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ABSTRACT

Corrosion study of structural steel in marine environment is an important
parameter for design engineers to predict life of structure. Marine corro-
sion of steel isacomplex processasit isinfluenced by so many parameters
of salinity, sulphate, bicarbonatesions, pH, temperature, dissolved oxygen
content etc. These parameters also vary quite lot depending geographical
locations of the structure as well as various depths of sea water in which
parts of the structures are immersed. It would be interesting to find and
predict rate of corrosion of structural steel with any combinations of those
variables by performing few laboratory experiments. In the present paper
attempt has been made to devel op a softwareto find corrosion rate of steel
as functions of combinations of so many variables data fit for a given
geographical location in an ocean., by performing some laboratory experi-
ments based on factorial design of experiments. 3D mapping of corrosion
of steel as function of two variables,(keeping other variables fixed) have
been generated. Endeavors have also been made to predict corrosion rate
of mild steel at aparticular geographical location and compare it with real
field study fromliterature. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

Thegeographicd varidioninthecorrosvity of natu-
rd seawater resultsfromvariation of sainity, tempera-
ture, dissolved oxygen concentration and presence of
variousother salts. Chlorideion (Cl") hasstrong influ-
enceonthecorrosvity of structurd stedl. Thechloride
(CI") concentration of sea water varies from about
5.8gm/K gto about 24g/K g, sulphate (SO,*) concen-
tration varies from 0.8gm/K g to 3.4 gm/Kg and the

bicarbonate (HCO,?) concentration varies from
0.01gm/Kgto 0.2gm/Kgi¥l. acrossthe different ocean
and sea. Increase of temperature and dissolved oxygen
[O] concentration areknown to aggravate degradation
rate of the structural material. Though the pH of sea
water isintherangeof neutrd todightly alkaline, loca
acidity devel oped dueto corrosion productsaswell as
crude petroleum productsresultsin lowering of pH to
around pH 4. It isinteresting to find the effect of sul-
phate (SO,*) which also influence corrosion rate of
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Sed.

There have been some laboratory studies? and
fidldsstudies® of corrosion of mild sted in seawater.
Melcherset d. conducted field testsat SwanseaPublic
Wharf and at Pelican Marind® and reported 1.3 mm/
day astherateof materid lossa SwanseaPublic Wharf.
N Sridhar et.al’®. developed amodel to predict local -
ized corrosion of steel in seawater. They predicted
Repassvation potentiad and corroson potentid of stain-
lessstedl. Temperatureisalso knownto haveastrong
effect on marinecorrosion of carbon sted. Itisreported
by M cherd” inhisstudy of marineimmersion of mild
andlow dloy sted, corrosion rate of mild stedl of dif-
ferent geographica locationswith dataof temperature,
sdlinity, PH, sul phate concentrati on and dissolved oxy-
gen. M L Free®® devel oped a mathematical model
based on thermodynamic, kineticsand masstransport
equationsto predict corrosion of stedl in agqueous me-
diaasvariationsof solution compogitions

In the present investigation endeavors have been
made to find corrosion rate of low carbon structural
sted and 304 stainlesssted inartificialy prepared sea
water, covering full rangeof condtituentssdts, tempera:
ture, pH and dissol ved oxygen by 2<Factorial design of
experiments.

EXPERIMENTAL PROCEDURE

Rectangular samples of 1X2 cm? were cut from
304 stainless steel and low carbon steel steels. They
wereground carefully in order to makethe edgesblunt
andtogiveanear rectangular crosssection. Thesamples
werethen further ground by belt driveand polished up
to 3/0 emery paper. Polishing providesauniform sur-
face, removes surface defectsthat could serve aspit
sites. Following this, the sampleswerewashed with
acetoneand thenleft to beair-dried. Thesampleswere
observed withlow magnification microscopeto observe
whether thereisany pit or degp scratch on the polished
surface. If any deep scratch or pitswere observed, the
sampleswerefurther polished. Thisprocedure contin-
uestill thesamplesbecomepit free.

The base solution was prepared with 0.67 gm/L
KCI, 1.36 gm/L CaCl,, 0.18 gm/L NaHCO3 indouble
distilled water. Fresh solutionswere prepared before
each experiment. Usingthisbase, severd solutionswere
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TABLE 1: Composition of different variablesin 2°factorial
design of experiments

Reagents Maximaz,™ Minimaz,™ Averagefor Z;°
Chloride 24 gm/l 15 gml/l 19.5 gm/l
Sulphate 34 gm/l 0.8 gm/l 2.1 gm/l
Dissolved Oxygen 5 ppm 12 ppm 8.5 ppm
Temperature 40°C 10°C 25°C
PH 8 4 6

prepared for each experimentswith various combina
tionsof maximaand minimaof chloride, sulphate, dis-
solved oxygen contents, temperature and pH asshown
inTABLE-1. Therewere 2°=32 nos. of experiments
plusthreeexperimentswere conducted with solution of
averagecomposition.

Let Z™=Upper limit of thevariablej and Zm'”—
Lowerli mlt of thevariablej (SeeTABLE 1)

ZjO—(ijax + ijln)/z (1)
AZ=(Zm>- ij‘”)/2 2
Dimens onlessvariablexj = (ZJ. + ZJ.O)/AZJ. (3

Wherej=1,2....... k. Herek =5.
Usingthisfactoria design, theregression equation
Y=£(b, X)=by+b X +b X, +....+b X X, +.....

277172
B XXX e 4D X X XXX

12345° '1" 2" '3° 4" 5 (4)

Whereb aretheinteraction coefficient and X aredi-
mensonlessvariables

Thesdgnificance of theinteraction coefficientsare
tested by student t distribution with 95% confidence
limit. Theregression equationisadequately fit by Fdis-
tribution test with 99% cofidencelimit

Standard Corrosion Cell has been used to perform
thee ectrochemical potentiostatic polarization testson
standard flat metd specimens. Polarization experiments
have been carried out asper ASTM ST72 using Gamry
Potentiostat. Thesoftware used isGamry EchemAna
lyst. The potentiodynamic experiment isdonewith stain-
lesssteel and mild stedl, and corrosion and corrosuion
potential were determined by Tafel’s extrapolation
method aswell aslinear polarization method. A soft-
warewas devel oped based on equationsestimated and
3D mapping of corroson with variableswas generated
by the software.

RESULTSAND DISCUSSIONS

Theregression equation of theform of equation
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Figurel: Corrosion rateof stainlesswith variation of chlorideand pH in artificial seawater at 25°C
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Figure2: Corrosion rateof stainlesssteel with variation of chlorideand sulphateconcentration , pH inthealkalinerange

(4),generated from the experimental dataand subse-
guent computation based on student T test with 95%
confidencelimit adequately fit F distribution test with
99% confidencelimit. A software was built by C++
programming to generate 3D corros on mapping, based
0N regression equation.

Regression equation stainless steel

Icorr =1.186 +0.659* ((CI-19.5)/4.5) +0.189* ((SO,-2.1)/
1.3) +0.354 ((pH-6)/2) + 0.213* ((SO,-2.1)/1.3) * ((pH-6)/2)
+0.219* ((CI-19.5)/4.5) * ((SO,-2.1)/1.3) * ((pH-6)/2)

Regression equation low C steel

lcorr = 64.225 + 28.05* ((CI-19.5)/4.5) + 1.43*((pH-6)/2)+
27.03* ((T-25)/15) + 20.96* (([O]-6)/4)

-3.71 * ((SO,-2.1)/1.3)* ((pH-6)/2) — 2.09*((CI-19.5)/
4.5)*((pH-6)/2)

~ 4.66 * ((CI-19.5)/4.5)*((SO,-2.1)/1.3)* ((pH-6)/2) +
20.89* ((Cl-19.5)/4.5)* ((T-25)/15)

+ 18.98*((T-25)/15)* (([O]- 6)/4) + 11.17*((Cl-19.5)/
4.5)*(([C]-6)/4)

+11.65% ((CI-19.5)/4.5)* ((T-25)/15)* (([0]-6)/2)

Figure 1 depicts 3D surface of corrosion of 304
stainless stedl in seawater with variation of chloride
and pH, keeping all other variablesfixed. Itisseen cor-
rosion rateincreaseswith increasein chloride concen-
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Figure3: Corrosion rateof stainlesssteel with variation of chlorideand sulphate concentration in acidic range
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Figure4: Corrosionrateof low C stedl asfunction of chloridecontent and pH

tration and decreaseswithincreasein pH. Thisisdue
tofact dkalinity helpsinformation of passivelayer on
stainless stedl surface. The effect of sulphate (SO,*)
and chlorideion Cl- concentrationwith pH 8, alkai re-
gionisshownin Figure 2.. Both theions as expected
havepostiveeffect on corrosionrate. Itisseenat lower
pH 4that isintheacidic region (Figure 3) the effect of
chloride(ClI") ionismuch more pronounced than that of
sulphate (SO,*) ion concentration. While combined
effect of Cl- and SO, (both concentrations are in-
creased), increasesthe corrosionrateinakalineregion
(Figure?), it decreasesin acidicregion (Figure3). This
may be dueto fact, excessH* ionsremovefree Cl-and
SO,>ionsfromthe systemto restore theionic equilib-
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rium.

Thefollowing figuresdisplay 3D corrosion map-
ping of low carbon structura sted with effect of severa
parameters.

Itisseenfrom Figure4 thecorrosionrateincreases
sharply withinincreasing :chloride(Cl"), whileincresse
of pH enhancesthe corrosion ratemarginaly. Figureb
illustrates effect of chloride (CI-) and sulphate (SO,*)
on corroson rate of structural sted. Itisseen chloride
(CI") hasavery stronginfluencein enhancing corrosion,
comparedtoit, theeffect of sulphate (SO,*) isnegli-
gible

Figure6 isaninteresting diagram showing the ef-
fect of pH and sulphate (SO,*) ion concentration at
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Figure5: Corrosionrateof low C steel with variation of chlorideand sulphate concentration with neutral PH
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Figure6: Corrosionrateof low C steel with variation of sulphateion concentration and pH

fixed chloride (Cl") concentration. It isseen that the ef-
fect of increment of pH and sulphate (SO,) jointly to-
gether bring down corrosionrate of thestructura Sted!.
Wheressindividudly they have apositiveeffect on cor-
rosonrate. Thisisdueto formation of calcareousde-
posit onthested surface under favorable conditions of
high sulphate (SO,*) ion concentrationintheakaine
region.

Figure 7 depictstheeffect of chloride (Cl) ion con-
centration and temperatureat fixed [ 0] concentration.
Thediagram shows both temperature and Cl- havea
strong influence on the corrosion rate. The effect of

chloride (Cl-) and dissol ved oxygen ([0]) content to-
gether at afixed temperature 25° C is shown in the
Figure8. Itisseendissolved oxygen [0] hasvery strong
influenceon acorrosionrateof structural Stedl. Hence
corrosionrateis strongly enhanced by dissol ved oxy-
gen ([0]) and chlorideion concentration.

Thee ectrochemica corrosion of plain carbon stedl
in agueous environment like seawater takes place by
thefollowing anodic and cathodi c reaction.
2Fe->2Fe* +4e................. Anodic
2[0] +2H,0+ 4e-> 40H Cathodic

It isseen that the concentration of dissolved oxy-
— Research & Reotews On
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Figure7: Corrosionrateof low carbon steel with variation of temperatureand chloride content
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Figure8: Corrosionrateof low C stedl with variation of dissolved oxygen and chloride

gen[0] hasapostiveinfluenceontherate of cathodic
reaction. Moreover itisfound fromthepolarizationdia
gram of stedl in agueous environment that the anodic
line cutsat concentration polarization region of theca
thodic polarizationcurvea E__ -1_, point. Therateof
cathodicreactioniscontrolled by | , thelimiting Cur-
rent dengity, whichisastrong function of concentration
and diffuson of oxygen[Q] fromthebulk solutiontothe
interface. Theseexplain the enhancement of corrosion
rate with increase of dissolved. oxygen[0] concentra
tion. Thelimiting current density isadsovery muchinflu-
ence by temperature and agitation, both of whichin-
creasesthediffusion rate. It isdueto thefact that the

corrosionrateof Mild Steel increasesat higher tem-
Research & Reotews On
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perature (Figure 8). However at lower temperature of
4° C, corrosion rate is found to decrease (Figure 9)
with the concentration of dissolved. oxygen [0] and
chloride(CI). Thereason may beexplaned asmobility
of both specieschloride (Cl") and dissolved. oxygen
[O] decreases at lower temperature (Figure9). Finaly
FigurelO displaysthe effect of dissolved. oxygen[Q]
and temperaturetogether at fixed chloride(Cl) ioncon-
centration. Asexpected both of them increases corro-
sonratemarkedly.

Stedl isknown to get passivity in aqueousenviron-
ment inthe alkalineregion. Because of higher chro-
miumin Stainless Stedl the passive oxidelayer iscom-
pact adherent and corrosion resistance. However pres-
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Figure9: Corrosionrateof low c stedl with variation of dissolved [0] and chlorideat 4°C
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enceof chloride (Cl") concentration causethe passive
layer to break at some points of weaknessgiving rise
locdized corrosion. Seawater containing agod amount
of chloride(Cl") ion concentrationthusagitatethe Stain-
lessStedl.

In caseof plain carbon sted, the passive oxidelayer
doesform, but the layer isnot as much compact and
adherent asthat produced on Stainless Stedl. So here
effect of chloride (Cl") on corrosion rate may be break-
ing of passivelayer at loca pointsaswell asattack of
chloride(Cl) ionon expose metal.

Inthe present investigation the effect of chloride
(Ch) inartificialy made seawater hasbeenrevededin
Stainless Steel aswell asMild Stedl. The conjoint ef-
fectsof pH and sulphate (SO,*) on corrosionrate have
been formed. Theeffect of temperature and dissolved

Tenn C

Figure10: Corrosionrateof low C steel with variation of dissolved and temper ature

oxygen ([0]) content on corrosion rate of Mild Steel
have al so been found to support the e ectrochemical
theory and polarization of sted inagueous system

Prediction of corrosionrate

Attempts have been madeto predict corrosion of
real structures submergedin seawater at Geographica
location, from thederived equation.

Itisfound fromtheliterature®” that the corrosion
rate of low carbon structural steel at aspecificinthe
ocean (SwanseaWharf) with average composition of
29.8 to 34.9 gm salinity, 2.4 gm/L SO,* and pH 8,
corrosonrateis0.471 mm/year.

With above congtituentsin seawater,the corrosion
rate comesout from our derived equationin the present
investigationis0.435 mm/year. Itisinterestingtofind
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thecomputed corrosionrateisvery closeto one deter-
minetherea Stuation.

CONCLUSION

Corrosion rate of low carbon steel and stainless
canbevisudly studied from 3D mappingsasfunctions
of various combinationsof concentration of CI-, SO,*
ions, PH, temperature and Dissolved [O], depending
onthegeographical location of themarinestructure. A
prediction of corrosion rate and hencelifeof thestruc-
ture can becomputed within somelimits, giventhedata
of thosevaribleat the particular location.
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