the stagnant solution within the pits. Consequently, the [Cl−] in-
creases in the pit boundaries to counterbalance the H+ produced during
the formation of siderite film. As consequence of this stabilization, the
pits grow on the metal surface. Amri et al. [10] studied the effect of
acetic acid on pit initiation and growth in carbon steel immersed in a so-
lution saturated with CO2. In that paper, it is reported that the pre-
initiated pits do not start growing without the presence of this organic
acid. These results are strong evidence that the pit depth alone is not
enough to keep the bottomof the pit in active dissolution rate. Reactions
inside the cavities can produce aggressive species that act on the passive
film over the unpitted surface andweaken this protective layer. In other
words, the anolyte released from the pits could change the NSSpH, in-
creasing the local generation rate of pits in an autocatalytic effect. There-
fore, changes in interfacial pH are directly related to the processes of
nucleation, growth, passivation and stabilization of a localized attack
on a metal surface.

As described above, changes in the pH value near the interface
metal/film/solution are important to the initiation and evolution of
the pitting corrosion. To detect such pH changes that, in many cases,
do not lead to pH changes in the bulk of the solution, a common glass
electrode is inadequate. In this sense, it is necessary to use a different
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Fig. 1. Flowchart describing the experimental procedure for assembly of IrOx pH sensor
(a). Photo of ring-disc electrode showing from right to left: the steel sample (AISI 1020)
as a disc in the center of electrode, glass tube, ring-shaped sensor of IrOx used as pH
sensor, and the epoxy resin (b). Optical micrograph showing the gap between the steel
sample and the pH sensor (inset). Zoom of IrOx pH sensor (inset).
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approach to perform the study. Iridiumoxide devices, synthesized using
a sol–gel route, could be developed to measure the pH of the solution
[11,12]. Iridium oxide is a promising material due to its stability and
sensitivity; besides, such synthesis method allows the miniaturization
of the pH device in a needle configuration [11], for example, or any
other complex shape that the experimentalist wants. In this sense, in a
previous work [12], we developed a rotating ring/disc electrode which
was an ultramicroelectrode for pHmeasurements that could be applied
under hydrodynamic control or tomeasure the NSSpHwhen such setup
was used in stationary mode. The disc electrode can be built of any ma-
terial to investigate the NSSpH in many systems. In the present work,
we have explored the application of such device in stationary mode to
detect pH changes close to the interface during the pitting corrosion of
AISI 1020 steel in aqueous basic solution, containingHCO3

− and Cl− spe-
cies, coupled to both, an electrochemical technique and an in situ optical
microscopy measurement.

2. Experimental

2.1. Construction of pH ring-shaped sensor on a ring-disc electrode

This pH sensor was built following a previously described procedure
[13]. In the present case, the disc material used was an AISI 1020 steel
rod inserted into the glass tube, Fig. 1a. A polymeric precursor made of
citric acid (CA), ethylene glycol (EG), and IrCl3 (Ir) in a molar ratio of
0.5:3:12 (Ir:AC:EG) was painted on the glass tube. Then, the system
was submitted to a calcination step at 400 °C for 10 min and, as conse-
quence, IrOx was formed on the substrate, Fig. 1a. The process was re-
peated four times to increase the thickness of the oxide layer [13].
Then, electrical contacts were made and the device was sealed with
Araldite® and epoxy resin that formed the body of the ring-disc elec-
trode, Fig. 1a. Fig. 1b shows a photo of the final electrode where the
ring (sensor) and the disc (steel sample) can be better observed. The
glass tube has an inner and outer diameter of 5 mm and 7 mm, respec-
tively. The gap between the sensor and themetal sample is of 1mmand
the IrOx ring over the tube has a thickness of 6.5 ± 2.0 μm, see insets of
Fig. 1b.

The ring-disc configuration has been used before in the literature to
pH measurements by Albery and Calvo with a bismuth ring [14,15] and
by Steegstra and Ahlberg [16] with a platinum disc, both in a commer-
cial ring-disc electrode, where a metal oxide was chemical or electro-
chemical deposited to be as a pH sensor. However, the ring-shaped
sensor described in Fig. 1 has some advantages, for instance, polishing
of the disc electrode does not destroy the pH sensor, on the contrary, re-
news it. This is possible due to the special shape of the IrOx deposit. As
observed in Fig. 1a the ring is a tube of oxide that can be abraded or
polished keeping the horizontal level of the disc and the ring. It is an im-
portant advantage in the investigation of an active metal disc material,
such as in the present case.

2.2. Carbon steel sample

Cylindrical AISI 1020 steel (Sanchelli) with a diameter of 4.8 mm
(A = 0.18 cm2) was used as disc working electrode (WE) (see
Fig. 1b). Their chemical composition was determined by Atomic Ab-
sorption Spectroscopy (ASS) analysis: 0.186% C, 0.509%Mn, 0.030% S,
0.003% P, 0.022% Cr, 0.013% Ni, 0.020% Mo, 0.017% Cu, 5 × 10−4% Al,
0.106% Si, wt.%, and Fe balance. This material was used as received.
The metallic surface morphology was observed after an etching pro-
cess to reveal the grain size and inclusions in the sample. The etching
was carried out using a fresh Nital 2% solution following a common
procedure described elsewhere [17].

Prior to use, the ring-disc electrode was abraded with sandpaper
from 320 up to 1200-grit, polished with alumina (0.3 μm), and then
washed with deionized water for 30 s in an ultrasonic bath.
2.3. Equipment and techniques

A pH-meter (Denver, Ultrabasic, mod. UB-10) was used to carry out
potentiometric titrations as the calibration system for the IrOx pH sensor
before the corrosion tests. These experiments were performed simulta-
neously with a combined glass electrode mod. CW711X/Qualxtrom.

An Autolab Potentiostat/Galvanostat (PGSTAT 30) with GPES
4.9.006 software was used to perform the corrosion tests, see PC-1
in Fig. 2. The reference electrode, RE1, and the counter electrode,
CE, were a Ag/AgCl/KCl (sat.) and a circular Pt sheet, respectively.

The IrOx ring-shaped sensor was used as a potentiometric sensor for
pH measurements where the EpH was monitored using a digital
multimeter (Minipa ET-2231A) interfaced to a computer, see PC-2 in



Fig. 2. Schematic diagramdescribing the connections between the equipment used: potentiostat,multimeter and the opticalmicroscope, respectively. Electrochemical cellwith inputs for:
CE, RE1, RE2, N2 flux and the WE.
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Fig. 2. This potential wasmeasuredwith respect to another Ag/AgCl/KCl
(sat.), RE2.

The carbon steel disc was observed in situ using an inverted OM
(Opton, TNM-07T-PL model) to obtain a temporal series of micro-
graphs, TSM, in a region which corresponds to 8.2% of theWE surface
(680 μm × 544 μm), see PC-3 in Fig. 2. This measurement was per-
formed using a flat-bottom cell [1] and the Scope Photo® 1.0 and
MCDE (AMCAP) software were used for data acquisition. The same
procedure employed in previous papers to follow the pitting corro-
sion [18] was applied here to analyze the in situ TSM giving as final
results: the number of pits and the total pit area. The image acquisi-
tion rates usedwere 0.05 and 1 image s−1 during the open circuit po-
tential, Eoc, and during the polarization curves, PC.

A schematic diagram is shown in Fig. 2 describing the experimental
setup during the simultaneous measurements together with a detailed
description of the components on the electrochemical cell.

2.4. Experimental procedure

The calibration of the ring-shaped sensor was made by titration
curves of NaOH 0.1 mol dm−3 (Quimis) with H3PO4 1.0 mol dm−3

(Mallinckodt) performed simultaneously with a combined glass
electrode.

All solutions were prepared using reverse membrane purified
Milli-Q water (Millipore). The pitting corrosion was studied in a de-
oxygenated 0.1 mol dm−3 NaHCO3 solution (Merck). The pH of this
solution was 8.3 (bulk pH) due to the buffering action of carbonate
species [9,19]. In this solution, NaCl (JT Backer) was added to pro-
duce a 3.0 wt.% NaCl solution (0.51 mol dm−3 NaCl) to induce ade-
quate conditions for pitting corrosion to occur.

To investigate the passivation of the metal, the Eoc was monitored
until the steady state was reached while the TSM and the EpH were ob-
tained to follow the corrosion process with the in situ micrographs and
the pH data in the near-surface solution, respectively.

The anodic PC was performed at ν=0.5mV s−1 with ΔE= 500mV
while the TSM and EpH were monitored using the same temporal reso-
lution. The TSM was analyzed using the ImageJ program, following a
procedure previously described [1,18,20], to obtain the number of pits
and the total pit area in each electrochemical experiment.
3. Results and discussion

3.1. Characterization of the metal surface

The metallographic study of AISI 1020 steel is shown in Fig. 3. The
fresh polished surface is shown in Fig. 3a where some scratches, defects,
and inclusions can be observed. In agreementwith the literature, the in-
clusions are composed byMnS and they are evenly distributed through-
out the alloy as black spots. Fig. 3b shows the same surface after etching
using a fresh 2%Nital solution during 10 s of attack [17]. Using the ASTM
E 1382-97 [21], the pearlitic phase was determined as 29 ± 4% of the



Fig. 3. Metallographic analysis of AISI 1020 steel before (a) and after chemical etching for 10 s in fresh 2% Nital solution (b). Pearlitic and ferritic phases are marked with dotted circles.
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surface area, and the average size of pearlitic grains as 3.3 ± 0.6 μm2

(Fig. 3b).
3.2. Characterization of the ring pH sensor

Fig. 4a shows an acid–base titration of 0.1 mol dm−3 NaOH solution
through dropwise addition of 1.0 mol dm−3 H3PO4 solution using the
ring-shaped pH sensor here investigated. Simultaneously, a convention-
al pH glass electrodewas used to check the pH sensor quality. As can be
observed, the behavior of EpH is very close to the pH determined with
conventional pH electrode. The potentiometric response of the ring-
shaped sensor of IrOx, as a function of solution pH, is shown in Fig. 4b.
In this figure, a linear response in the 3.5–12 pH range was observed
Fig. 4. Titration curve of NaOH (0.1 mol dm−3) titrated with H3PO4 (1 mol dm−3) (a).
Calibration curve for EpH as a function of the pH (b). Potential of IrOx pH sensor versus
Ag/AgCl/KCl (sat.).
with a slope of 24.9 mV pH−1. This slope was used to convert the EpH
into pH changes near the surface.

The low sensitivity of the ring-shaped sensor of IrOx could be related
to the absence of a metal substrate on the metal/metal oxide interface,
as presented in Fig. 1a, the iridium oxide was generated by calcinations
over a glass substrate, without any conductive substrate. Even this type
of sensor being based on equilibrium between different oxidation states
[16], we believe that this electrode could also have a contribution from
the sensors of the first category, in which the pH dependence would
come from the redox equilibrium between the metal and its oxide
[16]. In this sense, this hypothesis is outside the scope of the present
paper and will be further investigated in a future study. Other hypothe-
sis for the low sensitivity could be attributed to different mechanisms
that produce such changes in a microelectrode configuration. In the lit-
erature [22] it was observed that the miniaturization of the electrode
could change the slope from 58.5 to 80.5 mV pH−1 due to the different
mechanisms below and above pH 6. We observed such behavior in our
configuration below pH 4 but, for the application presented here, such
behavior was not showed here. For more details, the slope change
below pH 4 was investigated before in the literature in the following
reference [13].

To verify if the sensibility of the ring-shaped pH sensor could be af-
fected by solution properties during the corrosion analysis, a titration
was performed in the pH range 8.3–6.3 using the same solution from
corrosion experiments (0.1 mol dm−3 NaHCO3 containing 3.0 wt.%
[Cl−]) by addition of 1.0mol dm−3 HCl to this medium. It was observed
that, in this range, the pH sensor kept the same sensibility observed in
Fig. 4b.
Fig. 5. Eoc of AISI 1020 steel in solution of 0.1 mol dm−3 NaHCO3 with 3.0% [Cl−]. All
potential values versus Ag/AgCl/KCl (sat.).



Fig. 6. PC of AISI 1020 steel in solution of 0.1 mol dm−3 NaHCO3 with 3.0% [Cl−] (a), EpH
during the PC measured with the ring-shaped sensor (b), and NSSpH based on the slope
of 24.9 mV pH−1 (Fig. 4b). All potential values versus Ag/AgCl/KCl (sat.).

Fig. 7. In situmicrographs from TSM taken at the instants marked as 0 (#1), 400 (#2), 900 (#3)
to evidence the surface behavior during the experiment (insets).

383M.M. da Silva et al. / Journal of Electroanalytical Chemistry 780 (2016) 379–385
3.3. PC coupled to near-surface pH measurements

Fig. 5 shows the Eoc of AISI 1020 steel in a 0.1mol dm−3 NaHCO3 so-
lution containing 3.0wt.% [Cl−] until the disc potential stabilization. The
initial region of constant Eoc is known as the induction period [23],
where the initial stage of pitting corrosion is initiated on the defects
and/or inclusions of the carbon steel. A sharp drop tomore negative po-
tential values is typical of pitting corrosion process [23]. After this po-
tential drop the steady state was observed, where the passivation
process with the formation of FeCO3 film could happen by the following
equation, according to the Pourbaix diagram [5,24]:

Fe sð Þ þHCO3
−

aqð Þ ➔ FeCO3 sð Þ þHþ
aqð Þ þ 2e− ð1Þ

Reffass et al. [24] present the potential-pH diagrams for iron in aque-
ous NaHCO3 solution summarizing all thermodynamic information and
possible routes in such environment. According to the author, in this pH
range the reaction of Eq. (1) is favored on the metal surface.

After the steady state, Fig. 6a shows a PC carried out at a scan rate of
0.5 mV s−1. The scan was started at−0.65 V (Eoc) in the anodic direc-
tion and, at the same time, the NSSpH was followed through the ring-
shaped sensor, Fig. 6b. In this figure, the EpH is shown on the left side
of Fig. 6b and, using the calculated slope of 24.9 mV pH−1 (Fig. 4b),
the NSSpH is shown in the right axis of this figure. Besides the pHmea-
surements, the TSM was recorded. The arrows at the times of 0 (#1),
400 (#2), 900 (#3), 950 (#4), and 1000 s (#5) represent the frames pre-
sented in Fig. 7. The regions highlighted in Fig. 7with dotted squares are
amplified to evidence the surface behavior during the experiment.

During the passivation process (magnified region of Fig. 6a), it is
possible to observe that the EpH (Fig. 6b) increases slightly and then de-
creases. This indicates that the NSSpH had an opposite behavior be-
tween instants “1” and “2” of Fig. 6b, i.e., a small decrease followed by
an increase in the NSSpH was observed. This last increase in the
NSSpH after the passivation peak is expected because the passive film
formation is favored in such condition, according to the Pourbaix
diagram [5,24].
, 950 (#4), and 1000 s (#5) in Fig. 6. The regionsmarkedwith dotted squares are amplified



Fig. 8. Analysis of TSM to obtain the number of pits and total pit area as function of the
potential applied during the PC of Fig. 6a. Gray regions show the analysis for the pits
observed during the breakdown of the passive film and for the big pit observed in Fig. 6b.
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From 400 s up to 900 s (Fig. 6b), the NSSpH decreases again,
which could be related to the breakdown of the passive film in agree-
ment with Eq. (1) which leads to a continuous formation of H+ in the
electrode/solution interface. Therefore, siderite (FeCO3) could pre-
cipitate within the pits (regions where the film collapsed) as soon
as the anodic dissolution of the iron begins [9]. This reaction could
explain the changes in the NSSpH on the electrode/solution inter-
face, and also, the large number of pits observed in Fig. 7 from 400
to 900 s (instants “2” and “3”).

During the sharp increment in current density in Fig. 6a, between in-
stants “3” and “5”, it was observed that one big pit had grown on the
metal surface (see instants “4” and “5” in Fig. 7). As consequence, a pro-
portional change in theNSSpHwas recorded in this region. According to
the slope of Fig. 4b this value corresponds to a final pH in the electrode/
solution interface of approximately 8.1 at the end of the anodic PC,
Fig. 6b. This result shows that a variation of one pH unit occurs in the
neighborhood of the surface comparing to its initial value, pH 9.1.

3.3.1. Analysis of TSM
The entire TSM, recorded using the experimental setup described at

Fig. 2, was analyzed following a procedure previously described in the
literature [1,18,20]. After image treatment the number of pits and the
total pit area were calculated during the PC and are presented in
Fig. 8. This figure presents data for the pits observed during the break-
down of the passive film, between instants “2” and “3” of Fig. 7, and
for the big pit observed between instants “4” and “5” in the same figure.

Themain advantage of TSM used together with NSSpH data is that it
is possible to estimate when the passive film breakdown occurs, which
is, in the present case, near 400 s (Fig. 8) when the nucleation of many
pits can be observed [25,26,27]. Sharland [28] has reported that the ini-
tiation of pit corrosion requires twomain events: i) theremust be points
of breakdown of the passive film followed by ii) the activation of the
metal surface. Marcus et al. [27] highlight that, generally, films are crys-
talline or get crystallinewith the exposition time to the aggressive envi-
ronment. In this sense, the thinning mechanism of the passive film is
Table 1
Total pit area changes in Region A (410–740 s) and in Region B (740–890 s) during the PC
experiment presented in Fig. 6a.

Exp. Total pit area changes/μm2 s−1

Region A (410–740 s) Region B (740–890 s) Region C (940–1000 s)

Fig. 8 59.5 ± 1.3 32.2 ± 2.3 36.7 ± 0.5
also related to the microstructure of the film itself when a high number
of nanograins, separated by grain boundaries, exist in the passive layer
and could become pit nucleation sites [27]. As the polarization con-
tinues, the number of pits grow up to a stabilization at approximately
6000 pits after 740 s. Analyzing the total pit area, also presented in
Fig. 8, a change in the slope was observed when the number of pits be-
came constant. Based on the previous work [20], these two distinct
growth rates were calculated (Table 1), before and after 740 s, and
were named regions A and B, respectively. These pit growth rates high-
light two differentmoments in the passive film breakdown. In region A,
the nucleation of pits occurs together with their growth over the metal
surface followed by a transition to region B,where the stable pits govern
the process [20]. This proposition could explain the reduction of this
second growth rate after the number of pits gets constant in region B,
Table 1.

Finally, the big pit observed in Fig. 7 had its growth rate calculated in
region C in Table 1 (data based on the entire TSM from Fig. 8). This big
pit had a growth rate of 36.7 ± 0.5 μm2 s−1 similar to the growth rate
of the stable pits (32.2 ± 2.3 μm2 s−1) in region B (Table 1), therefore,
within the region where the pit growth is dominant.

A surface mapping, conduced after the last experiment, showed ap-
proximately 30 big pits. Therefore, it is possible to propose that the
strong variation in the NSSpH observed in Fig. 6b could be due to the
anolyte released from thebig pits on themetal surface during the anodic
polarization experiment.

4. Conclusions

This work shows the construction of a ring-shaped pH sensor,
using the polymeric precursor method (Pechini), to study the pit cor-
rosion of carbon steel in aqueous basic solution containing HCO3

− and
Cl− species.

The pH response of IrOx ring was investigated using acid–base titra-
tions and showed a linear behaviorwithin the range 3.5 b pH b 12with a
slope of 24.9 mV pH−1. The thickness of the IrOx ring was (6.5 ± 2.0)
μm, which characterizes the electrode as an ultramicroelectrode for
pH measurements. The ring-disc electrode was used in stationary
mode to allow the observation of the metal surface using a coupled op-
tical microscopy measurement.

In the anodic polarization of the carbon steel, the ring-disc electrode
was sensible enough to detect pH changes near the electrode surface
during the passivation process and during the breakdown of the siderite
passive film. A decrease of one pH unit in the NSSpH was observed
when the pit potential was reached; at the same time, the in situ TSM
showed that big pits were developing in this region during the PC.
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