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Abstract: A rectangle crevice assembly was used to study the effects of cathodic protection (CP) potential, crevice thickness, holiday
size, bubbling CO,, and surface condition on the chemical and electrochemical environment of the local solution under disbonded
coatings. It is found that the cathodic protection removes dissolved oxygen from the crevice and thus shifts the solution to a more al-
kaline state. Furthermore, the potential of the steel reaches the protected potential range. The available protection distance increases
with the negative applying potential. The steady potential and pH distribution are easily achieved, but the polarization degree is not
satisfied within the thinner crevice. The difference in the solution environment is found to correlate to the holiday size. The smaller
the holiday, the smaller the difference is. The presence of CO, inhibits the formation of an alkaline environment. It is also found that

the rust layer dramatically decreases the polarization rate in the crevice.
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1. Introduction

It is common to combine the applications of coating
and cathodic protection (CP) to protect buried steel
pipelines. The coating provides a barrier between the
environments and the pipeline steel, and thus protects
the steel from corrosion. However, pinholes and rup-
tures, called holidays, can be formed from either a
faulty coating application process, or mechanical
damage that occurs either during or after pipeline in-
stallation. The development of holiday leads to the
loss of adhesion between the pipe and coating in the
surrounding area. Water in the soil can then flow
through the holiday and into the crevice between the
pipe and disbonded coating, which leads to pipe sur-
face corrosion [1-2]. In several instances, the cathodic
protection lacks the ability to mitigate the corrosion
under disbonded coating, especially in the
low-conductance soil. This inability of cathodic pro-
tection to lessen corrosion is primarily because of the
fact that extra cathodic protection cannot provide
enough current to the holidays. Generally, it is thought
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that the coating acts as a shield against the cathodic
protection current [3]. The cathodic current must be
able to penetrate into the holidays in order to polarize
the steel to a potential of more than —0.85 V vs. the
cooper-cooper sulfate electrode (CSE). However, the
high potential drop of the solution results in the ca-
thodic protection invalidated within the crevice. The
reduce reaction of O, or H,O can generate alkaline
environment under the disbonded coating. A sensitive
potential and pH range of stress corrosion cracking
(SCC) are obtained [4-9]. However, overprotection is
not advisable owing to H, evolution on the surface of
the pipes. The enrichment of hydrogen atoms on the
surface can result in hydrogen brittleness [10-14]. The
electrochemical reaction caused by the cathodic oxy-
gen or water reduce reaction can generate OH . The
alkaline solution environment accelerates the loss of
coating adhesion.

In this article, the effectiveness of cathodic protec-
tion was evaluated by the results of the CP application,
holiday size, crevice thickness, CO, content, and the
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condition of steel surfaces in the chemical and elec-
trochemical environment.

2. Experimental

2.1. Materials and solution

The working electrodes were cut from samples of

X70 pipe steel. Its material composition is shown in
Table 1. All test solutions were composed of the lix-
ivium of soil. The pH of the solution was 4.6, the
conductivity was 0.28 mS/cm, and the composition is
listed in Table 2.

Table 1. Composition of X70 steel wt%
C Si Mn S Cr P Ni Mo Cu Nb Fe
0.0450  0.2400 1.4800  0.0001 0.0310 0.0170 0.1600 0.2300 0.2100 0.0330 Bal.
Table 2. Physical and chemical parameters of soil (25°C) wt%
cr SO% HCO; NO; Na' Mg* K* Ca**
0.0036 0.0018 0.0011 0.0030 0.0017 0.0002 0.0006 0.0008

2.2. Crevice cell

The crevice cell consisted of a 33.5 cmx7.5 cmx1
cm Lucite, which simulated the coating. A rectangle

thermoplastic shim was used to create the crevice (Fig.

1). The thickness of plastic shim was either 0.24 mm
or 0.9 mm, which controlled the thickness of the crev-
ice between the simulated coating and the steel. An
opening of either 3.5 cmx1 cm or ¢6 mm diameter
was made at 4 cm from one end of the board, which
served as a holiday. The sizes were dependent upon
the experiment conducted. Three ports through the
Lucite block were drilled at 5 cm interval from the
holiday. These ports helped to position the microelec-
trodes, which were used to measure the potential of
the steel plate, as well as the pH and oxygen content
of the crevice solution. A chamber filled with solution
was assembled at the end of the Lucite board and
above the holiday. The reference electrode (saturated
calomel electrode, SCE) and counter electrode (Pt)
were placed inside the chamber.

Counter eletrode
SCE

| Y

Microelectrode é
A )i

NW/N NN Yy~/s B

S |

Thermoplastic Crevice Steel Holiday Pedestal

O D = @ O = G
T - e W
s R i U

pH port \Oxygen port

Microelectrode
Fig. 1. Cell used to simulate a crevice under a disbonded

coating.
2.3. Measurements of pH and oxygen concentration

A commercially available needle-like pH electrode
and a dissolved oxygen microglass electrode were
used in the experiments. Both were pierced into the
ports on the Lucite to carry out measurements in site.

2.4. Electrochemical measurement

Potentialdynamic measurements were recorded
with an EG&G Instrument Model 2273. During the
measurements, the typical three-electrode method was
used. The scan rate was 1 mV/s ranging from —1.2 V
to 0.4 V vs. SCE. The solutions were purged with N,
for 1 h before the potential dynamic scanned. The
specimen was kept at —1.3 V vs. SCE for 3 min while
submerged in the solutions to ensure that the oxide
film was removed.

2.5. Bubbling CO, test and pre-corrosion test

The effect of CO, on the crevice corrosion of X70
steel under the coating was investigated. CO, was in-
troduced into the experimental solution through purg-
ing it with 5vol% CO, and 95vol% N, The crevice
corrosion was evaluated by measuring the potential
distribution and pH within the crevice when the CP
was applied. The effects of rust on the chemical and
electrochemical environment were studied, however,
the CP was not turned off. To create a crevice cell, the
solution within the crevice was first evaporated to
form the brown rust. Then, the soil lixivium was re-
filled.

All the processes listed above were carried out at
room temperature. All potentials were measured
against the SCE.

3. Results

3.1. Effect of applied cathodic potential (E;)

The effect of applied potential on the local solution
environment under the disbonded coating was inves-
tigated at three potential levels of —775, —1000, and
—1200 mV with a crevice thickness of 0.9 mm and a
holiday size of 3.5 cmx1 cm. The oxygen content in
the solution was 8.3 mg/L.

(1) At=775 mV
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The applied potential of =775 mV was measured by
the microelectrodes placed along the crevice. The po-
tential vs. time profile is shown in Fig. 2(a). The po-
tential at the holiday reached —775 mV quickly and all
the other positions which were 5 cm interval from the
holiday were stable after 12 h. The difference of the
potential in the crevice was slight. The changes of pH
(Fig. 2(b)) and oxygen concentration (Fig. 2(c)) within
the crevice were also recorded. The pH reached a level
of 10 at the holiday, 5 cm, 10 cm, and 15 cm positions.
However, the pH was 7 at the 25 cm position. The
oxygen concentration at the solution-iron interface
decreased rapidly.
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Fig. 2. Parameter curves of the steel along crevice area vs.
time for E., = —775 mV vs. SCE with a crevice thickness of

0.9 mm and a holiday size of 3.5 cmx1 cm: (a) potential (E);
(b) pH; (c) oxygen concentration.

(2) At—1000 mV

As shown in Fig. 3, The level of polarization de-

creased with the crevice depth increasing. The poten-
tial gradient within the crevice reduced with the time
change. In order to study the effects of no CP in the
crevice, the protected potential was turned off after the
experiment was run for 58 h. This increased the po-
tential of the holiday to the maximum positive level,
while the potential of the crevice bottom was the most
negative. This demonstrated that the speed of increas-
ing potential was the fastest at the holiday. The initial
potential distribution trend was recovered when the
cathodic potential turned on again after being off for
61 h, and the potential gradient along the crevice in-
creased slightly.
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Fig. 3. Parameter curves of the steel along crevice area vs.
time for E.,=—1000 mV vs. SCE with a crevice thickness of
0.9 mm and a holiday size of 3.5 cmx1 cm: (a) potential (E);
(b) pH; (c) oxygen concentration.

The pH values at various positions are shown in Fig.
3(b). For 12 h, the pH levels increased steadily,



528

though the pH changed at the crevice bottom lagged
behind. After 12 h, the pH near the crevice mouth sta-
bilized, but that of the crevice bottom continually in-
creased for up to 60 h. During the time that the CP
was turned off, the pH at both the 25 cm port and the
holiday dropped by approximately 4 units. When the
CP was turned on again, the pH returned to its former
level. Fig. 3(c) shows the oxygen concentration re-
corded simultaneously. The oxygen concentration in
the crevice decreased quickly and it was hardly af-
fected when the CP was off.

(3) At —1200 mV
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Many small bubbles were generated at the holiday,
5 cm, and 10 c¢m crevices when the applying potential
was at —1200 mV. Fig. 4(a) shows the potential vs.
time graph. It was noted that the potential of the holi-
day dropped below —1300 mV. The potential in the
crevice fluctuated owing to the generation of hydro-
gen. The pH values at various positions are shown in
Fig. 4(b). The pH of the crevice bottom increased rap-
idly, but the pH distribution in the crevice was uni-
form. The oxygen content (Fig. 4(c)) was similar to
those of the —775 and —1000 mV applied potential.
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3.2. Thinner crevice

Fig. 5(a) shows the distribution of the potential
between the 0.24 mm crevice which has the —1000
mV cathodic protection potential and the 3.5 cmx1 cm
holiday. It was clear that a superior polarization level
directly correlated with a thicker crevice. Except for
the 5 cm position, there was hardly any potential gra-
dient within the other crevices. The potential of all the
positions above 5 cm remained at a polarization level
that was nearly equal to the 25 cm position. The po-
tential of 5 cm was more positive than that of the
thicker crevice. The pH within the 0.24 mm crevice
(Fig. 5(b)) increased rapidly at a slightly faster pace
than within the 0.9 mm crevice. The oxygen content
of the thinner crevice is shown in Fig. 5(c). The
amount of oxygen within the bottom of the thinner
crevice was slightly lower than that in the bottom of

the thicker crevice.
3.3. Smaller size holiday

In order to study the effects of various holiday sizes
on the environment under the disbonded coating, a 6
mm diameter hole was created and served as the holi-
day with the —1000 mV cathodic potential and the 0.9
mm crevice thickness. Both the potential gradient (Fig.
6(a)) and the polarization level of the smaller holiday
decreased in comparison to that of the larger holiday.
The pH (Fig. 6(b)) was more uniform and achieved
stability faster than that at the larger holiday. The
oxygen content (Fig. 6(c)) was found to be reduced
within the larger holiday crevice.

3.4. Bubbling CO,

It is well known that soil contains carbon dioxide
from decaying organic matters. Thus, it is not surpris-
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ing that the solution found within the vicinity of pipe-
lines contains carbon dioxide related species. Fig. 7(a)
shows the potential measurement results. The poten-
tial at the holiday decreased to —1000 mV. All other
crevice potentials remained essentially static at —=710
mV. The CP was turned off after 60 h and the results
compared to the previous experiments. Again, the po-
tential at the holiday increased positively. However,
the others remained at approximately the same value.
Fig. 7(b) displays the corresponding pH distribution.
The crevice obtained pH of 7, but in the holidays only
obtained a pH of 6 throughout the entire experiment.
Turning the CP off had no effect on the pH.
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Fig. 5. Parameter curves of the steel along crevice area vs.
time for E., =—1000 mV vs. SCE with a crevice thickness of
0.24 mm and a holiday size of 3.5 cmx1 cm: (a) potential (E);
(b) pH; (c) oxygen concentration.

3.5. Pre-corrosion steel surface

During the dry season, water which is trapped un-

derneath the disbanded coating can vaporize and
hence create rust upon the steel surfaces of the pipes.
During the wet season, the soil lixivium is saturated
with water and seeps underneath the disbonded coat-
ing. Fig. 8(a) shows the distribution of the potential.
The potential on the pre-corrosion steel advanced at a
slower pace than that of the bare steel. Furthermore,
the potential gradient within the crevice was dimin-
ished. The acidic level of all conditions tested rapidly
increased to a pH of over 10, while the oxygen content
was relatively small.
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Fig. 6. Parameter curves of the steel along crevice area vs.
time for E.,=—1000 mV vs. SCE with a crevice thickness of
0.9 mm and a holiday size of $0.6 mm: (a) potential (E); (b)
pH; (c) oxygen concentration.

3.6. Polarization curves

The oxygen content was low and the pH ranged
from 7 to 11 within the crevice. A set of polarization
measurement was carried out to characterize the elec-
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trochemical behavior of the X70 steel. The results are
shown in Fig. 9. Deaeration and alkalinity caused the
open cell potential of the steel to become more nega-
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tive. When the pH was reached 9, the anode curve in-
dicated passivation. The passivation range widened
with the pH increasing.
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Fig. 7. Parameter curves of the steel along crevice area vs. time for E,,=—1000 mV vs. SCE with a crevice thickness of 0.9
mm and a holiday size of 3.5 cmx1 e¢m in Svol% CO,+95vo0l% N, condition: (a) potential (E); (b) pH.
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4. Discussion
4.1. Potential distribution

In this study, the cathodic protection potentials
were —775, —1000, and —1200 mV, which were insuf-
ficient, moderate, and over the protection level, re-
spectively. Regardless of the position, the polarization
degree always increased with the more negative ap-
plied potentials.

The potential of =775 mV was the cathodic protec-
tion potential that the National Association of Corro-
sion Engineers (NACE) recommended for carbon steel.
However, the conductivity of the soil lixivium was so
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Fig. 8. Parameter curves of the pre-corrosion
steel along crevice area vs. time for E, = —-1000
mV vs. SCE: (a) potential (E); (b) pH; (c) oxy-
gen concentration.

low that the cathodic current could not reach the crev-
ice bottom owing to the potential (IR) drop. Accord-
ing to the polarization curves, it was both oxygen de-
pletion and the alkaline environment that were re-
sponsible for the anode dissolution condition of the
steel within the crevice. The solution within the crev-
ice was observed green when the experiments were
completed. While the applied potential increased to
—1200 mV, there were a number of bubbles forming at
the holiday from hydrogen reduction. The bubbles
blocked the cathodic current flow into the crevice,
which resulted in the potential at the crevice bottom to
be less than -900 mV.
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Fig. 9. Polarization curves of X70 steel at different pH
valuse.

The potential results in the crevice were attributed
to the higher oxygen content in the solution at the ini-
tial stage. When the steel was polarized cathodically,
the thermodynamically favored electrode reaction was
O, reduction.

0,+2H,0+4e — 40H" (1)

This electrochemical process led to the oxygen
concentration difference between the crevice and the
holiday. The rate at which oxygen diffused from the
holiday to the crevice was considerably slower than
the chemical reaction. Thus, oxygen diffusion was the
control step. The difference in oxygen concentration
coupled with the high resistance of the solution within
the crevice resulted in the potential gradient. The
higher applied potential was caused by H,, which was
formed from the following reaction:

2H,0+2¢ — 20H +H, )

The potential gradient ranged from 30 mV with an
applied potential of =775 mV to up to more than 200
mV with an applied potential of —1200 mV. There was
no other cathodic current that could flow into the
crevice when the CP was off. Though the potential at
the holiday immediately increased to almost 500 mV,
the potential at the crevice bottom remained continu-
ous. This distribution of the potential gradient illus-
trated that the crevice bottom was more negative than
the holiday. This was a direct result of the polarization
within the crevice created by the oxygen concentration
difference within the cell. It created a current flow
from the crevice bottom to the holiday. The polariza-
tion was weakened by the applied current when the
CP was on.

4.2. pH change during cathodic protection

The steel in the crevice was in the anode dissolution
condition with applying —775 mV. Though reaction (1)
was expected in the cathodic filed, the steel as an an-
ode can also be oxidized.

Fe — Fe*'+2e 3)

Reaction (3) can produce a chemical reaction of
hydrolysis, which is often referred to as the acidifica-
tion reaction in crevice corrosion [15].

H,O+Fe*’— FeOH +H" (4)

The steel was passivated and under the protected
potential as the result of the alkaline environment
formed when it shifted to a more negative potential.
However, the hydrogen evolution reaction occurred
and the pH increased when the applying potential was
—1200 mV. The higher pH in the crevice accelerated
the degradation of the coating and served as a repre-
sentation of the conditions during the dry season.

Initially, the pH increased rapidly, and then it
gradually leveled off. The pH in the crevice correlated
to the oxygen content owing to the presence of hy-
droxyl ions (OH") generated from the oxygen reaction.
It was difficult for the oxygen to diffuse into the crev-
ice, and this concentration difference created the pH
gradient. The oxygen reaction at the crevice bottom
occurred at a slower rate; therefore the pH at the crev-
ice bottom was lower than that in the holiday. More-
over, the anode dissolution process was almost com-
pletely inhibited under the cathodic polarization. Un-
der the condition, the hydrolyze reaction that gener-
ated H' on the steel could not occur. At the same time,
a cathodic reduction reaction can be expected in the
negative electric field [14] as

O, +4H +4¢ — 2H,0 (5)

Turning the CP off had remarkable effects on the
solution environment within the crevice. When the
cathodic current was turned off, reaction (1) stopped.
The ions in the solution diffused under the influence
of the concentration gradient, and OH diffused out of
the crevice. The steel potential within crevice was
within the anode region, and thus local corrosion oc-
curred. Ferrous hydrolyzation caused the pH decrease
within the crevice.

4.3. Effect of crevice thickness

Both 0.24 and 0.9 mm crevices were studied for £,
= —1000 mV vs. SCE for a 3.5 cmx1 cm holiday. It
could be seen from the above experimental data that
the polarization level inside the thinner crevice was
considerably lower than that within the thicker one.
However, the rate of pH increase was accelerated.
This was owing to the limited solution volume within
the thinner crevice and the diminished oxygen content.
O, was rapidly consumed, which resulted in a large
decrease in O, reduction kinetics [12]. Compared to
the thicker one, the solute exchanging between the
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crevice and outside solution was insufficient This
made it difficult for the cathodic current flow to enter
the crevice, and thus the anodic dissolution kinetics
was increased.

4.4. Effect of holiday size

Overall, the variations of holiday size primarily af-
fected the level of the polarization and alkalinity
achieved. The measured potential gradient for the 6
mm holiday was lower owing to a slower rate of oxy-
gen diffusion into the crevice. The decrease in oxygen
concentration resulted in a more uniform alkaline en-
vironment inside of the crevice. The pH of the smaller
sized holiday was lower than that of the larger.
Though the volume of solution remained the same, it
was found that the smaller the exposed area, the lower
the pH was. This was because the exposed surface was
where oxygen reduction took place.

4.5. Effect of CO,

Under the conditions with 5vol% CO, and 95vol%
N,, the potential in the crevice hardly changed with
time. The hydroxyl ions that were derived from the
cathodic potential resulted in a pH of up to 7 within
the crevice at the initial stage. After the initial stage,
the pH then stabilized. This indicated that there was
resistance in increasing the pH past 7. The presence of
CO; not only promoted hydrogen evolution, but also
inhibited the alkaline environment. This could have
resulted from the following chemical reactions [10].

Anodic:

Fe—2e = Fe** (6)
Cathodic:

CO,+H,0 = H,CO; (7

H,CO;=H*"+HCO3 (®)

HCO3=H*+C0%" 9)

Fe2*+CO2-=FeCO3 (10)

FeCOj; precipitated on the steel with the form of a
corrosion product film. The continuous bubbling CO,
promoted the cathodic reaction, which led to the steel
dissolution. According to the Nernst equation, the ac-
tivity ratio of Fe*" and CO2" remained a constant,
therefore, the potential had no change during the ex-
periment.

There was a balance between the continual intro-
duction of CO, and OH ions, which were derived
from the cathodic reaction and their role in maintain-
ing the pH at 7.

Turning CP off had no effect on the potential and

pH inside the crevice because of the absence of the
oxygen concentration gradient.

4.6. Effect of surface state

The trapped water under the disbanded coating
would vaporize and rust was on the steel surface dur-
ing the days of water shortage. During the rainy sea-
son, there was full soil lixivium under the disbanded
coating. The level of the polarization for the
pre-corroded steel surface was considerably lower
than the bare steel surface because the loose corrosion
products prevented the cathodic current from reaching
into the crevice. The rust X-ray diffraction (XRD)
showed that the FeO(OH) oxidization reaction con-
sumed part of the available oxygen supply, and thus
caused a reduction within the polarization rate. This
could be proved by the metamorphosis of the
red-brown rust into the black corrosion products
(XRD showed Fe;04). Stratmann, et al. [16] consid-
ered that rust was transited by the intermediate prod-
uct Fe** in the acidic environment. In response, the
Fe?" ions can generate Fe;O, in the following reaction:

FeO(OH)+H +e — Fe:OH-OH (11)
Fe:OH-OH+FeO(OH) — Fe;0,+2H,0 (12)

While the pre-corroded steel was drying, the alka-
line environment could not be maintained because the
CP was off. This promoted the local cell reaction
when oxygen entered the porous corrosion products.
When the acid solution was filtered off from the crev-
ice again, the pH increased rapidly (pH = 11) by the
use of reactions (1) and (11). This revealed that the
cathodic reaction within the crevice still reduced oxy-
gen first. This proposition was also supported by the
oxygen content measurement. In the alkaline envi-
ronment, the majority of the oxygen that diffused into
the crevice took part in the rust oxidization reactions
in succession, and thus resulted in a constant pH
within the crevice.

5. Conclusions

(1) The cathodic protection potential for X70 steel
in the acidic soil environment is —1000 mV vs. SCE or
more negative. The potential within the crevice drops
and the available protection distance increases with
the negative shift of the applying potential.

(2) The steady local solution environment is ob-
tained easily in the thinner crevice, but the polariza-
tion level at the crevice bottom is insufficient.

(3) The presence of CO,; inhibits the formation of
the alkaline environment, which leads to the
near-neutral pH inside the crevice.
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(4) The rust layer on the steel reduces the polariza-
tion speed. The pH increases rapidly and is stabilized
because of the porosity of the rust layer.

(5) The cathodic protection potential notably
changes the chemical and electrochemical characteris-
tics of the ground water solution under the disbonded
coating. The transformation processes experienced
under different conditions inside the crevice are ac-
cordant. These processes include potential decreasing,
pH increasing, and oxygen exhaustion.
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