Biological Corrosion of Metals

4.2% of the Gross National Product according to a

recent study. That amounts to over $350 billon
annually which, until this year, exceeds the annual cost of all
oil imports into the US.

The cost of corrosion to the US economy is estimated at

Corrosion is the most common and costly failure mode
impacting engineered and structural materials, yet it tends to
be accepted as inevitable precisely because it is so pervasive.
The same study, however, indicates that 40% of these costs, or
$140 billion, could be saved through the application of
existing practices and technologies. Although numbers of
this magnitude tend to be overwhelming, they translate into
real costs and lost revenue by industry, right down to
individual manufacturers and product end users.

The term “corrosion” describes a number of processes driven
by a wide range of electro-chemical factors. At the root of
these is the inherent instability, at the atomic level, of most
industrial metals which predisposes them to return to their
naturally occurring form, oxides.

One of the more unusual forms of corrosion results from the
interaction of bacteria with a wide range of metals and alloys.
Microbiologically Induced Corrosion (MIC) “technically”
functions as an accelerant to more conventional corrosion
processes. The rate of acceleration, however, may be from 10

Classic hallmark of a widespread MIC failure type. This cross-section of a Type 304 stainless steel heat
exchanger tube failed by MIC at the longitudinal seam weld, perforating the 0.065” tube wall. MIC
began at the tube ID due to an anaerobic bacteria species introduced through incomplete drying
following hydrostatic testing.

Desulfovibrio vulgaris, a sulfur reducing bacteria generate hydrogen
sulfide as a metabolic bi-product. This species has been implicated in
MIC — Microbiologically Induced Corrosion — in iron, steel, stainless
steel, aluminum, zinc and copper alloys.

to 1000 times conventional corrosion rates, requiring that
MIC be addressed as a distinct corrosion process from a
practical standpoint.

MIC initiates and propagates primarily by two processes.
The first is the formation of
corrosion cells on a metal surface.
Colonies of micro-organisms
generate sticky biofilms with
which they adhere to their host
surface and create a micro-
environment that is significantly
different from the surrounding
metal. Variations in dissolved
oxygen, pH, and organic and
inorganic compounds in these
micro-environments result in
electrical potential differences with
the surrounding metal, producing
highly active corrosion cells.

Continued on page 2
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The second is by direct chemical attack. The metabolic
by-products of many micro-organisms are highly corrosive.
Two related organisms, sulfur reducing bacteria
(Disulfovibrio) and sulfur oxidizing bacteria (Thiobacillus
thiooxidans), produce hydrogen sulfide and sulfuric acid
respectively. Localized sulfuric acid concentrations as high as
10% have been observed from these by-products. Other
bacteria species produce a wide range of organic acids, as
well as ammonia.

Both aerobic bacteria, which thrive in an oxygenated
environment and anaerobic bacteria, which thrive in a minimal,
or non-oxygen environment, have been documented in MIC.
In some cases, these two bacteria types share a symbiotic
relationship as aerobic bacteria deposit biofilms under which
an oxygen depleted zone is formed at the metal interface.
This oxygen depleted zone then becomes an ideal environment
for the growth of anaerobic bacteria colonies.

The formation of tubercles is also often associated with MIC.
Tubercles resemble blisters of corrosion product and are
initiated from biofilm deposits and iron oxidizing bacteria,
particularly at low flow velocity areas in fluid piping systems.
The growth and decomposition cycle of the tubercle releases
sulfates and provides a site for anaerobic sulfate reducing
bacteria on the interior of the blister. Tubercles also form an
efficient oxygen concentration cell, dissolving iron under the
blister. Unchecked tubercle growth in fluid transport systems
will severely limit or even completely block fluid flow.

Contact of the metal’s surface with water is a pre-condition
to MIC. Since the bacteria species responsible for MIC pose
no human health risk, “safe” drinking water systems are just
as much at risk as non-potable water systems. Cooling systems
and heat exchangers, wells, fire and agricultural automatic
sprinkler systems and liquid storage tanks are among the
more obvious potential sites for MIC to develop. However,
fluid products not normally associated with water such as
gasoline, oil and machining and cutting lubricants all contain
at least trace levels of water which are sufficient to support
bacteria that initiate MIC. Virtually all processed fluid
products including food and beverage, petrochemical and
other commercial and industrial products also contain varying
amounts of water and are susceptible to MIC.

MIC occurs as both general corrosion and pitting corrosion,
though localized pitting is the more definitive form and
more likely to result in dramatic system failures. Low flow
areas in circulating systems such as heat exchangers and
process piping are particularly susceptible since these “stalled
flow” locations provide bacteria with the opportunity to
attach to the tube or pipe surface. At both microscopic and
macroscopic features, fluid flow “stalling” occurs at any

MIC Failure Example 1

B This sequence shows
' several steps in the
analysis of pitting
corrosion in stainless
steel tubing from a
water bottling plant.
The plant processed
purified water,
normally a media
relatively immune to
MIC. However, hydrostatic testing performed during installation
of the process piping introduced anaerobic bacteria which
adhered to several tube 1D welds and adjacent areas, resulting in
perforation of the tubes (above).

The pits were examined
using a Scanning
Electron Microscope
which revealed biological
adhesions in and around
the pits. Several entries
leading to apparent
sub-surface voids were
also observed (at
arrows).
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Polished cross
sections through
the pits revealed
internal cavities
in the 0.060”
thick tube

wall, again, a
hallmark of
anaerobic
bacteria which
adhered to the
tube ID surface
and migrated to these oxygen depleted cavities formed by corrosive
attack from their acidic by-products. Because MIC usually
initiates at the ID of tubing, extensive corrosion and, eventually,
perforation occurs before any visible evidence of attack is apparent
externally.




crevice, joint, weld, or imperfection and these are typical
locations for MIC. Interrupted flow in circulating fluid systems
such as weekend, over night, or even brief maintenance
shutdowns, also provides the opportunity for bacterial
adhesions and the initiation of MIC. Once the bacteria are
established, the corrosion process will proceed even after
flow is restored. Hydro-static testing, in which a system is
filled with fluid, pressurized, leak tested and drained — but
often not completely dried — is a sequence repeatedly seen
in the initiation of MIC failures. This testing usually
immediately precedes placing the system in service, and
failure may not occur for several months. When failure does
eventually occur, the hydrostatic test and stagnant fluid
residue are often overlooked and the cause of failure
misdiagnosed as chloride induced corrosion.

Static fluid systems such as sumps and storage tanks are
receptive environments for MIC. Corners, fittings, joints and
welds are again vulnerable and in the case of fuels and
non-water soluble fluids, the interface between the fluid and
any water contaminant is particularly susceptible. MIC in
underground storage tanks and pipelines, particularly in
moist clay soils, has been widely observed despite protective
tar, asphalt or polymeric coatings. While effective in preventing
conventional corrosion, any delamination or bond failure of
the coating provides an ideal bacterial growth environment.

Virtually all industrial metal alloys are subject to MIC, with
the exception of titanium alloys. Testing suggests that the few
stainless steel alloys containing molybdenum at levels of 6%
or more are also highly resistant to MIC. These limitations
severely restrict material substitution as a strategy to resolve
MIC failures.

Carbon Steels = Generally more susceptible to conven-
tional corrosion processes, carbon steels are also widely
affected by a broad range of MIC implicated bacteria.
Considerations of cost and ease of fabrication make carbon
steel the material of choice in many water storage and trans-
port applications, as well as the most widely reported mate-
rial in MIC failures. Protective coatings generally have limit-
ed preventive value.

Stainless Steels = These alloys develop tough chromium
oxide surface layers from which they derive their corrosion
resistance. One the oxide layer is breached, however, they are
particularly vulnerable to both conventional and MIC
corrosion. Welds are highly susceptible due to potential alloy
inhomogenaity. Highly stressed components are potential
initiation sites for MIC induced stress corrosion cracking.

Aluminum Alloys = One of the earliest recognized high
profile cases of MIC was of aluminum jet aircraft fuel tanks
in the 1950’s. Water contaminant in the kerosene based fuel
and condensation in the tanks provided the media in which

MIC Failure Example 2

“Weeping”
of fluid from
systets is a
precursor to
full blown
perforation
by MIC.
The source
of this
“weeping”
is often a
subtle
discoloration of the tube or vessel surface as shown at the center
of the circled area.

Examination
of these
features by
Scanning
Electron
Microscopy
reveals fine
micro-pitting
and a
“sponge” like
morphology
as the interior
MIC attack

Probing this
“sponge” like
surface collapsed
the thin crust of
remaining metal
at the surface,
exposing the
sub-surface
cavity created
by anaerobic
bacteria and
their sulfuric
acid by-product.

A cross
section of
the dis-
colored
feature
reveals
the
extent of
corrosive
MIC
damage
which
has
penetrated completely through the material wall thickness.




the bacteria multiplied. Research indicates some bacteria
species may utilize kerosene and other fossil fuels as a
nutrient source. Since this landmark case, MIC has been
widely recognized as a significant problem in both tank and
structural aircraft components.

Copper Alloys = Typically, higher alloy content lowers the
corrosion resistance of copper alloys, although relatively pure
copper is also susceptible to MIC. Copper and copper alloys
are affected by a wide range of bacterial bi-products including
carbon dioxide, hydrogen sulfide, and organic and inorganic
acids. Cold worked or stressed copper alloy components are
especially susceptible to stress corrosion cracking from
ammonia and the bacteria that generate it. Selective corrosion,
such as de-zincification in brass alloys, has also been
observed in MIC failures.

Nickel Alloys = These alloys are often used in high
pressure, high flow rate applications such as pumps, turbine
blades, valves and evaporators. Nickel alloy components in
these systems are vulnerable to MIC during shut down
intervals and stagnant water conditions. Nickel-chromium
alloys exhibit a degree of resistance to MIC.

PREVENTION AND ANALYSIS

The first line of defense against MIC is cleanliness. General
corrosion prevention techniques are a good starting point
since once corrosion begins, the introduction of MIC
producing bacteria will greatly accelerate the process. Once
bacteria are established, both anaerobic bacteria which
“tunnel” into metal, and other forms which adhere under
biofilms, are extremely difficult to completely remove from
the affected system. Water and other fluids should be
monitored for solids and debris content. These contaminants
provide nutrients to bacteria, accelerating their proliferation.
Filtering of fluids is useful in this respect. Water content in
fuel, lubricants and similar products should be monitored
and removed when excessive levels are reached.

Material substitution is of limited value since, as noted, MIC
effects almost all industrial metals. There are, however, several
materials which are impervious or resistant to MIC where
cost and compatibility justify their use. These materials are
generally extremely expensive and in some cases, such as
titanium, require specialized fabrication methods. In the
case of underground pipelines and other fluid transport and
storage systems, alternate non-metallic materials such as
PVC have significantly limited MIC where these materials
can be substituted. Local building codes, however, often
exclude this option in structural applications.

Design to minimize low-flow areas, crevices, welds, etc. can
reduce the likelihood of MIC but there are severe limitations

MIC Failure Example 3

Pitting and
general
corrosion
are both
associated
with MIC,
sometitmes
in the same
corrosion
failure. The
interior of
this carbon
steel storage tank exhibits extensive general corrosion.

The interface
of the tubercle
with the
metal
substrate
beneath it
offers an
oxygen
depleted
environment
that is ideal
for anaerobic
MIC bacteria.
Ultrasonic cleaning of a section of the corroded tank to remove
the tubercles revealed small deep pits suggesting connected
sub-surface cavities consistent with sulfur reducing bacteria.

Examination by
Scanning Electron
Microscopy
revealed numerous
tubercles on the
corroded tank ID
surface. Tubercles
are found in
association with
MIC producing
iron oxidizing
aerobic bacteria.

Cross sections of
the tank confirm
anaerobic MIC
bacterial activity
by the presence
of characteristic
sub-surface voids.
This failure
demonstrates
the symbiotic
relationship often
found between
two or more MIC implicated bacterial species, producing two
corrosion modes (general and pitting) in a single corrosion failure.




In The Works...

e’re often asked “What do you

do?” If we hesitate to answer,

it’s because the variety of
materials, components, and testing
challenges is almost unlimited. A
selection of recently completed analyses
includes:

Failure Analysis of chemical reactor vessel from
a petro-chemical processing plant identifying
the use of non-conforming material.

Characterization of gas turbine rotor from
an electrical power generation facility.

Failure Analysis of Ethanol plant stainless steel
process tubing identifying stress corrosion
cracking from exposure to unauthorized
CIP materials.
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Failure Analysis of electrical control circuitry
from a contraction crane power supply with
recommendations for process changes.

Failure Analysis gear and pinion shaft from
excavator identifying extreme chemical
segrigation through microstructure analysis.

outlet pipes for microstructure characteriza-
tion to determine the affects of temperature

cycling on pipe integrity.

Source Analysis of contaminant particles in a
hydrolic system to identify components in the
circuit exhibiting excessive wear.

Failure Analysis of intergrannular corrosion in
a forging from a military vehicle application.

Failure Analysis of reduction gear cluster
with processing change recommendations.

Failure Analysis of high strength fastener
race car shock absorber piston rods and
material substitution recommendations.

Failure Analysis of fatigued Grade 8 cap screws
from a military vehicle with maintenance
routine change recommendations. Material
Property Analysis of electric motor laminations
and evaluation of relative electromagnetic
properties.



MAI =15 YEARS OF SERVICE

Thank you, to the many clients who have
made 15 years of materials testing and
engineering at MAI possible.

We are committed to treating each of you l ‘
and the analyses you entrust to us with the

up most respect. Partnering with you to make better,
more profitable products is our mission. To achieve that,
we continually strive to make Metallurgical Associates
your best materials engineering resource. Thank You All!
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to how far this approach can be taken in the design and
manufacture of practical systems. Biocides are widely used
to treat incoming water. These, however, are highly toxic
and expensive and require regular monitoring of concen-
tration. Their toxicity and potential contaminative effect
precludes their use in any food products and many process
fluids.

The parameters in which MIC can occur are extremely var-
ied and include multiple bacteria species, a broad range of
affected materials and almost endless environmental diversi-
ty. As a result, MIC prevention and mitigation is equally
varied. Accurate analysis of the cause and effects of each
individual MIC failure is an essential first step in selecting
from this range of solutions.

Metallurgical Associates Inc. is an independent materials testing and engineering facility accredited by the American
Association for Laboratory Accreditation (A2LA-ISO/IEC 17025). Our expertise includes failure analysis, process problem
solving and process/material certification and selection. For a quote or discussion of your analytical requirements, contact
Tom Tefelske (tomt@metassoc.com), Brad Lindner (bradl@metassoc.com) or Rob Hutchinson (robh@metassoc.com) or
phone (262) 798-8098, or Toll Free (800) 798-4966 or contact MAI through our web site at www.metassoc.com.
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