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Do micro-organisms “eat” metal?

Sten B. Axelsen and Trond Rogne, SINTEF Materials Technology

Introduction

Microbially induced corrosion, MIC, was first recognized on lead (Pb) by J.H.
Garrett! about a century ago. Over the past years MIC has however become a problem
under varied service conditions, and on different materials. According to Yasushi
Kikuchi? MIC is often found in weld parts and is now counted as a standard weld
defect. Why do these micro-organisms especially like the weld parts, and what role do
the bacterial species play in the microbially induced corrosion process? Do micro-
organisms “eat” metal? These, and a few other questions are hopefully answered in
this memo, as the MIC mechanisms suggested in literature are discussed.

Mechanisms

The term “microbially induced corrosion” are used about corrosion processes where
micro-organisms, e.g. bacteria or fungus, are involved in the materials degradation.
Which type of micro-organism that is involved differs by type of material and by
environment. In environments with high oxygen contents the aerobic bacteria are
active, but when the oxygen level is lowered these are replaced by anaerobic bacteria.
Aerobic and anaerobic bacteria are two of the general physological groups of bacteria.
The bacteria are also categorised as slime-forming, acid-producing, sulfate-reducing,
nitrate-reducing, iron-oxidising and iron-reducing bacteria. Within each of these
groups there are hundreds of individual species of bacteria. MIC is almost always due
to the action of microbiological communities containing several different types of
bacteria.

According to Pope and Morris® the following mechanisms are potentially involved in
cases of MIC:

» Cathodic depolarisation. This is the classic mechanism for MIC of steel and
iron proposed by Wolzgen Kuhr and Van der Vulgt* in 1934. It is based on the
idea that dissociation of hydrogen from the cathodic site is the rate-limiting
step in the corrosion process. Further are the sulfate-reducing bacteria (SRB)
consuming hydrogen through the action of their hydrogenase enzymes, and
thus depolarise the cathode, accelerating corrosion. This theory has however
been rejected in several later studies’. The following equations are those
originally proposed by Wolzgen Kuhr and van der Vulgt to explain the
mechanism of cathodic depolarisation:

4Fe - 4Fe® +8e” anodic reaction

8H,0 - 8H" +80H "~ dissociation of water

8H" +8¢" - 8H cathodic reaction

SO,” +8H - S* +4H,0 cathodic polarisation by SRB
Fe’ +S* - FeS corrosion product

3Fe* +60H ™ - 3Fe(OH), corrosion product
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4Fe+S0,” +4H,0 -
3Fe(OH), + FeS +20H -

overall reaction

This mechanism is also illustrated in Figure 1.

» Formation of occluded area on metal surface. This mechanism is based on the
observation that micro-organisms form colonies in local “community centres”.
The location of these centres may be related to metallurgical features such as
roughness, corrosion sites, inclusions or surface charge. When a colony has
been formed it produces sticky polymers which tend to attract and aggregate
other biological and non-biological species. This, in addition to the
metabolism of available oxygen, iron, manganese, etc., result in conditions
within and under the colonies very different form those of the surrounding
material. Crevices, oxygen and ion concentration cells may be formed,

allowing corrosion to proceed.

* Fixing the anodic site. More than 90% of MIC is seen as pitting-type
corrosion. This is due to the fact that most microbiological community usually
remains fixed to the colonisation site. Under the colony the presence and
activities of the microbes create conditions in which incipient pitting leads to

pitting, driven principally by microbiological activities.

* Underdeposit acid attack. Most of the final products of MIC community
metabolism are short-chain fatty acids, and acetic acid is the most common.
Acetic acid is very aggressive to carbon steel when concentrated under a

colony or other deposits.

Pope and Morris® did also propose a general model for the development of MIC (see

Figure 2).
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Figure 1 Schematically drawing of cathodic depolarisation®.
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Figure 2 MIC development model®. (a) Recognition of desirable sites. (b)
Colony formation and crevice corrosion begins and anode is fixed. ()
Nodule is formed over “mature™ pit.

As can be seen, the role of the microbes in the MIC process is to provide aggressive
conditions under which the corrosion process is accelerated. The microbes do not
“eat” metal themselves. This will be even clearer when we now will look further in
detail on some of the bacteria and some of the different materials subject to MIC.
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Bacteria

Discussing the different types of bacteria it is important to keep in mind that microbial
influenced corrosion results from the activities of microbial communities, not single
types microbes’. It is the interactive growth activity of bacteria consortia that actually
stimulates the corrosion process.

Rodney Towers® has studied MIC in cargo tanks and seen how acid-producing
bacteria (APB) and sulfate-reducing bacteria (SRB) interact. The APB are the
principle initiator of MIC. Their nutrient source is oxygen, and they produce low
molecular weight organic acids, alcohol and aldehydes. The low molecular weight
organic acids are not so corrosive, but they are the primary food source for SRB,
which are the best known group of organisms involved in the corrosion of iron and
steel. They fall into three main genera: Desulphovibrio, Desulphotomaculum and
Desulphomonas. The sulfate-reducing bacteria has by several authors®®!° been
reported as very corrosively aggressive when the environmental conditions are right.
This is because SRB convert sulfate into corrosive sulfide. Figure 3 shows Towers’
illustration of a SRB corrosion attack. First the APB creates suitable conditions for
SRB to grow. Once the SRB begin to proliferate their production of hydrogen sulfide,
the environment gets toxic to most aerobes, and eventually they can kill off almost all
other organisms. Pit initiation is thought to begin at breaks in the biofilm by SRB
sulfide stimulation of the electrochemical corrosion process. The sulfides are cathodic
to the steel and attack the surface by consuming anodic iron. Local areas of acidity are
created around sources of APB concentration, and SRB use these acids as their
nutrient. The SRB-generated sulfides reduces the steel to ferrous compounds, which
expand to form “crusty top hats” usually found capping pit craters.

According to Towers® microbial sulfide generation is optimised at 37 — 41°C. Eistrat
and Thoren® have however reported the optimum to be 25 — 35°C. Optimum pH
condition they reported to be 7-8. According to Pope and co-workers** the sulfate-
reducing bacteria tolerate temperatures from 5 to 75°C, pH from 5 to 9.5, a range of
osmotic conditions and a hydrostatic pressure of at least 100 MPa. The SRB have
been reported to survive, but not grow under aerobic conditions®.

SRB CORROSION ATTACK

BIO FILM

Figure 3 Towers’ illustration of a SRB corrosion attack®.
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Most iron bacteria are aerobic, but the necessary oxygen concentration may be very
low, [0.1 ppm. These bacteria are most common in fresh water, and they are active in
the pH range form 4 to 10 and in temperatures from 5 to 40°C**,

Slime-forming bacteria are mostly aerobe, and according to Pope and co-workers*?
their ability to attack stainless steels are well documented. Through production of a
slime layer they may form crevices in which regular crevice corrosion is initiated. The
organisms’ oxygen consumption may also prevent the repassivation in areas where
the passive film is destructed. The consumption of oxygen does also create suitable
conditions for SRB to grow. According to Tatnall™® this is the most important
contribution of the slime-forming bacteria in the corrosion process. It has also been
suggested that slime-forming bacteria promotes corrosion through polarisation of the
surface’®. Unpublished data from SINTEF show that in natural seawater from
Trondheimsfjorden, an active slime layer may be formed at temperatures below 27-
29°C. Féron™ has however performed tests in France which showed that an active
slime layer was built up at 30°C, but not at 40°C. These results indicate that Ty.x may
vary somewhat dependent on where on earth you are located.

Materials
Microbially induced corrosion has been reported on most industrial metals and alloys
1518 The susceptibility to MIC does however differ significantly.

Alloying elements are added to metals to improve material properties. The alloying
elements alter the formation, chemical composition, thickness and tenacity of
corrosion products, and may increase or decrease susceptibility to MIC.

Stainless steels, SS, are indubitable the material subject to most investigations of
MIC. Their corrosion resistance is due to the formation of a thin passive chromium-
iron oxide film at additions of chromium in amounts of 12% or more. Metal
depositing organisms, important in MIC of SS, may catalyse the oxidation of metals,
accumulate abiotically oxidised metal precipitates, or derive energy by oxidising
metals'’. Dense deposits create oxygen cells that effectively exclude oxygen from the
area under the deposit. Underdeposit corrosion is important because it initiates a
series of events that are, individually or collectively, extremely corrosive. In
oxygenated environment, the area under the deposit becomes a small anode compared
to the large surrounding cathode. Cathodic reduction of oxygen may also result in an
increase in pH of the solution in the vicinity of the metal, and metal cations will be
formed at anodic sites. One of the most common forms of MIC attack on SS is, as
mentioned in the introduction, at or adjacent to welds at the heat-affected zone
(HAZ), the fusion line and in the base material. Low grade austenitic stainless steels
(304, 316) are particularly susceptible to this form of MIC. According to Borenstein'®
both austenite and delta ferrite phases may be susceptible; and all combinations of
filler and base materials have failed, including matching, higher- and lower-alloyed
filler combinations. Superaustenitic stainless steels, SS containing more than 6%
molybdenum, were once thought to be immune to MIC. However, about ten years ago
both Scott et al.' and Little et al.”® showed that they are not. The discussion of MIC
of stainless steels would not be complete without some reference to ennoblement.
Ennoblement of corrosion potential, Egor, during exposure to natural seawater has
been reported in several studies?*?2%2425%  The practical importance of this
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ennoblement is increased probability of localised corrosion as Ecor approaches the
pitting potential. Motoda and co-workers?’ have proposed that the cause for the
potential ennoblement of SS in natural seawater is oxygen evolved from the carbonate
assimilation process. Dexter and Zhang®®, on the other hand, suggested that the
potential ennoblement is caused by the reduction in pH due to formation of organic
acid through digestion and dissociation processes. However, the extent of potential
ennoblement observed appears to be appreciably larger than the levels that might be
explained by these to mechanisms. Thus, it is suspected that a certain qualitative
change in the steel surface, leading to the promotion of cathodic reactions, might be
brought about®*.

Aluminium and aluminium alloys. The corrosion resistance of aluminium and its
alloys is due to an aluminium oxide passive film. This film may be attacked locally by
hallide ions, and the susceptibility of aluminium to localised corrosion makes it
particularly vulnerable to MIC. There are two mechanisms for MIC that have been
documented for aluminium and its alloys: Production of water-soluble organic acids
by bacteria and fungi, and formation of differential aeration cells.

Titanium and titanium alloys. No cases describing MIC of titanium have been
reported. Schutz®® has reviewed mechanisms for MIC and titanium’s corrosion
behaviour under a broad range of conditions. He concluded that at temperatures below
100°C, titanium is not vulnerable to iron/sulfur-oxidising bacteria, SRB, acid-
producing bacteria, differential aeration cells, chloride concentration cells, and
hydrogen embrittlement. Buchanan et al.?® have tested Ti-based weldments, and they
actually observed that microbial influence resulted in corrosion inhibiton.

Copper- and copper/nickel alloys. Copper alloys are vulnerable to biocorrosion.
Differential aeration, selective leaching, underdeposit corrosion and cathodic
depolarisation have all been reported as mechanisms for MIC of copper alloys’.
According to Pope et al.*® the following microbiological products contribute to
acceleration of the localised attacks on copper alloys: carbon dioxide, hydrogen
sulfide, ammonia, organic and inorganic acids, metabolites that act as depolarisers,
and sulfur compounds. In most investigations of MIC of copper alloys, pitting due to
SRB seems to be the problem. MIC-induced pitting is however not necessarily due to
SRB. The presence of the biofilm appears to contribute to corrosion by maintaining
enhanced local chloride concentrations and differential aeration cells'’. Copper/nickel
alloys are superior to predominantly copper alloys because the protective surface film
remains intact under turbulent and erosive conditions'’. They are therefore used
extensively in highly aerated, high-velocity sea water applications. According to
Uhlig and co-workers® the critical nickel concentration required for passivity is 35
percent. If nickel/copper alloys contain less than this amount of nickel they will
behave like copper. The alloy 400 (UNS N04400) has been reported to be susceptible

MIC-induced pitting and crevice corrosion by several investigators**=2%2,
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