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a  b  s  t  r  a  c  t

A  sensing  plate  for  the  simultaneous  measurements  of  pH  and  Cl− concentration  was  fabricated.
Terbium–dipicolinic  acid  complex  (Tb–DPA)  and quinine  sulphate  were  used  to measure  the  pH  and  Cl−

concentration,  respectively.  In the  incubation  period  of the  crevice  corrosion,  the  pH  inside the  crevice
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gradually  decreased  from  3.0 to  ca.  2.0,  and the  Cl− concentration  increases  from  0.01  to  ca.  0.18  M.  The
generation  of the  micro-pit  led to  a sharp  decrease  in pH  to below  0.5  and  an increase  in the  Cl− con-
centration  to  above  4 M.  This  situation  allowed  the  crevice  corrosion  to proceed  without  spontaneously
stopping.

©  2016  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
. Introduction

Understanding the corrosion mechanisms of metals is of
ubstantial interest in engineering because corrosion causes
onsiderable economic loss due to the structural failure of crit-
cal components in infrastructure. Localized corrosion, such as
itting and crevice corrosion, is complicated by the synergis-
ic effect of H+ and Cl− ions on metal dissolution [1–6]. Full
lucidation of the mechanisms of localized corrosion requires
imultaneous measurements of the H+ and Cl− distributions.
hemical imaging is a technique that provides the spatial dis-
ribution of chemical species at metal/solution interfaces, and
uorescence dyes are widely used in this application [7,8]. Rare-
arth complexes are well known to enable pH imaging [9–11].
rout et al. demonstrated that the terbium–dipicolinic acid com-
lex (Tb–DPA) can be used for pH measurements between ca.
H 2 and 4 [9]. However, pH imaging in corrosive environ-
ents has not been intensively studied because fluorescence

s quenched in low-pH and/or highly concentrated Cl− solu-

ions. In corrosion reactions, the hydrolysis reaction of dissolving

etal ions causes severe acidification and Cl− accumulation (e.g.,
H < 1 and Cl− > 1 M).  Although Cl−-sensitive fluorescence dyes

∗ Corresponding authors. Fax: +81 22 795 7299.
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such as 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ) and N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE)
have been successively applied to imaging in the field of biol-
ogy [12–14], their sensitivity tends to be insufficient for corrosion
research. Kaji et al. observed that quinine sulphate is suitable for
Cl− imaging and developed a Cl− sensing plate that can be used in
highly concentrated Cl− solutions [15]. However, research on the
simultaneous measurements of pH and Cl− concentration is still
developing. The objectives of this study were to fabricate a sensing
plate for simultaneous measurements of pH and Cl− concentration
and to analyse the changes in the pH and Cl− distributions during
the crevice corrosion of stainless steel. Simultaneous visualization
techniques for pH and Cl− distributions offer great advantages over
other techniques in the challenge to understand not just the cor-
rosion mechanisms but also other chemical reactions in aqueous
solutions.

2. Experimental

2.1. pH− and Cl−-sensitive fluorescent dyes

To fabricate the sensing plate for the simultaneous measure-
ments of pH and Cl− concentration, Tb–DPA and quinine sulphate
as the fluorescent dyes were chosen. Tb–DPA was used as the sens-

ing dye for the pH measurements, and quinine sulphate was used
to measure the Cl− concentration. Tb–DPA was formed by mixing
Tb2(SO4)3 and dipicolinic acid. The excitation and emission spectra
of Tb–DPA and quinine sulphate in the mixtures of dilute H2SO4 and

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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aCl solutions were collected using a JASCO FP-6200 spectropho-
ometer.

.2. Fabrication of sensing plate

To fabricate the sensing plate for simultaneous measurements
f pH and Cl− concentration, we used the sol–gel method to deposit
he sensing layer, which contained two fluorescent dyes, onto one
ide of a glass plate. A mixture of pure water (80 mL), polyvinyl
lcohol (0.5 g), 0.01 M NaOH (20 mL), dipicolinic acid (0.172 g),
b2(SO4)3 (0.125 g), and quinine sulphate (0.05 g) was  prepared
solution A). Then, a mixture of tetramethyl orthosilicate (2 mL),
.05 M H2SO4 (1 mL), and ethanol (1 mL)  was stirred for 10 min.
fterwards, 2 mL  of solution A was added, and the mixture was
tirred for 20 min. Finally, the mixture was spin-coated onto a sil-
ca glass plate (1 mm thick) and dried at room temperature. The
lass plate with the sol–gel layer was stored in solution A excluding
olyvinyl alcohol to prevent cracking of the sensing layer.

.3. Validation of sensing plate

The mixed solutions of H2SO4 and NaCl as standards for the pH
nd Cl− concentrations were used. The Cl− concentrations were
.01, 0.1, 1, and 4 M,  and the pH was adjusted to 0.5, 1.0, 2.0, and
.0. To validate the colour change of the sensing plate, a thin layer
f the standard solution was formed on a mirror-polished Pt plate,
nd then the sensing plate was placed on the thin layer. Next,
uorescence micrographs were collected using an Olympus BX51
icroscope equipped with an UPlanFL ×4/0.13 air objective and a
P71 CCD camera system. For pH validation, the excitation filter
as set at 270 nm and a 475–570 nm band-pass filter composed

f low-pass and high-pass filters was used to detect the fluores-
ence of Tb–DPA. For the validation of the Cl− concentration, the
avelength of the excitation filter was changed to 330 nm to excite
nly quinine sulphate and a 380–530 nm band-pass filter was  used
o detect its fluorescence. All micrographs were saved in the JPEG
ormat. After the experiments, the images were converted into the
MP  format, and the RGB values in each pixel were extracted.

ig. 2. Molecular structure of (a) Tb–DPA and (b) quinine sulphate. (c) Excitation (- - -), a
adjusted with H2SO4).
Fig. 1. Schematic of the crevice corrosion test apparatus.

2.4. Crevice corrosion test

To analyse the initiation process in the crevice corrosion of
stainless steels, we  used the sensing plate as a crevice former
and conducted simultaneous measurements of pH and Cl− con-
centration inside the crevice (Fig. 1). A high-manganese austenitic
stainless steel (Fe–18Cr–10Ni–5.4Mn) was used as the specimen.
This steel was  heat-treated at 1373 K for 30 min  and then quenched
in water. After the heat-treatment, the steel was cut into pieces with
dimensions of 3 mm × 3 mm × 18 mm and all of the surfaces of the
cut pieces were polished diamond paste down to 1 �m. The speci-
men was  passivated in 30% HNO3 at 323 K for 30 min. Afterwards,
the lower part of the specimen was embedded in epoxy resin. The
upper surface of the specimen was then polished again with 1 �m
diamond paste. The specimen was  polarized at 0.4 V (vs. Ag/AgCl,
3.33 M KCl) in naturally aerated 0.01 M NaCl (pH 3.0, adjusted with
0.01 M HCl) at 298 K. All the electric potentials reported in this work
refer to an Ag/AgCl (3.33 M KCl) electrode.
Optical and fluorescence micrographs were collected at
constant intervals during the crevice corrosion tests. These micro-
graphs could not be collected at precisely the same time. In our

nd emission (—) spectra of Tb–DPA and quinine sulphate in 0.01 M NaCl at pH 3.0
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Fig. 3. (a) Emission spectra of Tb–DPA in 1 M Cl− solutions at pH 5, 4, 3, 2, 1, and
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Fig. 4. (a) Fluorescence micrographs of the sensing plate and (b) the relationship

after the crevice corrosion test. Crevice corrosion was  generated
.5.  (b) Emission spectra of quinine sulphate in pH 3.0 solutions at 0 M (Cl−-free),

.01 M, 0.1 M,  1 M,  and 4 M Cl− .

ystem, approximately 17 s is required to exchange the filters, store
he image data, and reconfigure the exposure time.

. Results and discussion

.1. Fluorescence properties of Tb–DPA and quinine sulphate

The excitation spectrum of Tb–DPA (Fig. 2a) exhibits a peak at
72 nm,  and the emission spectrum shows four bands with a maxi-
um at 544 nm (green fluorescence) (Fig. 2c). This large Stokes shift

s a characteristic feature in the fluorescence of rare-earth com-
lexes [16]. Quinine sulphate (Fig. 2b) exhibits blue fluorescence,
s indicated in Fig. 2c. The peak wavelengths of the excitation and
mission are 343 nm and 447 nm,  respectively. These maximum
avelengths differ from those of Tb–DPA. Therefore, quinine sul-
hate and Tb–DPA can be excited independently by changing the
avelength of a band-pass filter for a Xe-lamp, and their emission
uorescence can be recorded separately. Strictly speaking, quinine
ulphate is slightly excited in the case of the Tb–DPA excitation
t 270 nm because the excitation wavelength for quinine sulphate
s longer than that for Tb–DPA; however, the fluorescence from
uinine sulphate is eliminated by an absorption filter. The fluores-
ence of Tb–DPA and quinine sulphate is therefore detected with
ittle interference on each other.

To ascertain the effects of pH and Cl− concentration on the fluo-
escence intensity of these dyes, we acquired the emission spectra
f Tb–DPA in dilute H2SO4 at pH from 5.0 to 0.5 (1 M Cl−) and those
f quinine sulphate in NaCl solutions (pH 3.0) containing Cl− at
oncentrations from 0 to 4 M.  As shown in Fig. 3, the fluorescence

ntensity of Tb–DPA decreases with decreasing pH and the inten-
ity of the emission spectra of quinine sulphate decreases with
ncreasing Cl− concentration.
between pH and the brightness parameter Y of a sensing plate placed on the Pt sur-
face  covered with a solution layer at various pH and Cl− concentrations. Brightness
parameter: Y = 0.299R + 0.587G + 0.114B.

3.2. Performance of sensing plate

As shown in Fig. 4a, the green fluorescence of Tb–DPA decreases
with decreasing pH and is independent of the Cl− concentration.
The RGB values in each pixel of the images were extracted and con-
verted into the brightness parameter Y by the following expression:

Y = 0.229R + 0.587G + 0.114B

The brightness Y decreases with decreasing pH (Fig. 4b). A small
influence of the Cl− concentration on the brightness was observed
because of the overlapping emission spectra of Tb–DPA and quinine
sulphate. Nonetheless, we still estimated the pH of the solution on
the metal surfaces.

As evident in Fig. 5, the intensity of the blue fluorescence of qui-
nine sulphate decreases with increasing Cl− concentration and is
independent of pH. In addition, a quantitative relationship between
the Cl− concentration and the brightness Y is observed, which
allows the Cl− concentration in solutions to be measured. The
sensing plate for the simultaneous measurements of pH and Cl−

concentration using Tb–DPA and quinine sulphate were success-
fully fabricated.

3.3. Changes in pH and Cl− distributions in crevice solution

Fig. 6a shows the optical micrograph of the inside of the crevice
in the area indicated by a white rectangle. The corroded area
was observed using a JSM-7100F scanning electron microscope.
As shown in Fig. 6b, a micro-pit was observed; we  assumed that
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Fig. 5. (a) Fluorescent micrographs of the sensing plate and (b) the relationship
between the Cl− concentration and the brightness parameter Y of a sensing plate
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the micro-pit inside the crevice leads to a sharp decrease in pH to

F
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laced on the Pt surface covered with a solution layer at various pH and Cl− concen-
rations. Brightness parameter: Y = 0.299R + 0.587G  + 0.114B.

revice corrosion was initiated here as pitting corrosion. Fig. 6c
hows the optical and fluorescence micrographs of the pH and Cl−

ensing plate in the area indicated by the white rectangle in Fig. 6a.
he crevice mouth was located at the bottom of the micrographs,
nd some defects were present on the surface of the sensing plate,
hich were likely generated during the spin-coating process. From

he beginning of the corrosion test to 1347 s, the brightness of the
uorescence micrographs for both pH and Cl− gradually decreased

ith time, indicating that both acidification and Cl− accumula-

ion occurred. At approximately 1340 s, the pH inside the crevice
eached ca.  2.0 and the Cl− concentration became ca. 0.18 M (Fig. 7).

ig. 6. (a) Optical micrograph of the upper surface of the specimen at the end of the crevi
orrosion. (c) The optical and fluorescence micrographs of the sensing plate were collecte
Fig. 7. Time variations of the total current, the pH, and the Cl− concentration at the
initiation site of crevice corrosion on 18Cr–10Ni–5.4Mn austenitic stainless steel
polarized at 0.4 V in 0.01 M NaCl (pH 3.0, adjusted with 0.01 M HCl).

The gradual decrease in pH inside the crevice was likely due to the
hydrolysis reaction of metal ions dissolved from the steel surface,
and the Cl− accumulation maintained electrical neutrality inside
the crevice. This study clearly confirms that the electromigration of
Cl− ions occurs towards the inside of the crevice from the outside
during crevice corrosion and that the acidification of the crevice
solution proceeds simultaneously.

At 1380 s, a very small black spot appeared at the position
marked by the arrow in Fig. 6c, and its position is consistent with
that of the pit shown in Fig. 6b. This result suggests that the black
spot corresponds to the initiation site of crevice corrosion and that
the initial morphology of the crevice corrosion is pitting. Immedi-
ately after the crevice corrosion initiation, the dark area suddenly
spread in both fluorescence micrographs. The pH and Cl− concen-
tration inside the dark area are estimated to be below pH 0.5 and
above 4 M Cl−, respectively. Fig. 7 shows the time variations of
the total current, the pH and the Cl− concentration at the initia-
tion site of crevice corrosion. From 0 to 1347 s, the pH inside the
crevice gradually decreases from 3.0 to ca. 2.0, and the Cl− concen-
tration increases from 0.01 to ca. 0.18 M.  This period is considered
the incubation period of crevice corrosion. During this period, the
dissolution rate of the steel is low because the steel surface is
initially passive. The hydrolysis reaction of dissolving metal ions
causes weak acidification inside the crevice, and the gradual accu-
mulation of Cl− maintains electrical neutrality. The generation of
below 0.5 and an increase in the Cl− concentration to above 4 M.
The release of a large amount of metal ions over a short time as
pitting occurs results in a large decrease in pH around the pit due

ce corrosion test. (b) SEM image of the micro-pit at the initiation site of the crevice
d in the area indicated by the white rectangle in (a).



3 ion Sc

t
t
T
s
w
a

4

1

2

A

R
o

R

[

[

[

[

[
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stainless steel, J. Electrochem. Soc. 159 (2012) C289–C297.
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o the hydrolysis reaction. Moreover, an increase in the accumula-
ion of Cl− occurs inside the crevice as a result of electromigration.
he increased acidification and Cl− accumulation provide a local
olution environment that allows the crevice corrosion to proceed
ithout spontaneously stopping. Crevice corrosion grows rapidly

fter this initiation period.

. Conclusions

. A sensing plate for use in the simultaneous measurements
of pH and Cl− concentration was successfully fabricated.
Terbium–dipicolinic acid complex (Tb–DPA) was  used as the
sensing dye for the pH measurements, and quinine sulphate was
used to measure the Cl− concentration. It was  confirmed that
the changes in the pH and Cl− concentration of the solution was
estimated quantitatively from the colour of the sensing plate.

. The changes in the pH and Cl− distributions during the crevice
corrosion of 18Cr–10Ni–5.4Mn stainless steel were elucidated.
In the incubation period of the crevice corrosion, the pH inside
the crevice gradually decreased from 3.0 to ca. 2.0, and the Cl−

concentration increased from 0.01 to ca. 0.18 M. The generation
of the micro-pit inside the crevice led to a sharp decrease in pH to
below 0.5 and an increase in the Cl− concentration to above 4 M.
This situation allowed the crevice corrosion to proceed without
spontaneously stopping.
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