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MICROBIOLOGICAL CORROSION OF STAINLESS STEEL
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University of Tennessee
Knoxville, Tennesses

fbstract

The phenomenon  of mlerobially inflyenced
cocrosion of stalnless steei {Types 304, Joh,
3t6,  316L)  1s reviewed. The experimental
techniques for the idenbification, lsolation,
development of bacteria cultures, the formation
of biofilms, colonization and the nature of the
environments created by the microorganisms are
deseribed. ap electrochemical model is proposed
Lo account for the corrosion orf stainless steel
in the presence of the mierobes.

INTRODUCTION

microbially influenced
eorrosion has been identified as a serious
problem in the power generation Andustry,
pPetrochemical industry, gas transmission lines
and naval systems. The corrosion activity has
been observed in 3&a water, untreated fresh water
and even delonized Wwater
Microbiological corrosion has occurred in service
water systems fabricated from carbon steels, low
alloy steels, stainless steels (Types 3ok, 34or,,
316, 316L), Copper-nickel alloys and high nickel
alloys, However, systems using titanium appear
ty be resistant to microbial attack.

The purpose of this paper is to review the
phenomenon of micrebially influenced corrosien
(Micy, includeing microblological factors,
electrochemical considerations, and el'fects on
stainless steel.

In  recent years,

MICROBICLOGICAL FACTORS

An understanding or MIc begins with
understanding the microkes cthat attach to the
metal  surfaces. The microbes which generate
eonditions that Induce MIC are not these
associated with biopharmacuetical applications.
Rather they are 4 gEroup  of organisms which
colonize the surface forming a blofilm in whieh
they can generate organic acids, utilize oxygen,
ferm polymers that chelate frees metal iong,
produce hydrogen sulfide and possibly even accept
electrons from the metal surface, Understandlng
the MIC process beging with deteeting the
microbes on the surface, To show relationships
With MIC, the microbes must both be found in the
bilofilm and have metabolic activity in that
biofilm,

Detection of micrcbes: Microbes have the
potential to influence corrosion hy modifying the
surface chemistry, Ope should suspect microbial
involvement whenever the conditions allow the
survival of microbes and some oppertunity for
thelr metabolie activity, One should strongly
Suspect MIC when there ls highly selective damage
or pitting, discoloration of the area,. slimes
associated with the failure, smells or microbial
activities such as hydrogen sulffde, amines,

mercaptans ur development of obvicus tubercles.
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Bacteria involved in wMie are in surface
attached biofilms, These bioFilms consist of
multiple organisms of many distinet physiologic
types, The classical means  to  detect the
presence of bagteria involves removing small
portions of the surface biofilm angd eéxamining for
microbes in the microscope, usually after
staining with a dye like acridine orange that
intensifies the eonfrast with the surrounding
menstrum when exposed to ultraviclet light. The
other classiecsl means to find bacteria is to
culture them on isolation (solid) media, The
first technique, direnk counting after staining
requires that the bacteria bLe at concentrations
>109¢cella/ml.  The second technique of growing
the bacteria on solid medium requires that the
bacteria be Quantitatively recovered from the
Browth surface ang be given a suitable growth
environment ipn which they can form a detectabie
colony, The method ue have developed and
validated utilizes molecular probes as
"signature" lipid biomarkers recovered from Lthe
membranes that surround each cell. These can be
used to define the specific microbes that are
Present in the biofilm, If the system allous
exposure to radicactive Or mass isotope labeled
precursors then the activity of these groups ecan

In many cases this can provide
detection of the microbes under conditiony in
which the classical plate count s eliminated.
Since the tota} community is examined in these
procedures without the necessity of removing the
microbes from surfaces, the microstructure of
muiti-species consortia is preserved.

Determination of the microbial biomass ang
community structype: The “signature biomarker"
method involves the measurement of biochemical
bproperties of the cells and their extracellular
products, Those components Benerally
distributed ip all cellular life are utilized asg
measures of bicmass. Components restricted to
subsets of the microbial conmunities are utilized
to define the coemmunity structure, The concept
of  "signatures" for subsets of the cormunity
based on the limited distribution of specific
components has been validated by

the community structure, The resulting changes
agreed both morphologically and biochemically
with the e¥pectad results (White et al., 1980).
Other wvalidation experiments involved isolation
and analysis of speeific organisms ang finding
them in appropriate mixtures, utilization of
specific inhibitors and noting the response, and
changes in the local environment such ag the
light intensity. These validation experiments
are summarized in reviews (White et ai., 1986,
White 1983, White 1988) .



Phosphoiipids as molecular probe signatures:
Phospholipids are found in the membranes of ail
cells. Under the conditions expected in natural
communlties, the bacteria contaln a relatively
constant propertlien of their blomass as
phospholipids (Whlte et al., 1979a).
Phozpheliplids are not found in storage lipids and
have a relatively rapid turnover 1in some
sediments, so the assay of these tipids glves a
measure of the "viable" cellular biomass (YWhite
et al.,1979b).

Compenents of the phospholipids: The ester-
linked fatty acids in the phospholipids (PLFA)
are both the most senslitive and the most useful
chemical measures of microblial biomass and
community structure thus far developed (Bobbie
and White 1980, Gueckert et al.,1985}. The
speecification of fatty acids that are ester-
linked in the phospholipld fractien of the total
lipid extract greatly inecreases the selectivity
of this assay as most of the anthropogenic
contaminants, as well as the endogenous storage
lipids, are feound in the neutral or glycollpid
fractions of the 1lipids. By isolating the
phospholipid fractien for fatty acld analysis, it
proved possible to show bacteria iIn the sludge of
crude oll tanks. The specificity and sensitivity
of this assay has been greatly lncreased by the
determination of the configuration and position
of double bonds in monoenoic fatty aclds {Nichols
et al., 1986) and by the formation of electron
capturing derivatives whlch, after separaticn by
capillary GLC, can be detected by negative
chemical ionization mass spectrometry at
femtomolar sensitivities {Odham et al., 1985).
This makes possible the detectlon of speecific
bacteria in the range of 10 to 100 organisms.
Thus, analysls of the fatty acids can provide
insight into the community structure of microbial
consortia as well as an estimate of the biomass.

Use of the molecular probes in sulfate
reducing bacteria: .The sulfate-reducing
bacteria, which are consldered to be of
particular 1Importance in the mlcrobial
facilitation of corrosion, contain PLFA patterns
which can be utilized to {dentify the lactate-
utilizing_Desulfovibrio, the acetate-utilizing
Desulfobacter, and the propionate-utilizing
Desulfobulbus (Edlund et al., 1985; Parkes and
Taylor 1983; Tayler and Parkes 1983, Parkes and
Calder 1985; Dowling et al., 1986). This allows
differentiation between those utilizing lactate
and propionrate, or those using acetate and higher
fatty acids, PLFA  biomarkers for sulfake-
reducing bacteria and {ndications of sulfate-
reducing acbivity were readily detected In
anaercbic fermenters supplemented with sulfate,
Using this technelogy we were able to initiate
studies of MIC consortia by incubatling stainless
steel coupons Iin a galvanic corrosion cell in
agrobic seawater. The results indicated that it
was possibie to set up a consortium of a
facultative Vibrio and the anaercobe Desulfobacter
that was much more corrosive than either
monoculiure, Furthermore, it was possible tn
create the consortia in zerated sea water even
though the Desulfobacter is a strict anaerobe.
We were able to establish that a consortium can
creabe anaerobic microniches in aerated systems
that faeilitate MIC.
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Backerial activity: Not only must specific
bacterial consertia be present, but there must be
metabolie activity for MIC, Cstimates of
microblal activity can be derived from the
nutritlional status as reflected in the 1lipid
analysis. The nubritional status of certain
bacteria in biofilms can be related to shifts in
the metabolie activities that could potentiate
corrosion processes. The nubtritional status of
microblal consortla can be estimated by
monitoring the proportions of specific endogenous
storage compound vrelative to the cellular
blemass. Certain bacteria form the endogenous
1ipid poly beta-hydroxyalkanoate {PHA) under
conditions when the organisms can accumulate
carbon buk have Insufficlent total nutrients to
allow growth with cell division.

A second measure of community nutriticnal
status 13 the formation of extracellular
pelysaccharide glycocalyx. Uronic acid-
containing glycecalyx forms maximally In  the
marine Pseudomonas atlanbica under conditions of
nutritional stress {Uhlinger and White, 1983).
Uncontaminated subsurface aquifer sediments
contain wlicrobicta with very thigh levels of
extracellular polymers form on the surfaces of
metals exposed to rapidly fFlowing seawater and
may be responsible {for inducing reversible
aceeleration of corroslon {(Nivens et al., 1986).

Starvation induces the formation of minicells
in some marine bacteria. There is a loss of cell
components including the membrane lipids, but
there i3 a wmarked inerease in the proportion of
moncenoic PLFA with the double bond in the trans
configuration {Gueckert et al., 13988) and is
formed from 14-C acetate {(Guckert et al., 1987).

Since the signature methods involve the
iselation of specific components, the rates of
incorporation of labeled precursors can be
utilized to detect the metabolie rates of
specific components by measuring the inerease in
non-radloactive 13-C labeled PLFA from a specifie
group of bacteria using the extracrdinary
resolution and “sensitivity of gas
chromatography/mass spectrometery (GC/M3).

Non-destructive analysis: The GC/MS methods
based on quantitative apalysis of components of
the microbicta and its extracellular polymers has
shown correlatlions to electrochemical analysis of
corrosion, but it offers no on-line independent,
methods for correlation. The increas=s in

sensitivity of infrared spectrometry with the

appliecation of Fourier transforming infrared
spectrometry (FT/IR) provides a technique for
analysis of living blefilms. Attenuated tokal
reflectance (ATR)-FT/IR allows examination of
living blofilms. ATR-FT/IR detects vibration-
rotation interactions of biofilms between about
0.5 and 1.5 um outside the surface of the
germanium crystal used in the ATR cell. With
thls system it has proven possible to show that
the carbohydrate rich initial fouling polymer
coats the germanium surface exposed to sterile
seawater In about 13 hours (MNichols et al 1985).
With this system it has proven possible to
monitor the development of biofilms by flowing
bacterial cells and nutritive media through the




ATR cell, Exopolymer polysaccharide was formed
more rapldly than the proteins of the bacterial

cell. Protein formaticn appeared to be more
sensitive to grouwth cenditions than polymer
formation. The system is being utilized to

moniter the penetration of bioeldes into living
biofilms,

If the biofllm is Pirst freeze dried then the
resolution of the FT/IR analysis ean be increased
considerably although the abllity to woniter
living biofilms is sacrificed. The technique of
diffuse reflectance infrared Fourier transforming
(DRIFT) can be used to detect two physlological
changes identified witn compromised
microbiclogical nutrition, Two physlological
changes have been identified as markers for
microbial nutritional status: The formation of
PHA and the uronie acidwconbaining
exopolysaccharide glycocalyx which are responses
Lo nutriticnal stress ip bacteria, Hoth polymers
can be detected with the FT/IR. Using standard
addition experiments, shifts in the amounts of
PHA and glycocalyx were demenstrated In biofilms
{Henson et al., 1985).

The DRIFT can be utilized with an infrared
nicroscope with the freeze dried biofilm on a
corrosion coupon. The microscope allows mapping
the ratios between bacteria, PHA, and
exepolysaccharide polymers to a resolution of 20
um in diameter. The exposure of 4 om diameter
polished 316 stainlessg steel autogenous weldments
in  the continuous shear gradient of the
sterilizable Fowler ocell adhesion wmedule to
growing cultures of the marine bacteria
Pseudomonas atiantica resulted in adhesion in a
gradlent. More bacteria attached to the welded
area  that the base metal, and the bacteria
attached to the weldment in the highest shear
showed a higher exopoiymer to eell protein ratio
than the ceils an the base metal or those
attaching in lower shear environments measured by
DRIFT. The PLEA patterns were significantly
different in the cells attaching in the high
shear area than those that did not attach and
these that attached to the areas of low shear.

Stainless steel weldments showed higher
densities of bacteria atbached to the weld than
the base metal (estimated by DRIFT and by PLFg
analysis of recovered blofilms by GC/MS). Prior
Lo these estimations of the localizations orf
microbes on the weldment as apposed te the base
metal the coupons had been used as the working
electrodes |n electrochemical] impedance
spectrometric (EIS) measurements. EIS analysis
showed corrosion that gave evidence of
localization in the louw frequency response. Open
cell potential monitoring showed a marked change.
These changes correlated with the appearance of
pitting ecorrosion at the boundry of the fused
Zone and the heat effecked zene. Examination of
the area with eleectron spectroscopy For chemical
analysizs {ESCA) showed much higher concentrations
of Ni and Cr associated Wwith the area of pitting
than in other areas, The electrochemical
analysis, the microscopic examination, and ESCA
all showed evidence of pitting corrosion with
specific loss of the iron in the fused zone.
Examination of the coupor: showed that this zone
cantained a distinct microbial consortia
different from the microbes on the base metal.
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With this information on the microblolegical
factors, the electrochemical behavior of
materials in the presence of the microbes is
examined in the following section.

ELECTROCHEMICAL CONSIDERATICONS

Relatlve to the mierobially-influenced
corrosicon susceptibility of metals and alloys in
fresh-water systems, a working hypothesis is
proposed. Overall, it is believed that the same
electrochemical reactions are Involved with MiC
pitting corrosion as with elassical
deposit/erevice corrosion and subsequent pit
initiatien., The major difference is that several
critical steps in the overall mechanism are
accelerated or enhanced by miercbe attachment,
biofilm formation, and the metabolic activities
of microorganisms. Thus, the classical
electrochemical mechanisms are operative, but
through synergistic microogranism effects,
preduce nmore severe environments af the
metal/solution interface in shorter Lime
intervals than would oceur under standard
deposit/erevice corrosion conditions, Detailed
steps in the hypothesis, and supporting
laboratory data, will be glven in the following
sections.

Filgure 1 summarizes the eritical elements of
the working hypothesis an microbially-influenced
pitting corrosion. Electrochemical events in

time sequence are shown. First, events
associated with the classical deposit/erevice
corrosiot mechanism will be summarized. In this

description, the prototype metal will be a
stainless steel which is naturally passivated
with a chromium-oxide-rich passive film in ctne
bulk aqueous solution. The process starts with
the formation of a treviee geometry, which could
be formed in a number of Ways ineluding valleys
and/or overlaps in a rough surface, the interface
at a mechanical connection, ete.; but ip this
description the crevice geometry is assumed to be
formed by an inert deposit (e.g. dirt, oxide
particle swept in from another location, ete,).
The point in appreaching the hypothesis in this
direction is to later compare the effects of this
inert deposit with these of 4 living,
microorganism~type "deposit®, Under the inert
deposit in 3 near-neutral, aerated, bulk aqueous
solution, initially the following oxidation and
reduction reactions teeur at the same electron-
producing ang electronﬁccnsuming rates at local
anodic and cathodie sites:

M« MMy me(anodie), and
m/ 0o + m/2H20 + me - m(OH)"(cathodie)

However, within the e¢revice geomekbry, the
cathodic reaction invelving reduction or

“disselved CXygen soon slows or stops due to

diffuslion limitations assoclated with movement of
oxygen into the tight, stagnant, crevice area.
Thus, the production of {CH)"anicns slows or
stops, However, the production of MM*ogtions by
Ehe anodie reaction continues, provided other
anlons can diffuse to the crevige region to
maintain electroneutrality of the local crevice
solution, The chleride jon has ong of the
Fastest diffusion rates, and 1f the buly solution



contains chloride ions, they will diffuse to the

erevice soclution to balance the charge of the
MM*teations being produced, resulting in a much
higher chloride ion concentration, [C17], within

the crevice solution as compared to the bulk
solution. An additional reaction in the crevice
solution accurs. As the metal-ion concentratlon
inereases, it can reach a solubility limit
(dependent on pH and and [C177). If the
solubility is exceeded, water hydrolysis oceurs
according to the reaction:
M+ 1 mHp0 + M{OH)ip + mH+

Due o this hydrolysis reaction, acidlification of
the local crevice solution occurs. In summary,
the classical deposit/erevice corrosion
mechanism, as indlieate in Figure 1, involves: (1)
formation of the eorevice geometry, {2}y 0p
depletion, and {3) e¢hloride concentration and
acidification of the loeal crevies solution. IF
the crevice solution becomes sufficiently severe,
i.e. in terms of low pH and high [C17], the
protective passive [lim on the stainless steel
Wwill be broken down, causing the initlatlon and
autoeatalytic propagation of pitting corrosion.
Whether eor not the passive film Is broken down
depends not only on the aeverity of the loeal
erevice solubtion but alsc on the Inherent
resistance of the passive film to dissolution

formation of Crevice
Geometry Via Inert Deposit

03 Depletion Due to
Diffusion Limitations

Chieride Cancentration

Depending on film Stability as
f{pH, {CI]. Jf Film Breakdowin

under conditions of low pH and high [c17]).
Classical Deposit/Crevice Microbially
Corrosion and Infleenced
Pit Initiation Pit Initiation
Living Deporit-
Inert Depesil Riafilm
atd o " i . ~~
R
R
r Pastive Film T T T T T ETT
Metal Metal

Events in Time Sequence

—————— —==—=rb Crevite Geametry Formed
Dy Attached Biofilm

————— »  Accelerzted Due to Microbial
Metabalic Activity

mmmmmm —====  Unknown Micrchial Effect

and .
. Enhanced Due ta Microbial
Addifieation ] — b Metabolic Activity
Passibte Passive Film Breakdown, = = — ——-} — ==  Enhanced Probability

of Passive Film
Breakdown and

Otcurs, Pitlnitiation Pit fnitiaticn
s Ll ~ _n‘w‘x"n ~
4 ‘H‘n‘n‘v\‘-h
Figure 1. Working hypothesis, microbial

influence on pit initiation.
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Now the  hypothesized influence of
microerganisms on the overall process will be
introduced. First, as indicated in Figure 1, it
1s believed that through non-uniform formation af
biofilms at the surfaces, the microorganisms by
their matural attachment and agglomeration
actions produce crevice-type geometries, thus
substantially inereasing the probability of the
first step in the previcusly-described classical
mechanism.  Next, aerobic microbes metabolically
censume  dissolved oxygen, thus acecelerating ‘the
oxygen-depletion process relative to the
classical mechanism. Third, many microorganisms,
both aerobic and anaerobic, produce acids through
metabolic processes, thus accelerating
acidification of the loeal crevice soclution.
{(Other metabolic effects which accelerate
electrochemical reactions are also possible:
€.g. chelation of metal ions produced by the
corrosion process, and as a consequeance,
inereased anodic dissolution rates; or production
of highly oxidizing species such as ferric ions,
which would eause an increase in the corrosion
potential, an increase in the anodie disanluting

rate, and possibly Lhe inltiation or pitlbing
corrosion. The overall effects of these
mieroblal enhancements would be either to

accelerate the onsst of pitting corrosion because
6f a more severe local crevice environment, or to
"eause" pitbing corrosion (i.e., for this latter
sltuation, one would consider that Gthe loeal
crevice envirenment under elassical cendilbions
Was insufficlently severe to break down the
passive {ilm and induce pitting corrosion).

Several types of preliminary laboratory
results are presented in support of the above
working hypothesis. The first set of data
involved measurement of open-circuit corrosion

potential, FEaorr, a5 a function of time for
several structural alloys in growth media with
and without the presence of certain
microorganisms. The alloys inecluded types 3040
and 316l stainless steel, admiralty brass, and
90-10 copper-nickel alloy. The growth medium was
Hutner's medium (Manual of Methods for General
Microblology, American Socjety Ffor Hicrobiology).
The microorganisms consisted of elther a gram
negative, heterotrophie, lfacultatively anaerobic,
acid producing bacteria (AGF) extracted from
tubercles associated with MIC failures in
untreated-water systems at a  certain utility
plant site, or a consortium of five bacteria
extracted from untreated water known to be
causing MIC problems at a different utility site,
The intent in these studies was to determine ir
changes in Eecorr, as a consequence of pit
initiation and propagation, were sufficiently
large to be easlly measured. fesults for 304L
are given in Figure 2.
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selutions without bacteria (B} and with
bacteria (4).

As is evident, large differences in Ecorr were
produced , and. subsequent surface analyses shovied

that corrosion pits were propagating in  the
medium plus concentrated-bacteria solution but
that corrosion pits were propagating In the

medium plus concentrated-bacteria solution but

were not initiated in the medium only. For the
present discussion, however, a mere applicable
type of result wag revealed, In these

expariments, it was alsc decided to coutinuously
monitor the open-circult potential of a platinum
electrode. A common result was observed for both
types of microbial solutions employed: the
platinum potential underwent a sharp, major
reduction after an incubation pericd of time.
Typical results are shown in Figure 3 for the
consortium of five microorganisms.

495.00
Materlaf: Pt Elecirods
Solution A: Madium
460.00 Selutlon B: Medlum+Bactaria
Baota: Februory, 1988
425.00 ~t
P PnA P
. AN Y .
380.00 V-, » Soiution A
!
f
355.00
320.00
Solution B
285.00
250.00 Frrrrrrrrerr e

0.00 1200 2400 36.00 48.00 80.00 72.00 3100 9.0 15800
Tima (Hours)
Figure 3. Open-eircuit potential of platinum
in seolutions without bacteria {A) and with
bacteria (B).
In no case did the platinum potential undergo
such a reduction in the growth medium, i.e. the
control  solution, which dild net centain the
bacteria. Filtered compressed air was
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contbinuously bubbled through both medium and
medium-plus-bacteria solutions; thus, the bulk
solutions were aerated. Nevertheless, the sharp

reduction in platinum potential in the bacterial
solutions clearly irdicated a major reduction in
dissolved oxygen at the platinum/solution

interface. This effect is believed to ba due to
biofilm formation, with the development of
erevice-type geometries, and also due to
metabolle processes within the biofilm whieh
consume oxygen. Toerefore, this experimental
evidence 1s taken as supportive of certain
elements In the workling hypotheses involving

microbially influenced pitting corrosicn--that

mieroorganisms accelerate the development of
crevice-type geometries and accelerate oxygen
depletion within the lccal crevice solutions.

Alsc as part of these preliminary experiments,
the bulk solution pH was measured before and
after exposure. Whereas the pH of the medium
changed very little during the exposure time, the
pH of the medium-plus-bacteria solutions charzed
from near-n=uctral values to bulk-sclutien values
of pH=R in one week, It Is reasonable to assume
that the pH wvalues were even more acidie at the
biofilm/metal interface. ‘This evidence, too, is
taken as supportive of the working hypothesis--
that microorganisms accelerate acidification of
the local crevice sclution.

Given that the miceroorganisms produce
environmental conditlons which aceelerate the
electrochemical process,  the effect of MIC on
stalnless steel is presented in the last section
of thls paper.

EFFECT ON STAINLESS STEEL
Types 304, 304L, 316 and 316L

MIC of austenitic stainless steels, has been
reported in many of the service water Jines in
the utilicy industry {Licina and Giannuzzi,
1986). The MIC characteristics and the
metallurgical factors are reviewed in this
section.

A4 recent Electric Power Research Institute
(EPRI) source book prepared by Lieina (1988)
covers flve case histories of 4IC in ausfenitie
stainless steel pipes. These involved Types 304
and 304L stainless steel base metal and 316L weld
metal, Pitting attack oceurred in base metal,
heat-affected zones and weld metal. In some
cases there was preferential attack of the delta
ferrite of the weld metal while in other welds
the austenite was selectively
dissolved.Borenstein and Lindsay (1987} reperted

results of MIC of Types 304, 304L, and 316L
stainless steel piping. Pitting corrosion
oceurred in class ER-308  weld metal, heat-

affected zone and base metal. There was evidence
of selective dissolution of the delta ferrite in
the 308 weld metal. Licina(1688), in a review
artiele reported that MIC in the austenitie
stainless steels is characterized by pitting,
Attack ocecurs predominately in weld metal, heat-
affected zones and to a lesser extenk in base
metal, In the two phase (austenite and delta
ferrite} weld metal, there has heen preferential
attack on each of these phases,



No explanations have been offered on the
preferential dissciution of the austenite and
delta ferrite phases in the weld metal.
Metallurgleal differences between the two phases
may contribute to the selective dissclution.
Austenite chemistry is high in nickel content
while the delta ferrite is enriched in chromium.
In the as-welded condition non-~equilibrium
conditions are produced that result in
microsegregation of the alloying elements in both
phases. These chemleal variations may result in

localized electrochemical cells during MIC.

The weld metal also has high tensile residual
sltresses present in the as-welded conditian.
These stresses provide a source of high energy
levels that may contribute to the kinetics of the
MIC process. In the heat-affected zones of
weldments of Types 304 and 316 stainless steels,,
a ‘sensitized microstructure 1is praduced.
Chromium rjech earbldes (Cr23 C4) precipitate at
the austenite grain boundaries and make the
boundaries susceptible to Intergranular attack.
Depending on the severity of sensitization, the

localized chromium content at the grain
boundaries may be at levels that no longer
provide passivation, This could contribute to

the MIC in the heat-aflected zones. The sporadic
appearance of MIC in the base metal may be in
part related to microsegregation of alloying
elements and residual elements that occcur in the
mill annealed econditlon and in part to severe
localized chemistries from the presence of
microbes that exlst in creviced areas.

SUMMARY

Microblally influenced corrosion ocecurs in
austenitic stainless sieels, (Types 304, 304L,
316, and 316L). MIC is manifested by pitting
reactions primarily in the weld metal, heat-
affected zones and to a lesser extent in the base
material. The two phase weld metal composed of
austenite and delta ferrite has shown
preferential attack of the austenite in  some
cases and selective dissolubtion of the ferrite in
other failures. The phenomenon of MIC consists
of a number of phases that include: a source of
water that contains microbes, the attachment of
the microbes through the Fformation of biofilms,
the establishment of microbial consortia or
colonization and production of an environment to
ereate and sustain corrosion. A model based on
classical electrechemical concepts 1s proposed to
describe the phenomenon., Application of these

principles does not fully explain the MIC at
various lecations within the staliniess steel,
specifieaily, weld metal, heat-affected zZones,

base metal and the seleetive dissclution of
austenite and delta ferrite In the weld metal.
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