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have been proposed to calculats _thﬁ

ABSTRACT
' distribution om the surface of complex
Anodic and cathodic polarization structures such as offshore omnes |1-3|.

measurements were carried out in 3.5%
NaCl eolut:l.on on APT 5L grade X65 steel

nomonly used for offshore structures.

Tests were performed on a rotating disk -

electrode and both potentiodynamic and
potenfiostatic polarization methods were
employed. An analytical expresgion for
the polarization curve i1s proposed to
describe boundary conditions on the ca-
thode for current and potentia]; distri-
bution calculations. 'The parameters of
this expression are diacussed and obtai-
ned directly from exper:lmental polariza-

tion curves.
INTRODUCTION
During the last few years, mathema-

tical modelling of. curremt and potential
distribution has been widely studied to

improve deaign methods for the cathodic.

protection of offshore struetures.

this purpose, several numerical methods

For -
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. Tha distribution can be obtained
vesolving the Laplace equation in the
environment . surrounding the structure
and imposing that the. solution satisfies
the bouyndary conditions, On the surface
of the .

such conditions relate the metal/envi-

anodes and of the structure,

ronment potential to the circulating
density . .with
polarization curves of the materials.

On anodic . materials, simplified.
conditione derived £from the characte-
.of the cathodic
system are taken into account. So,

current and coincide

ristics protection
for
impressed current systems the value of
the current is imposed on anodes, while
sacrificial anodes can be assumed to
operate at constant potential {(non pola-
rizable anodes).
. In p:def to assign the boundary
. usually
it is

conditions on the structyre,
made of carbon and mild steels,

necessary:
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i) to describe the polarization curve-by
an analytical expression ,

ii) to determine the influence of the va-
rious environmental factors on the pola-
rization curve and to predict its time
dependence,

Then, current and potential distri-
bution calculation requires an accurate
evaluation of the polarization characte-
ristics of carbon steel in sea water,
This cannot be obtained nowadays due to
the lack of sufficiently reliable experi-
Moreover, general improve-
cathodic

mental data,
ment of design methods for
protection also calls for such better
evaluation.

The. electrochemical behaviour of
fron and,. of steels

has been widely studied in the past, but

to a lower extent,

few data are available on the polariza-
tion curves in chloride solutions with pH
values similar to that of sea water | 4|
or higher than 3 |5
is a lack of data in sea water. In this

. Furthermore, there

environment, owing to the formation of a
study of the
difficult

because of the time dependence of the

calcareous deposit, the

polarization curves 18 more
curves themselves., With regard to this,

some models taking into account the
effect of the deposit growth have been
[6,7 | just to define

the boundary conditions.

recently proposed

The aim of this work was to define
the boundary conditions 1in order to e-
stimate current and potential distribu-
tion on a catﬁodically protected struc-
ture., It is part of a systematic research

carried out with the collaboration of

Tecnomare, Snamprogetti and Agip to
develop new design methods for cathodic
protection of offshore structures. In
particular, the cathodic behaviour of a
structural steel in the absence of any
calcareous debosit waes studied to check
the effectiveness of a mathematical model
|8]|. The data obtained can be considered
to maintain a certain validity also for a
real structure during the initial polhri—

zation in sea water,

when calcareous
deposite are not yet formed.

ANALYTICAL EXPRESSION OF THE POLARfZATION
CURVE

The polarization curve has the typi-

cal ghape shown in Pig. 1. Such curve
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Fig. 1 - Representative polarization cur=-
ve(solid line) and partial reactions for
Fe in aerated 35 g/l NaCl.
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results from three processes: the anodie

metal dissolution and the cathodic
redictions ‘of a:ygen;:edhction and hydro-
_ gen evolution. Assuming that the partial
procesges . occur . auniformly  .emd - inde-

pendently and summing the respective cur-

rents, the pelarization curve .can be
mathematically representéd by the .express

sion |9 k

i= IFéexp(E/BFe)_; i —.;Hexp(-E/BH)_ (1)

where the contributions of the three pro-
cesses are written supposing that both
the steel dissolution and the hydrogen

evolution .occur according to Tafel law

and the oxygen reduction . takea Jplace.
under limig;pg_cgzzpntjcqn¢i;1qn§ so that

its rate can be simplified as a constant
tern, 1. Other expressions have aleo
been suggested |107121. A

Owing to the complexity of biole-

gical, chemical and physical phenomena
involved, it is impossible to evaluate

theorqgjg;lly the parameters of above
expression in ng;uralf environment, but
they should be obtained as described in

Fig. 1 from field data oprolar;;gﬁiqni
curves. However, under simplified qpﬁd;f
tions the parameters necessary to descri-

be the curve can be obtained from litera-
ture data and laboratory tests. So,;for

sandblasted or pickled and not precorro-

ded steel, that 1s in the absence of any .

aurfacg_dgpogi;hzthg following values are
reported for steel digqq}qtiqn in chlori-
de solul:;o_;_a_“l:= '

Fe

I, = 1.5;19_7_A4cm2__ s, Bgg ™ RI/F WY,
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(the temperature is in °K, and the poten-
tial in Eq.(l) is referred to the satu-
The
expreqs;oq_given for B?.ncoqrequnds to
a Tafel slope of about 60 mV/decade at
20°C. ThgsgVparansterivaiues“have,been
obtained in  0.1l+1.54 NaCl
with pH values ranging between 3 and 8.5

rated calomel electrode, -$CE);

solutions,

and . temperatures. between 19 and 23°C,
Furthermore, fox hydrogen evolution the
cbtained in_ 0.1+4M
NaCl golution with pH ranging from 5 to

following values,
10 and at .temperatures between 19 and
23°¢, axe reported |4|:

1=8x10""* A/cu®

Bg=RT/0.3F =V (Tafel slope®120 nV/decade)

. .For. potentials wore negative than
-1100 mV. (SCE) or pB valuas_higher than
10 the Tafel slope increases up to 140+
165 wV/decade (at 20°C) |4|. Elsevhere,
values of 174 mV/decade are reported |5 |.

In the absence of any deposits, the -
oxygen limiting current denai:y,mg;nly

depends or convective oxygen mass trans-

port to the metallic surface and hence
it _depends on environment velocity,
etc.

oxygen content, temperature, S0,

this parameter can be theoretically
figured out only for simple geometries
by means of expressions usually given in
texms  of dimensionleas numbers, whereas
generslly it must be obtained experimén-
tally. In the work by Selman and Tobias
|12 | several expressfons for the limiting

current density calculation are reported.
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EXPERIMENTAL METHOD

Tests were carrled out on a rotating
disk electrode made of C-Mn steel type
API SL grade X63,
offghore structures, with composition in
wt Z: € 0,07, Mn 1,57, si 0.28, P 0.019,
§ 0.011, Al 0,027, Nb 0.05, Cu 0.012, Cr
0.22., Tests were conducted at temperatu-
res between 10 and 23°C in both aerated
and deaerated 35 g/l NaCl sclution with
pH 8.2 (that is
synthetic sea water), using an electro-
chemical cell similar to that of the ASTM
slightly modified to

contain more solution (2 1). A saturated

commonly wused for

equal to the pH of

G5-82 procedure,

calomel reference electrode and a plati-
num counter electrode were employed. The
steel electrode was abraded to 1000 mesh
finish using emery paper, washed with
distilled with
acetone, Before the test, at least 1.5 1

water and degreased
of solution were saturated in the cell by
air or nitrogen bubbling for about one
hour. Then the rotating disk electrode

was introduced 1into the cell and the
steel cathodically polarized for some
minutes at -700 mV (SCE).

Two different typés of tests were
conducted:
i) potentiodynamic tests at & scanning
rate of 10 mV/min and at a given rotation
speed (4.3, 25, or B3 Hz),
1i) potentiostatic tests, in which steady
state circulating current was measured at
various rotation speeds (ranging from O

to 83 Hz).

504

" values

RESULTS AND DISCUSSION

Figures 2 to 4 show some potentiody-
namic polarization curves.

The results of potentiostatic tests
were transformed in terms of dimension-
less numbers [12-13| by means of the

following expressions:

. ir
Sh -
erwood number (Sh) =
27 2'f
Reynolds number (Re) = -—5——
Schmidt number (Sc) = —%—u

where r and f are the radius (11,1 mm)
and the rotation frequency of the disk
electrode, D and C the diffusion coeffi-
clent and the concentratfon of dissolved
oxygenand v the kinematic viacosity. The
of the diffusion coefficient,
concentration of oxygen dissolved in air
saturated solution and kinematic ii—
scosity were obtained interpolating 1li-
terature data |l4[. Some results exprea-
sed as dimensionless numbers for the
steady state currents measured in poten-
tiostatic tests as well as for the
limiting currents obtained from potentio-
dynamic curves (flex points), are shown
in Fig, 5.

From the results of the potentiosta-
tic tests, it follows that at potentials
ranging between -800 and -1000 mV (SCE)
the Sherwood number is a linear function
(in logarithmic scales) cof the Reynolds
number and of the Schmidt number. The
experimental datas agree quite égll with
the following theoretical exprasQibn va-
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Fig. 2 - Potentiodynamic cathodic polari-
zation curves for API 5L grade X65 steel
rotating disk in aerated 35 g/l NacCl, pH
8.2, 20°C, rotation frequency as indi-
cated. : o
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Fig. 3 - Potentiodynamic cathodic polari-
zation curves for API 5L grade X65 steel
rotating disk in deaerated 35 g/l NaCl,
pi 8.2, 20°C, rotatien frequency as
indicated, S
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The measured current density, which in

practice can be ident:l.f:l._cd with the li-
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‘Fig. 4 < Potentiodynamic amdic polariza-

tion cutvés for API SL grade X63 steal
rotating disk in both aerated and dsaers-

ted 35 g/1 WaCl, pH 8. 2, VZO‘C, rotation

frequency as indicated,
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Pig. 5 ~ Relatiorn betwsen Sherwood number

and Raynoldg number for API 5L grade XA5 .

steel rotating disk in aeratcd 35 g/l

NaCl, pH 8.2, 20°C, Sc = 492.

{0) . limiting currsut density from po~

' l:tnt:l.odynn:l.c tests (flex points)

(=) “Steady stste ‘current -density in po-
tentiogtatic tests, potential as
indicated

(=) Theoretical relation, Eq. (2)

miting current density at the considered

_potentiais, increases ons order of 'nsnl:le-

tude when rotation frequency increamsss
from 0 to 83 Hz, '
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Fig., 6 -~ Relation between steady state
current density in a potentlostatic test
at -1200 mV (SCE) and Reynolds number
for API 5L grade X65 steel rotating disk
in deaerated 35 g/l NaCl, pH 8.2, 20°C,

The current density values measured
at -1200‘ mV (SCE) are higher than the
values obtained from Eq. (2) and those
measured at more positive potentials,

because the contribution of hydrogen

evolution to current 1is
noticeable at -1200 mV. At this poten-

tial,

circulating

the Reynclds number has a lower
influence on the Sherwood number: so, the
current density becomes only 445 times
higher- the

increases from O to 83 Hz

when rotation frequency
‘(Frig- 5).
Moreover, under deaerated conditions the
current density :I.s 'no‘t highly depéndent
on' Re and it increases only twice when
the frequency wvaries from'ﬂ_ to 83 Hz
(fig. 6). This slight inecrease could be
the

mainly attributed to experimental

conditions adopted, owing to a low

content of oxygen still present in the

solution.

The results of the potentiodynamic
tests are in good agreement with poten—
tiostatic polarization data.
the

The rota-

tion speed affects intermediate
vertical branch of the polarization
curve in correspondence to the o:iygo;x
(Fig. 2). At ‘ore

the effect of the

limiting cur_rezit
negative potentials,
rotation speed decreases and the curves
obtained at different rotation speeds
The
between the curves observed at poten-
tials more negative tham -1000 mV (SCE)

can be attributed also in this case to

approach each other. difference

the effect on the oxygen Limiting cur—
rent; in fact, if the limiting current
density is deducted (fig. 7), the remai-
ning current density, due only l:.o the
hydrogen evolution, does not depend on

the rotation speed. At more positive

potentials, the anodic potentiodynamic
curves (Fig. 4) do not vary with rota-
04— . trrrrobe——r
=200 - J|.
400 |
a -800 + 1
4
3 em 4
=1000 A A . -
~1200 4 \
~1400 et bbb, st
1 10 100 1000 10080 160000

Fig. 7 - Current due to hydrogen evolu-
tion obtained after subtracting oxygen
limiting current from total current of
polarization curves (i=f(E)}) reported in
Fig. 2. Experimental conditions as in
Fig. 2. :
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Fig. 8 - Cathodic polarization curves for
APT SL grade ‘X65 gtiéel rotatimg diek’ in
aerated 35 g/l NaCl, pH 8,2,.20°C,
synthosized through Eq. (1) with liniting
curcent from experimental corves of Fig.2:
tion opeod. wlurons“ the frde corrosion
potential seems slightly to increase. .-~

Pelarfzation -

through Eq.

curves
(1}, assuming ‘the abbve—msn—"
tioned values  for the IF v Be Iy
and BH -parameters and ‘the Yimitimg
curreat densities - resulting from: the
experimental curves of “Pig. -2, are showa:
im- Fig. - 8. :Moxeover; this figure:pives
the thrée components of the total corrent
(thin- 1ine), Comparing Fig.: 2 with< Fig.
8, the good egresment betwean the experi~
mental  and: the theoretical:
‘negativé thax ' <700 - aV:
(SCE) has to be pointed out. At potant.
tials more positive than =700 =V the
polarization  curwe calculated: -on- . the!
basis :of - Eq. ::{1l) deviates . from: - the:
experimental ecwrve. 'The -weesuresd :free:
_corrosion  potential is. 80-:mV  higher:’
This can - ba’ -unly attributed:' ‘to the
steel dissolnt:lon processs In: fece,- wuder

potantials more:

aerated conditions and at current densi-

gurves for-

ealculated.
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ves are shi&e?\x;y 80 mv Iy “the anodié

direciion’’ S ind

tions and after. cathodic activation at
-1200 mY (SCEj tﬁc "er'untni and the
theoretical curvos co{ncide (1"133. § and
3 LA

Only under deaerated condi-'

Turnbuil and Gardner ]4| i taking

into account aIso the work of ‘other
authors, suggeit that oxide film forna—

tion occurs ‘at potentials between -580'

and =700 ?nV(_SCiI), especiqlly at p"ﬂ
values higher' than 10. At lower pH
values the phenmnon {s" less evident.

however it 1s apprec:l.able at 8.5,

'From the results ‘of our tests, the

free corrosion potential falls within

the range in which the oxide film
fomtidn ‘can occur. ﬁbéé‘éﬁer, “undér
aerated con“ai“t ions ‘the h:lmuft"aﬁéoué )

oxygon reduc?tion renction ‘should faci1i-
tate ‘the ‘Film oi” the cotrosion pr’oducts‘

formation,

which can hinder both™ “the

aﬁodic and t”he cathodlc reactions. Last,'

at’ Buck positive pofentials the oxygen'

reduction is no more under
current
cannot be simplified as a constant term
i,
more complex expression

but it must be represented by =&

The comparison between Fig. 2 and
Fig. 3 shows ¢the  effect of ‘dissolved

oxygen on the .

limiting‘
conditions so that {ts rate

gathodic = polarization.

curve. As the 11&1519; cul:rent dons:l,ty:

decreases due to the reduction in the
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oxygen hydrogen

evolution becomes evident at wore positi-

concentration, the

ve potentials and the polarization curve
ig less influenced by the ro;ation speed,
The experimental curves approach the
Tafel stright line for h}ﬂ;ogen evolution
better than those obtained under aerated
conditions.

The potentiodynamic curves at 10°C
are not very different from the curves at
20°C, Both the limiting current density
{(according to Eq. (2)) and the free
corrosion potential remain practically
unchanged. For the rotating disk electro-
de, the effects of the increase in oxygen
content and of the decrease (n mass
tranaport coefficient from 20 to 10°C
practically compensate each other. At
potentials more negative than -1000 mV
(SCE), the curves at 20 and 10°C become
pignificantly differemt in that the
hydrogen evolution seems to occur at more
negative potentials as temperature
decreases., As far as. the analytical
expression of the polarization c;rve is
concerned, the Tafel slope, that is the
BH parameter, varles with. temperature
according to RT/0.5F, while a
calculation gives the approximate value
of 1.4x10-14A/cm2 for the IH pa-

rameter at 10°C.

rough

CONCLUSIONS

1) The amalytical expression:

1(A/en®)=1.5x10’ exp (FE/RT)~
LL-sxlo'“‘exp(-o.suIR'r)

can describe the cathodic polﬁrization
curve of a carbon steel in 3.5I NaCl so-
lution at 20°C in the potential range
between -700 and -1200 mV vs SCE.

i11) For the rotating disk electrode the
limiting curreant density for oxygen re-
duction is given by the expression :

She0.621(140.298 sc1/34+0.14514 sc -1

~2/3
.Rel/2 gc1/3 '

)

P

1i1) For potential values more positive
than ~700 mV vs SCE, the above analytical
expression does not reproduce the expefi—
mental polarization curves and the expec-
ted free corrosion potential ias 80 =V
lower than the experimental one. This is
probably due to film formation on-fhe.
steel. Moreover, the oxygen reduction
does not occur under limiting currest
cbnditions at these positive potentials.
However, such differences can be disye-
garded because under cathodic protection
the steel is polarized at potentials more
negative than ' ~800 mV va SCE., On the
contrary, such differences must be taken.
into account if insufficiently polarized
areas are present on the structure, as
it could happen during initial polariza-
tiom.

iv) Decreasing temperature, the hydrogen
evolution seems to.occur at more negative

potentisl values. The pre-exponential

factor IH (equal to BxIO-IAA/cnz -.at
20°C) changes with

temperature and -
becomes about 1.4310-14A/cnzAat 10°c.
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