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ABSTRACT

In this paper, investigations performed in natarad artificial seawater on stainless steels véll b
presented. They concerned studies on: biofilm féiona passive layers composition, electrochemical
behaviour, localised corrosion and the evolutiorthefse different parameters as a function of ageing
time. According to literature surveys, the differ@spects will be discussed. Some conclusionsbeill
drawn concerning the actual knowledge on the belawvf stainless steels in seawater.



INTRODUCTION

The behaviour of stainless steels in natural seawa of great interest since they are widely
used in marine structures. Stainless steels su@il@k, 304..., present a poor corrosion resistance
seawater. Their durability is altered by the cam@sature of the marine environment. It is welblam
that exposure of stainless steels, as well as ang &f materials in natural seawater induces the
development of a microbial film, the biofilm. Mangvestigators have focused their attention on the
interactions between fouling and electrochemicatasion. Recent reviews on this subject are regadrte

the literaturé-3.

In this paper, studies performed in natural antifidal seawater by IFREMER will be
presented, they concerned studies on: biofilm féiona passive layers composition, electrochemical
behaviour, localised corrosion. The different asp&gll be discussed according to literature susvey

BIOFILM SETTLEMENT ON STAINLESS STEEL

Numerous laboratory studies as well as real-lifeegixnents on materials immersed in seawater
highlighted different stages in the formation affiim.

The first step, occurring within minutes of expsucorresponds to the adsorption of organic
macro-molecules (exopolymers, glycoproteins, huatitls) and/or inorganic macro-molecules already

present in the environment or produced by the minganism§'5. This conditioning film is essential

because the induced modifications of the surfacpgaties (surface tension, surface en@r&ypolarity,
mouillability) will permit a subsequent adhesionbafcteria.

The bacterial adhesion itself occurs in a two-stagpcess, few hours after immersoH. The
bacterial attachment to the substrate is first i@l but becomes irreversible due to the seareatid
extracellular polymers (acid exopolysaccharidesyetbping polymeric bridging between the cell amel t
substrate.

Once film attachment has occurred and if the mloyshemical conditions at the interface are
adequate, bacteria grow on the surface as micaniEd. These colonies and their extracellular $iecre
form the biofilm.

The bacteria adhesion, the biofilm formation atsdgrowth depend on different factors as the
environment physico-chemical properties (tempeegtwsalinity, dissolved oxygen, organic matter

content, etc.), the substratum nature and micrghmoess, the hydrodynamic conditions at the sutthce
Figure 1 shows biofilm growth on stainless st&$) from 2 to 21 days of immersion in natural
seawater during spring.
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Figure 1 : Evolution of biofilm on 316L SS surfaalter 2 days (1a), 9 days (1b) and 21 days (1c) in
natural seawater (magnification 2000)



EVOLUTION OF THE PASSIVE FILMS

A lot of studies have been performed on passivasfibehaviour of SS in aqueous solutions
containing chlorid&2:13or neutral free chloride solutiok® but it seems to have a lack of information
on the evolution of passive films during normal .u$be effect of ageing in natufal and artificial

seawaterl6-17 on the composition and thickness of passive filmas been evaluated using X-ray
Photoelectron Spectroscopy (XPS) and Auger Spexdpys(AES). Indeed, the composition of the oxide
film of course depends on the chemical compositibtihe alloy and on the surface preparation.

In the case of Fe20Cr all@)?, a thin Cr-enriched oxide film covered the surfaaer

electropolishing and cathodic reductiona borate buffer solution (pH 8,4). Costa andwaokerstd
showed that the initial layer covering the surfat816L SS after polishing and rinsing in etharnvehs
composed of an homogeneous film (50% Fe oxides8A6 Cr oxides) with an average thickness of 25-

30 A . After a chemical treatment with HF and H/Nfollowed by a repassivation with HNCOthe oxide
film on 316L SS is an homogeneous film composed2@¥% Fe oxides and 80% Cr oxides and

hydroxides. The initial passive layers were arop@dk thick. As a function of ageing, from 2 to 21 days

in natural seawater, thickness passive films keepgnatant value of 30-48 . However, a stratification in
the oxides layers structure was detected with exgosime. It consisted in an enrichment of Cr

hydroxides in the inner part of the film and a @®pih of Cr oxides. Rondot and co-workEpsl 7
showed that the Cr hydroxides content also inceeas816L SS chemically treated as above (in HF and
HNQOs) but aged in artificial seawater. AES analyse8b6L and URANUS SB8 revealed a thin film
mainly composed of GDs in the inner layer whereas the external region éefgient in chromium and

rich in iron. These results agree with those oletthiby Ramasubramanian etliwho noticed that films
formed on 316L SS in borate-boric acid buffer (plg)&t potentials over OV/SCE consisted of at least
two parts: outer layers of mainly ferric oxides ander layers rich in chromium species. At potdstia
under 0V/SCE, chromium oxides mainly constitutesl passive layer.

Modifications in the passive film could be expkdhon the basis of selective solubility of the
oxides at the applied potentials or at potentiedshed after ageing in seawater.

ELECTROCHEMICAL BEHAVIOUR OF STAINLESS STEEL

Ennoblement of free corrosion potential

Artificial seawater

An increase in the free corrosion potentialo(JE of SS is observed with immersion time in

artificial seawater. Johnsen and Baf®ahowed that a stable potential of approximatel@Ovm\V/SCE
was reached on SAF 2205 SS after 8 days in adiifiawater. Similar results were obtained by 8Scott

and co-worker&l on various stainless steels exposed in artifisglwater sterilised in autoclave or by
filtering (0.22 um).The sterilisation eliminatestramly microbic and micro-alga components but also
high molecular weight organic substances easilpdasi by metal substrata.

Figure 2 shows the evolution of the free corrogimtential of 316L and URANUS B8 SS in

artificial seawatek’. At the beginning of immersion, the potential dipidecreases down to -300
mV/SCE then rises up to around 0 mV/SCE. The aidifiseawater was not sterilised and allowed the
development of micro-organisms but the biologiaztivity found in these conditions was far from that
found in natural seawater. This increase in freeosion potential may be explained by an evolutibn



the chemical composition of the passive film. Frampacitance measurements, Rondot and co-

Workers1-6'17highlighted a decrease in the doping density efgthssive film as a function of immersion
time which was responsible for the rise of corrngiotential.
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Figure 2: Evolution of the corrosion potential df62 and S08932 (URANUS
B8) plates during immersion in artificial seawater.

On the contrary, Dupo%? did not observe any ennoblement of SS corrosiotential in
experiments conducted in artificial seawater sg=d in autoclave. Steady values of -180 mV/SCEewer
measured during the exposure time (8 days).

The relatively low microbial activity in artificiaseawater depending on the sterilisation
techniques seems to limit or sometimes to inhi®tdorrosion potential increase.

Natural seawater

It is now admitted that a free corrosion potentiahoblement of SS appears after immersion in
natural seawater.

This was clearly demonstrated in the Europeanabolative project : "Marine biofilm on
stainless steel - effects, monitoring and preverifipartially funded by the European Communitiethi@
framework of the Marine Science and Technology mogand by the Round Robin Tests performed by

the EFC Working Party on Marine Corrosfon27. An ennoblement of &+ was observed in all casdls

21,23-30 independent of the exposure geographical locaiioseason, and of the compaosition (nickel,
chromium or molybdenum content) and microstrucafr8S.

Some discrepancies occurred between the effecteadonal variations on the free corrosion
potential increase. The evolution of,Ewas related to the seasonal exposure and wadygirgatenced

by the seawater temperature among other paramdtetsed, it has been shoth28:31that the
ennoblement could be prevented by sufficiently éasing seawater temperature (up to around 40°C).
Examination of the Electron Transport System (E&8jvity and the Adenosine TriPhosphate (ATP)
content showed that rising the temperature to 4Gfided a diminution in biological activity but ceénly

not the disappearance of all viability. This wosltjgest that heating seawater to 40°C may be muffic

to inhibit bacteria activity. Mollica and co-worledt also observed that a temperature rise to 40°C had
the same effect as mechanical cleaning or additfdriocides. Indeed, the elimination of living bea

by addition of biocides (Nad)l which acts as respiratory inhibitor, preventeel plotential increagd-22
However, attention must be paid to the effect ohgerature on the oxygen solubility in seawater :

ncreasing temperatures induces a diminution in erygolubility. From the Mast proj@c?t'zq the
increasing rate was slower in winter than in summeautumn and the incubation time prior to the



potential increase was the shortest when the seawamperature was the highest, i.e. generally in

summer (Figures 3a and 3b). From the EFC pr%?ecmpposite results were observed, the potential
increase was lower during summer than winter. Tihal fvalue of E,; was rather similar in all cases,
around 300 to 350 mV/SCE, independent of the hydjiohl conditions or sites except those from a few

laboratoried” which have recorded higher potentials (over 450-60//SCE) and lower potentials in
Antarctica seawate?$ (never overcoming 50-100 mV/SCE). However, thimfivalue depended on the

flow rate conditions. Experiments investigated i daborat0r§0 showed that the final values were
slightly higher in laminar than in turbulent flov difference of around 50 mV was measured. The
incubation time i.e. the delay before reachingemady potential was also a function of hydrodynamic
conditions: this parameter was approximately agawmportant in turbulent case as in laminar case.
Mollica and Trevi$3 showed that the delay time was increased andeeed of ennoblement decreased
by increasing the flow speed of seawater. The salmservations were obtained in the MAST pro}’éct

26 the potential ennoblement was always faster atepl(exposed in almost stagnant seawater) than on
tubes (with seawater flow rates from 0.1 to 1.0 mdsording to Partners utilities) with a shorter
incubation time and a faster increasing rate. Thneseasing the flow rate seems to retard the ftiona

of the microbial film. Considering the effects oydnodynamic conditior®8, a critical rate for the

settlement of a microbial film was found at abomt/2 According to Johnsen and Barfhithe potential
was less influenced by the seawater velocity.
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Figure 3 : Evolution of the open-circuit potentéadhibited by 32654 (654 SMO) tubes and plates et th
five marine stations 3a: during the winter expospeeiod, 3b: during the summer exposure



period. The results correspond to a mean valudr@gtzon 5 to 20 specimensthe standard
deviation. Results of the MAST proje%%‘ZG.

No evident correlatiof3-26was noticed between the free corrosion potentialution and the
hydrological parameters (chlorophyll A, pH, salniash content, organic matter content...).

The effects of sunlight on ennoblement @f.Hs of great interest. Much industrial uses of SS
alloys are for tanks, piping and heat exchangeingjbwhere the immersed portion of the structurimis

the dark. However, data on the effect of light gp,B&re rather conflicting. Dexter and Zh§r4gshowed
that, in all waters under low light conditions, tlegel of ennoblement was usually 100 to 200 m\hkig
than in the daylight. It is thought that the actminphotosynthetic algae and bacteria, which caangh
the pH, Q and CQ concentrations within the biofilm, would be respitte for such difference.

According to Motoda et &9, the corrosion potential under darkness reachtesa 00 mV higher and
increased much slower than under light expositidowever, no effect of sunlight shielding was found

after 20 days of immersion. Eashwar and co-woR@mmticed a similar behaviour of corrosion potential

as a function of light level. Little et 3 observed an evolution of.& toward more negative values for
SS immersed in the Gulf of Mexico under dark cand#, whereas ennoblement occurred in the sterile
solution. The presence of sulphate-reducing bac{&RB) seemed to be responsible for this behaviour

according to results obtained by Ringas etfanith SS in cultures of SRB; they found a similactbase
in E.o. Based on Mansfeld et 38 results, no significant effects of light or darkeeconditions were

observed. Ennoblement were measured when biofileveldped under fully illuminated conditiots
where the interface remained aerobic.

This leads to the conclusion that the corrosiotemtial evolution as a function of immersion
time, is strongly affected by the presence or theeace of microbial activity in the test environinen
Since the biofilm growth seems to have an importala in the ennoblement, the free corrosion padént
increase is clearly higher in natural seawater tmamrtificial seawater, the effects of composition
thickness and ageing of passive films in seawatestmot be neglected.

Oxygen reduction reaction modifications

The potential increase in the presence of a bidfilseawater environment has been observed on

various stainless steels. According to Varjo?r%rthe fact that specimens have the same passiventur
both in natural and artificial seawater leads te ttonclusion that the ennoblement is certainly
accompanied by a modification of the cathodic lieactFor this reason, studies on the evolutionhef t
cathodic reactions are of great interest.

The cathodic processes include oxygen reducti@ctien and hydrogen evolution. In the

corrosion mechanisms, the oxygen reduction is oftescribed as following a 4 electrons trarffer
However, hydrogen peroxide can often be formedrasntermediate or as a final product of oxygen

reductio0. Few studies have been performed on various emviemts, various metals (Gold, Platinum,

Copper, Iron...)41'43and alloys such as stainless stédt46 A general agreement seems to be reached
on the importance of the material balance, the reatii the surface oxide present (oxidation degree,
electronic properties...), the existence of onenmre limiting currents. Until now, only a few
investigations on the evolution of the oxygen reaurcwith ageing time have been performed. Scatth a

co-worker4” observed modifications on the cathodic kineticsshft of the cathodic curve to higher
currents and potentials appeared as a functiormaofiersion time in natural seawater. The cathodic
reaction became diffusion controlled. Such modifa@a have also been observed in our laboratory.

Figure 4 shows the evolution of the oxygen reduct@actiot at a rotating disk electrode (RDE) of SS
at different exposure times. Changes in the cuma@es occur immediately after immersion within a few



hours. This first evolution should be attributethest to a modification in the passive layer thartha
effect of a microbial film. After longer immersidime (over 1 month), stable oxygen reduction curves

are registered. Johnsen and Ba#lahowed the effects on the current density for aditadly protected
stainless steels. The applied current necessdmgitbthe sample at a potential of -400 mV/SCE iasesl
as a function of biofilm establishment, and as Ihafilm became in equilibrium at the interface, a
decrease of the current was observed. Similar osiwis on the evolution of current applied for

cathodically protected stainless steels with tirmeehbeen brought by other investiga@@fl'tgg'31v49'5.O
Experiments carried out at higher temperature (3@ Mollica et a3l showed no evolution in the
oxygen reduction kinetics with time and no diffeszerwith curves obtained in sterile environment.sThi

result leads to the conclusion that the bactegtlesnent in the temperature rangg5°C would modify
the oxygen reduction.
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Figure 4 : Cathodic polarisation curves on Rotatibisk
Electrode (RDE) of S08904 (URANUS B6) SS as a
function of immersion time

The mechanisms of these effects are not completederstood. However, hypothesis have been
proposed to explain the ennoblement of the freeos@n potential and the reasons for the modificeti
in cathodic activity.

The general ennoblement of the free corrosionmniatecould be explain by the mixed potential

theorﬁ where changes in electrochemical parameters wmiidvolved as follow? :
- increase of the reversible potential of oxygen,
- increase of the exchange current density of #ygen electrode,
- decrease in the cathodic Tafel slope,
- decrease in the passive current density.

The last hypothesis seems to be excluded as Séottound that the passive current was not
changed by biofilm growth. An increase in the rsille potential of oxygen is unlikely since the
presence of a bacterial film decreases theddcentration by acting as an oxygen diffusionibaor/and

by consuming the £n their metabolish9.

Considering the enhancement of cathodic activityblofilm, several explanations have been

proposed. First, a catalytic effect by organomietalbmplexes could be involv8d. It is known that the
adhesion of bacteria to the surface occurs by mioduan extracellular polymer, generally an



extracellular polysaccharide called EPS. These &RSable to bind metallic ions such asCEe" ...

which can serve as oxygen reduction cata%ﬂstélatalytic effects by porphirin-type organo-heamgtal
complexes or enzymes from the respiratory systetheforganisms forming the biofilm could also be

involved in the processes of, @eductio??. Polypyrroles are semi-conductors which can incoafe

metal complexes and which present high catalytiwisies in oxygen reductiot. However, no evidence
of the presence of polypyrroles in biofilm has Yyeten performed, but, this hypothesis can not be

excluded. Secondly, bacterially produced enzymegldc@nhance cathodic proces%%@l. Indeed,
bioelectro-catalytic mechanisms can acceleraterdte of electrochemical reactions by some enzymes
with oxidase activity, whereas the electron tranfem the metallic surface to the enzyme can beezh

by means of mediatord (polypeptide§5, protein§6). The respiratory enzyme system of aerobic
organisms is hypothesised to produce hydrogen moxhich is supposed to accelerate the oxygen

reductior?2.57 Dupon?2 has detected @, as the by-product of glucose oxydase enzyme &ctidi
correlation between the ennoblement gf;&and HO, production combined with acidic pH has then been
observed. However, a precision must be broughthenfact that KO, could also be produced by
electrochemical reduction of ;OMoreover, HO, has a bactericidal action which could induce a

diminution of bacterial population on the surfﬁ@eSalvago et & showed that acidic environment
formed at the interface surface/biofilm leads todifications of the cathodic reaction by altering th
passive layer. Among the proposed mechanisms, samrs have suggested that the ennoblement of
E.or would be caused not by the metabolism but by thtalnadite of the sea diatoms included in the

organic film?9. The electronic nature of the passive films ha® girobably a strong effect on the
reduction of Q44.

Based on the different hypothesis, it seems ulylitt&t a sole explanation would be sufficient to
explain the ennoblement of. & A combination of different mechanisms is probablyolved in the
electrochemical behaviour of stainless steels. @wgoesearches will bring more information on the
subject.

Although the mechanisms of the biofilm effects mo¢ completely understood, the consequences
on stainless steels can be predicted from the npréehtial theory. The free corrosion potentiaréases
near the breakdown potential values and enhaneeprbbability of pitting corrosion. However, the
pitting potential also changes as a function ofragjéme.

LOCALISED CORROSION

Stainless steels exposed to seawater may suffer Ivoalised corrosion such as pitting, crevice
and stress corrosion cracking.

Pitting corrosion

Localised corrosion is governed by random parametad analysed according to the stochastic
theory. Therefore, the distribution of the breakdopotentials on 316L was analysed at IFREMER as a
function of ageing time in seawater and of the egiecuit potential valuex®-60 The importance of
these two parameters on the elementary pitting gioitity per unit area o), determined under
potentiokinetic conditions, was also evaluated feostatistical point of view.
The pitting potentiaﬁo also changes with ageing time and the evolutiah@fmean open circuit potential
and of the pitting potential are given as a functaf time in Figure 5. Since the standard deviation
evolution of these two parameters indicates a \shdtering of the results, a stochastic approaggitto

initiation was preferred. From Zhang and DeRfeiofilms increase the critical pitting corrosion304



SS but no differences were observed for 316 SS.edery the number of samples was limited; in Figure
6, a minimum of 50 samples was used for each expdsue.
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Figure 5: Evolution of the mean value of open dirgotential and pitting
potential as a function of time.

A peak in distribution is observed after 2, 5, &days of immersion around 515 mV/SCE,
Figure 6. After 14 and 21 days of immersion, nakpis observed anymore since the pitted samples are
evenly distributed over the whole potential randaother peak is observed for long periods of
immersion, over 60 days, in natural seawater at kégh potential values around 1100 mV/SCE. After a
long immersion time, a competition phenomenon appdsetween pit generation and secondary
passivation depending on the scanning rate. Thessats explain the extremely high values of breakdo
potentials, around 1100 mV/SCE, for long immergiare and for high value of open-circuit potential.
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Figure 6: Influence of the immersion time on thstdbution of pitted samples
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Crevice Corrosion

As a part of the MAST proje@@, the relative corrosion resistance of several lailfihy stainless
steels under crevice in different European coassérs (Mediterranean Sea (Genova), English Channel
(Cherbourg), Atlantic Ocean (Brest), North Sea ¢Hneberg), Baltic Sea (Trondheim)) was followed as
a function of seasons. The aim of this study wadetermine the effects of the hydrological and ali;
conditions on the crevice corrosion of industri@irdess steels and to try to rank these alloyandigg
their crevice corrosion resistance. The experiniesdaditions are defined in Ref. 62 and 63. The fre
corrosion potential was followed on ten differerdterials, fully austenitic gamma including UNS 3425



32654, 08028, 08926 and 08932 and duplex austdaititic grades including UNS 31803, 32520 and
32750 and 316L grade as reference. Two seriesstd teere performed in all marine stations, the firs
one during winter and the second one during sumfaeB8000 immersion hours each. During the winter
test, at IFREMER, the corrosion potential evolutisithe same for all coupons with an increase afer
hours to maximum values around 440 mV/SCE. Thekatian time prior to the potential raise is shorter
during winter than for the summer exposure. Thigi® to the lower seawater temperature at the
beginning of the summer test (11°C) than at thenmégg of the winter test (14°C). For the same osas
the increasing rate is slightly more rapid in wirtest than in summer test (3 mV/h in winter, 1/min
summer). The free corrosion potential evolution sagilar to that observed in absence of artificial
crevice former. High performance stainless steplseared to be resistant to crevice corrosion in all
stations after at least 6000 hours of immersiorslight depassivation was observed under the crevice
former on a lot of coupons but without propagation.

Discrepancies appear in the 316L SS behaviourdardifferent stations. The Atlantic Ocean and
North Sea seem to be less aggressive in compasisonthe other stations. Similar results are obsénn

the EFC Working Party Round RoBifi In fact, differences occurred in the experimeptacedure of
the crevice former installation, the polyoxymetmgdehloride rings were tightened with a standarduer

of 3 Nm except for the tests performed in the Bafiea (6 Nm), and the assembly was tightened
immersed in the seawater in Brest and exposed tat #he others stations. This is particularly impot

to explain the significant variation among the 31d€isceptibility to corrosion crevice in the diffete
stations.

Feror®4 observed a strong effect of temperature on creséceosion results of 316L specimens;
at 20 and 30°C, through wall corrosion appearedendti 40°C, only depassivation was revealed. These
results were in agreement with the potential evoytan increase was noticed at 20 and 30°C and the
potential remained constant around -50 to -100 & Similar results were reported

in literature3,65

Numerous studi®$-69 indicate that marine biofilms increase the propagarates of the
crevice corrosion for alloys of poor or intermedia¢sistance such as S31600, S31725 or NO8904. This
increase would be due to the increase in kinetidhe cathodic reaction by biofilms. The influencke

biofiilms on the initiation time of crevice corrosids less clear. Zhang et®8) affirm that biofilms
statistically (large number of specimen used) desmenitiation times for both S31600 and S31729awhi

opposite resul8-67 are related to bad precautions in experimentakeuores, in particular in
colonisation of control solutions. Aslarge dispersion of the resultss been observed depending on
experimental conditions, caution is advised whemgaring conclusions issued from natural medium,
artificial and inoculated medium.

Laboratorystudies are being currently performed to develoghous which could replace long
exposure in natural seawater and in order to obtathods yielding reproducible and useful for field

application results. Method9-71 using samples with crevice formers under potetstms or
potentiodynamic control are developed for asseskfethe susceptibility to crevice corrosion with o
without biocide.

The most common practice in order to eliminatdilons is the use of biocides, and particularly
chlorine. In this way the biofilm effects discussaidove do not occur. However, chlorine is strongly
oxidising and may affect the stainless steels hiebav

Crevice corrosion with biocide

The effects of continuous chlorinated natural antlfi@al seawaters at 40 °C on the

susceptibility of stainless steels to crevice csioo were followed during the MAST projgé’t The
addition of chlorine, characterised by the residefdbrine content, was fixed at 0.7 ppm in order to
determine the upper acceptable limit of chlorineaamtration to avoid crevice corrosion attack af@0



The free corrosion potential evolution of five highoys and 316L stainless steel plates with aiéfi
crevices was measured for 125 dalise potential rose up to a steady state value aré®® mV/SCE
after addition of 0.7 ppm residual chlorine in matiseawater and around 250-300mV/SCE in artificial
seawater for all stainless steels except 316L mareimum potential level was a function of the chier
concentration. These potentials were higher thannichlorinated natural seawater. The behaviour of
316L was very different due to a very rapid nudt@abf corrosion induced by the chlorinated seawate
and the high temperature. In this latter casefréee corrosion potentials remained from the begigrof
immersion around -100 mV/SCE. For long exposurd®@3@ours) in natural and artificial seawater with
0.7 ppm residual chlorine, only depassivation wittanges of colour were observed for most of the
stainless steels, except important crevice cormosio all coupons of 316L and one attack of crevice
corrosion for one UR B26 coupon (in artificial seder). But generally, the exposure in artificial
seawater seems to be less aggressive accordihg tower potentials reached, confirmed by the tesul
in Table 1 and the weight losses of 316L which wess severe in artificial seawater.

UNS Trade Exposure time | Natural seawater + 0.7 ppm Artificial seawater + 0.7 ppm
Name Hours residual chlorine residual chlorine
32654 654 SMO 830 -
3000 1/3 D -
31254 254 SMO 830 1/3D
3000 1/3D -
31603 316L 830 3/3C
3000 3/3C 3/3C
32550 UR 52N+ 830 2/3D
3000 3/3D -
N08926 UR B26 830 -
3000 1/3 D 1/3C
- UR B66 830 -
3000 1/3D -

Table 1: Crevice corrosion results,
D: Depassivation without weight loss, C: Crevicerosion with weight loss,: no attack, Number of
corroded coupons/Total number of coupons.

MICROBIALLY INFLUENCED CORROSION (M.I.C.)

Numerous industrial areas using natural seawatfesh water with or without chloride content
may be concerned by the Microbially influenced osion, MIC, such as: oil and gas induZ§y74, ship
hulls, water treatment plar?é paper industrZ/G, food industry, nuclear industW'79, heat

exchanger%o to mention a few. A large description of corrosicases attributed to MIC processes on
different materials and especially on stainlesslstare given in the literature and in well docutedn

reviews,21,81

Stainless steels corrode according to known @elémical mechanisms. The most important
difference in natural seawater is the presencebadfim at the passive film-solution interface whimay

lead to local corrosion effects on SS by actingrewdly. Different mechanisn?d-81 are proposed to
explain the MIC processes:
- formation of concentration cells {H, metallic salts...)
- production of aggressive metabolites by bact@niarganic or organic acids, sulphide
ions,...)
- kinetics modification of the cathodic reductiaactions.

Up to now, the mechanisms involved in MIC are futly understood and caution must be paid
to corrosion problems in natural seawater; thegres of bacteria does not necessarily increaseand/

accelerate localised pitting of stainless sikls



CONCLUSIONS

Among the consequences of biofilm settlement amkss steels behaviour in natural seawater,
a few conclusions can be drawn:

- The kinetics of the electrochemical processesdiered: a general agreement is reached on the
ennoblement of the free corrosion potential andtlwe modification of the cathodic activity with
immersion time in natural seawater. Understandirigcomplex mechanisms is still subject to
investigations. However, classical techniques gtk measurements are not sufficient to solve the
problem. Combinations of electrochemical technig(®etating Disk Electrode, Rotating Ring Disk
Electrode, Scanning Vibrating Electrode, Impedar8pectroscopy...), surface analytical (X-ray
Photoelectron Spectroscopy, Auger Spectroscopy, toelextrochemistry), microbiological and
microscopical techniques should permit to simultausty follow the ageing of passive films, the bifi
settlement and its activity, the evolution of etechemical parameters and should be more conclusive

- Modifications in the passive film with ageingngé is responsible for the & increase in
artificial seawater.

- The corrosive nature of natural seawater contpaoeartificial seawater has been proved.
However to avoid any confusion, care must be paidused experimental methods (in particular, the
sterilisation).

- Based on the different hypothesis, it seemskahlithat a sole explanation would be sufficient
to explain the high ennoblement of,Ein natural seawater. A combination of differentcmanisms is
probably involved in the electrochemical behaviolistainless steels.

- The elementary pitting probability per unit greaaluated from a statistical point of view, is
strongly affected by ageing time in seawater aedojen-circuit potential values.

- Discrepancies appear in the crevice corrosidmbieur of 316L SS as a function of sites.
However, darge dispersion of experimental conditions aresoled.

- Good behaviour is noticed during crevice cownsiests in natural seawater and chlorinated
seawater for all high performance stainless stesked, except a slight depassivation observedruhde
crevice former on some coupons but without propagat
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