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Abstract A new occluded corrosion cavity (OCC) sim-
ulation cell was designed to study the underscale corrosion
behavior of carbon steel (N80) in 0.2 mol L™' NaCl
solution. The chemical components of the solution in the
OCC were measured and the electrochemical behavior of
the occluded anode and the bulk cathode were studied by
electrochemical impedance spectroscopy (EIS). The newly
designed OCC cell can easily simulate the auto-catalyzing
acidification process and may be used to study the mech-
anism of underscale corrosion. The corrosion scale
exacerbates the underscale corrosion and the area ratio of
the bulk cathode to the occluded anode (R = S./S,) deter-
mines the development of simulated localized corrosion in
the OCC cell. When R was within a certain range, the
corrosion rate in the OCC could be kept at a persistently
high level. The pH of the solution in the OCC decreased
and the chloride ions (C17) concentrated as the local cor-
rosion developed. The anodic process on the occluded
anode was controlled by irreversible charge transfer and
the cathodic process on the bulk cathode was controlled
mainly by oxygen diffusion.
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1 Introduction

Most water transmission pipelines have a serious problem
of corrosion scale deposition on the inner surface. Corro-
sion scales not only restrict the flow of water but also
adversely affect water quality. Typical iron corrosion
deposits on aged pipe surfaces are porous and have a lay-
ered structure [1-3]. Metal surfaces covered by corrosion
scales have an occluded environment inside the scale. The
migration of dissolved oxygen (or other oxidant species)
from the bulk solution into the scale and the diffusion of
iron ions, produced by a corrosion reaction, from the scale
to the bulk solution are restricted. As corrosion develops, a
more aggressive environment forms within the scale and
accelerates corrosion under the scales.

Based on characteristics of the scale structure, under-
scale corrosion behavior can be described by the occluded
corrosion cavity (OCC) model [4]. Underscale corrosion
starts from the establishment of oxygen differential cells
[5, 6] and develops continuously by an auto-catalyzing
process. If the potential of the outer OCC cathode is more
positive than that of the inner OCC anode the auto-cata-
lyzing process is persistent. The corrosion rate inside the
OCC is higher than that of bulk areas and these bulk areas,
which act as cathodes, are thus partly or fully protected.
The local corrosion rate of metals in aqueous solutions is
directly affected by the degree of auto-catalysis.

Detailed studies on the auto-catalyzing process in the
OCC would certainly help in understanding underscale
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corrosion processes. Several OCC models have been sug-
gested to study the local corrosion behavior of metals
[4, 7-9]. For these models, however, the working electrode
was often under strong polarization and the effect of the
corrosion scale character on the auto-catalyzing process
was hardly considered.

In this work, by considering the effect of corrosion
scales, a new OCC simulated cell was designed to study the
underscale corrosion behavior of carbon steel (N80) in
0.2 mol L' NaCl solution. Under a coupling condition,
chemical component changes in the OCC were measured
and the electrochemical behavior of the occluded anode
and bulk cathode was studied by electrochemical imped-
ance spectroscopy (EIS).

2 Experiment

2.1 The OCC simulated cell and measurements
of galvanic current

A schematic diagram of the newly designed OCC simula-
tion cell is shown in Fig. la and a diffusion channel is
shown in Fig. 1b. The whole OCC cell was made from
PTFE. According to Sarin et al. [1] the simulated scale
layer used in this work was a mixture of Fe3O4 (wt.25%)
and Fe,03 (Wt.75%). The working electrodes, including the
occluded anode and the bulk cathode, were made from N80
steel with a chemical composition of (wt.%): C 0.24, Si
0.22, Mn 1.19, P 0.013, S 0.004, Cr 0.036, Mo 0.021, Ni
0.028 and the balance was Fe. An antimony (Sb) mini-
electrode and a Ag/AgCl mini-electrode [10] were used to
measure the pH and the C1™ concentration of the solution
in the OCC respectively. The test solution was 0.2 mol L'
NaCl and its pH was adjusted to 8.0 with a NaOH solution.
All solutions were prepared with analytical grade reagents
and distilled water.

Fig. 1 A schematic diagram of |
the OCC simulated cell (a) and
diffusion channel in the OCC
(b). 1-platinum wire electrode,
2-Sb mini-electrode, 3-Ag/AgCl
mini-electrode, 4,9-SCE, 5-
rubber plug, 6-occluded cavity,

The working electrodes were polished with emery
paper to 1000 grit and then cleaned with distilled water
and degreased with ethanol and acetone. The occluded
electrode was mounted using a PTFE screw at the bottom
of the occluded cell with an exposed area of 0.2 cm?. The
volume of the test solution in the OCC was about 1.5 mL.
The bulk cathode which was sealed with epoxy resin had
different exposure areas of 0.2, 1.0 and 2.0 cmz, respec-
tively, and was placed in the bulk solution (about
600 mL) which was exposed to air. The local corrosion
cells with different area ratios of the bulk cathode to the
occluded anode (R = S./S,) were thus established in the
OCC simulation cell. An auto-recording zero resistance
ammeter (ZRA) was used to measure the galvanic current
between the occluded anode and the bulk cathode. The
potential difference between the SCE and the Sb mini-
electrode as well as the Ag/AgCl mini-electrode was
measured every 2 h to determine the pH and Cl™ con-
centration of the solution in the OCC. The potentials of
the occluded anode (vs. SCE and inside the OCC) and the
bulk cathode (vs. SCE and in the bulk solution) were
measured along with the coupling time. All the experi-
ments were performed at room temperature and
continuously for 24 h.

2.2 EIS measurements

EIS measurements were performed in the OCC cell
shown in Fig. 1. The bulk cathode area was 1.0 cm?’.
After the occluded anode and the bulk cathode were
coupled for 0.5 h and 24 h the EIS of both electrodes
was measured using a IM6e electrochemical workstation
at different potentials (coupling potential E, and
E,, =20 mV). The frequency range was 10* Hz~
1072 Hz and the amplitude of the sinusoidal AC voltage
signal was +5 mV. EIS results were analyzed using
Zview2 software.

10

7-occluded anode, 8-PTFE
screw, 10-platinum foil
electrode, 11-bulk cathode,

1

12-diffusion channel, 13-bulk
solution, 14-sealing washer,
15-filter paper, 16-simulated

I 12
m

1617 15 14

scale and 17-PTFE washer
(Y. Zhu, Y. Qiu, X. Guo) (a)
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3 Results and discussion

3.1 The galvanic current density (/;) and chemical
component changes in OCC

Figure 2 shows variations of the galvanic current density
(Iy), which is the galvanic current divided by the area of the
occluded anode, with the coupling time (¢) at different area
ratios (R = S./S,). I, did not change direction during the
measurement period which indicates that the electrode in
the OCC always acts as an anode and suffers corrosion. R
had a marked influence on the I,.. In Fig. 2 the I, generally
fluctuates around a steady value when R =1 or 5 and
increases as R increases from 1 to 5. Under these conditions
no corrosion was observed on the bulk cathode after the
experiments as shown in Fig. 3a and b. At R = 10 the I,
was slightly larger than for R =5 initially and then
decreased until the end of the measurement. Under this
condition some local corrosion sites were found on the bulk
cathode as shown in Fig. 3c. Corrosion of the electrode in
the OCC occurs as soon as the occluded condition is pre-
valent so that the oxygen concentration in the solution
within the OCC decreases rapidly as it is consumed and is

—e—R=1, —0—R=5, —®—R=10
160 >\
O— o—o0
\®\$><O/o/ e o—o—C o~
I O< <2)
o 17T
5 e
< T
3 80
> | \
D,
40 - Te—e
.o Tt e e 5
0 4 8 12 16 20 24

t/h

Fig. 2 It curves at different area ratios of the bulk cathode to the
occluded anode (R = S./S,) (Y. Zhu, Y. Qiu, X. Guo)

Fig. 3 The corrosion
morphology of the bulk cathode
coupled with the occluded
anode of different area ratios (R)
after 24 h (Y. Zhu, Y. Qiu, X.
Guo)

(a) R=1

hardly replenished. While being coupled with the electrode
outside the OCC, oxygen differential cells may be estab-
lished, where the electrode in the OCC would act as an
anode because of its more negative corrosion potential and
the electrode outside the OCC could act as a cathode.
Figure 2 indicates that the occlusion effect in the newly
designed OCC cell started rapidly. Generally, the I, is
directly proportional to R and the potential difference
between the bulk cathode and the occluded anode [6]. I,
thus increases as R increases from 1 to 5.

When R increases to 10 the current density on the bulk
cathode decreases markedly. New corrosion areas (anodic
areas) are thus formed on the bulk cathode, as shown in
Fig. 3c, and the potential becomes more negative. Figure 4
gives the potential variations of the occluded anode and the
bulk cathode along with the coupling time under the cou-
pling state (R=10) in the OCC cell. The potential
difference between the occluded anode and the bulk cath-
ode falls with time and I, also decreases. The local
corrosion simulation in the OCC cell may be maintained at
a higher rate only when an appropriate R is selected.

Based on the above results, R =5 was selected for
further studies. Figure 5 shows the changes in /,, pH and

-525
—m— occluded anode
—0O— bulk cathode
-550 5y /D\D\D\D
\D
Z 575 ) I
N
w~ -600 k__./-\.\_\_\. oo
—n \D
| —
625 | e,
_650 1 1 1 1 1
0 4 8 12 16 20 24
t/h

Fig. 4 Potential variations of the occluded anode and the bulk
cathode with coupling time under the coupling state in the OCC cell
at R = 10 (Y. Zhu, Y. Qiu, X. Guo)

(b) R=5 (¢) R=10
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CI™ concentration of the solution in the OCC with coupling
time using different diffusion channels. One channel was
filled with the simulated corrosion scale and the other was
obstructed by filter paper.

As shown in Fig. 5b, the solution inside the OCC
becomes more acidic and chloride ions become more
concentrated as the coupling time increases. The decrease
in pH is rapid early on and gradually slows after 8 h. The
CI™ concentration, however, increases linearly during the
whole test period. The above results may be attributed to
the auto-catalyzing acidification process and its develop-
ment in the OCC. Whether the diffusion channels
contained the corrosion scale or not the auto-catalyzing
acidification process could be simulated in the newly
designed OCC cell.

The condition of the diffusion channel in the OCC cell
markedly influences the auto-catalyzing acidification
results. Compared with the diffusion channel obstructed by

corrosion scale. A decrease in pH, as well as an increase in
CI™ concentration, as shown in Fig. 5, indicates that the
auto-catalyzing acidification effect intensifies under this
condition. The above difference might result from the
physicochemical character of corrosion scales which will
be discussed in a further paper by the authors. We suggest
that the OCC cell and its diffusion channel, filled with
appropriate simulated corrosion scales, allows for an
investigation of underscale corrosion.

3.2 Electrochemical behavior of both electrodes

3.2.1 EIS of the occluded anode

Figure 6 shows EIS results of the occluded anode under
different conditions. The Nyquist plots in Fig. 6 display

two similar depressed semicircles with radii that change
markedly under different potentials. This shows that the

filter paper, I, was larger when it was filled with simulated  slight polarization (£20 mV) versus the coupling
Fig. 5 The variation of (a) I, 180 . 1.2
and (b) pH and CI™ —e—filter paper (@) 90 —e—pH (iiter paper); (b)
concentration of the solution in 160 . —o— simulated scale 85} —°7 gH (sfl.:nulated sc.ale), P 1.0
the OCC with coupling time in ol o Sor(fiter papen) ~
the OCC with different o . ~ N ~8= G- (simulated scale) Jos "
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Fig. 7 Equivalent circuit model for the occluded anode (Y. Zhu, Y.
Qiu, X. Guo)

potential (E.,) does not change the characteristic anodic
process on the occluded anode but its degree of anodic
polarization changes. From Fig. 6¢ and d two time con-
stants are present which correspond to anodic process on
the occluded anode.

Figure 7 gives an equivalent circuit model used to fit the
EIS data from Fig. 6 [11-13] where R is the solution
resistance, Ry is the resistance of the corrosion product
layer on the occluded anode surface, R; is the charge
transfer resistance and CPE; as well as CPEy; are constant
phase elements that correspond to the corrosion product
layer and the double-layer respectively. The fitting
parameters obtained are summarized in Table 1.

As shown in Table 1 R; is always very small and is
certainly much smaller than R, which indicates that the
corrosion product layer could not prevent the anodic pro-
cess. R, Ry, CPE; and CPEy do not change with different
conditions, but R, increases as the polarization potential (E)
decreases. Therefore, the anodic process is controlled by an
irreversible charge transfer process.

The occluded anode will dissolve continuously under
the coupling state and the auto-catalyzing acidification
process will occur and develop persistently. All these
processes result in a change of chemical state inside the
OCC and thus influence the anodic process on the occluded
anode. As shown in Table 1 the values of R, R;, CPE4 and
R, all vary as the coupling time increases. The slight
decrease in Ry may be attributed to the increase in ionic
concentration in the OCC. The decrease in R; indicates that
the corrosion product layer should loosen as corrosion

develops. This may be due to a decrease in pH within the
OCC. This actual electrode area may also become larger
and thus the CPEy may increase. The decrease in R, also
indicates that the active dissolution process of the occluded
anode becomes easier as the coupling time increases.

3.2.2 EIS of the of the bulk cathode

Figure 8 gives the EIS results of the bulk cathode under
different conditions. The Nyquist plots in Fig. 8 display
similar capacitive loops in the high frequency range and a
Warburg impedance in the low frequency range. These
general characteristics do not change under different
polarization potentials. The slight polarization (+£20 mV
vs. Eg,) does not change the polarization character of the
cathodic process on the bulk cathode.

In the OCC cell the cathodic process on the bulk cathode
consists of the reduction of dissolved oxygen (O,) in the
bulk solution. The oxygen diffusion process should influ-
ence the whole cathodic process. The Warburg impedance
arises and varies as the degree of cathodic polarization
changes. The EIS features shown in Fig. 8 can be described
by an equivalent circuit given in Fig. 9 [6, 14, 15] where Ry
is the solution resistance, CPE is the constant phase ele-
ment corresponding to the electric double layer, R, is the
charge transfer resistance at the metal/solution interface
and Z,, is the Warburg impedance. Fitting parameters are
listed in Table 2.

Figure 8 and Table 2 show that R; and CPE-T do not
vary markedly with polarization potentials and coupling
time. Z, — R and R, change with the polarization potential
and Z, — R, which describes the resistance of the O, dif-
fusion process, was about 4-5 times larger than R, We
conclude that the cathodic process on the bulk cathode
should be mainly controlled by the O, diffusion process.

4 Conclusion

(1) A new OCC simulated cell was designed to study the
underscale corrosion of N80 carbon steel in a NaCl

Table 1 Fitting parameters

obtained from EIS results in glo)up ling time E’I(I)lt\e/r)ltlals Z‘z cm?) (CI;PCEI; -2 ﬁg cm?) (Cl;PfI‘lj;,z) fé cm?)
Fig. 6 (Y. Zhu, Y. Qiu, X. Guo)
05h E., + 20 5.5 338 x 1073 7.9 9.14 x 1073 42.0
E., 9.9 1.59 x 1073 9.4 972 x 1073 70.1
E,, — 20 7.1 1.91 x 1073 11.8 9.70 x 1073 120
24 h E., + 20 2.1 3.12 x 1073 29 1.62 x 1072 31.1
E., 2.1 2.14 x 1073 2.3 1.61 x 1072 61.2
E 20 2.1 2.99 x 1073 2.8 1.71 x 1072 111

cp
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Fig. 8 EIS diagrams for the -300
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C:PEI study of the change in solution chemical components
11 as well as electrochemical behavior within the OCC.
R,
— 1 — (2) The area ratio of the bulk cathode to the occluded
R, Z. anode (R = S./S,) will determine the development of
] ] simulated local corrosion in the OCC cell. When R
was in a proper range the corrosion rate in the OCC

Fig. 9 Equivalent circuit model for the bulk cathode (Y. Zhu, Y. Qiu, could be kept at a persistently high level.

X. Guo) (3) The pH value of the solution in the OCC decreased
and chloride ions (C17) became more concentrated as
the simulated local corrosion developed in the OCC

solution. It was shown that the OCC cell could cell. Corrosion scale accelerates the above-mentioned
satisfactorily simulate the occlusion effect and the processes.

auto-catalyzing acidification process in underscale (4) The active dissolution process of the occluded anode
corrosion. It was also found to be convenient for the was controlled by a charge transfer process and the

:; ngwzd gg:;n%l%arr?;ﬁi:risn Coupling time Potentials R CPE-T R, Zw—R w— w—

2 -2 2 2 —12 2 —12 2 —12

Fig. 8 (Y. Zhu, Y. Qiu, X. Guo) (t/) (mV) (Qcm”) (Fcm™ ) Qcm’) (Qcem”s ) (Qem”s %) (Qem™ s )

For 0.5 h Ep +20 123 241 x 107 101 576 103.6 0.41
E¢p 12.8 291 x 107 134 701 83.6 0.48
Ep —20 124 3.64 x 1073 145 884 104.5 0.48
For 24 h Eep + 20 9.3 234 x 107 71 452 113.7 0.34
Eep 9.4 3.01 x 107 95 581 108.2 0.40
Ejp—20 92 351 x 1072 136 766 92.0 0.42
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cathodic process of the bulk cathode was mainly
controlled by oxygen diffusion.

Acknowledgment This work was financially supported by Henan
Technologies Research and Development Program (No. 0524270015).

References

1. Sarin P, Snoeyink VL, Bebee J et al (2001) Water Res 35:2961

2. Sarin P, Snoeyink VL, Lytle DA et al (2004) J Environ Eng
130:364

3. Tang ZJ, Hong SK, Xiao WZ et al (2006) Corros Sci 48:322

4. Gan Y, Li Y, Lin HC (2001) Corros Sci 43:397

(o]

10.
11.
12.

13.

14.
15.

. Ijsseling FP (1989) Br Corros J 24:55
. Cao CN (2004) In: Theories of corrosion electrochemistry.

Chemical Industry, Beijing, p 100

. Zuo JY, Jin ZQ (1982) J Chem Ind Eng 4:291
. Lei LC, Wang FP, Gao YM et al (2001) J Mater Sci Technol

17:355

. Ouyang WZ, Xu CC, Yue LJ et al (2004) Anti-Corros Methods

Mater 51:259

Yan MC, Weng YJ (2004) J Chin Soc Corros Prot 24:95

Hong T, Sun YH, Jepson WP (2002) Corros Sci 44:101
Bousselmi L, Fiaud C, Tribollet B et al (1999) Electrochim Acta
44:4357

Marin-Cruz J, Cabrera-Sierra R, Pech-Canul Ma et al (2006)
Electrochim Acta 51:1847

Chen Y, Hong T, Gopal M et al (2000) Corros Sci 42:979
Walter GW (1991) Corros Sci 32:1041

@ Springer



	Underscale corrosion behavior of carbon steel in a NaCl solution using a new occluded cavity cell for simulation
	Abstract
	Introduction
	Experiment
	The OCC simulated cell and measurements �of galvanic current
	EIS measurements

	Results and discussion
	The galvanic current density (Ig) and chemical component changes in OCC
	Electrochemical behavior of both electrodes
	EIS of the occluded anode
	EIS of the of the bulk cathode


	Conclusion
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


