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DESCRIPTION OF TERMS

Circuit: A system of conductors and other electricajl components in which
current fliows.

Conductivity: Ability to carry current; the reciprocal of resistance.

Corrosicn: The interaction of a material with its :tvircnmEnt resulting in

deterioration or destruction of the material.
Current: The flow of electrical charge in a circuit., Units are amperes or

amps.

Current density: Current per unit area (i.e., ares through which the current
flows).

Electrode: A compoment of a circuit, usually metal, which is immersed in the
electrolyte.

Electrolysis: A catch-all term incorrectly used to d scribe all forms of marine
corrosion. It is the reduction and oxidation of an ionic electro-
lyte caused by an electric current passing through it.

Galvanic action: The corrosion which occurs when twp dissimilar metals are

electrically connected and immersed in an electrolyte.

Galvanic series for seawater: A list of metals and plloys arranged according

. to their relative corfosion potentials in a
seawater medium.

Ground: Electrical connection to the earth. (Sometimes used to refer to a
connecticn to a common conduction framework, such as an automobile
frame or appliance chassis).

Hull potential: Potential of hull (metals) with respect to a standard reference

electrode.

Hydroxyl: (Hydroxide) iom OH .

Impressed current device: A device, usually electronically controlled, which
takes a portion of a boat?s power supply and applies
it te the hull in such a way that the hull is negative
and therefore protected.

Ion: An atomic or molecular species which has either an excess of deficit of

electrons, rendering it charged. '

Load: A circuit component which draws current from a voltage source,

Ohm: The unit of resistance to flow of electrical charge.

Noble metals: Those generally less prone to corrosi¢n are said to be more noble

than others (also more cathodic). '

Ohm's Law: V=I1R, I= E, or R = ¥, where V is the voltage, is the current

im amperes (or amps), a&ﬁ R is the resistance in chms (4L ).
A voltage of one volt placed across a refistance of one otm will
cause a current of one ampere to flow.

Oxidation: Loss of electroms.

Oxide: A chemical compound consisting of positive ipns (usually metal lons)

bonded to negative oxygen ions.

Polarity: The identification of the positive and negative terminals.

Potential: (See Voltage).

Reduction: Gain of electrons.

Resistance: The opposition to current flow by a cirpuit component when voltage

R

is applied.
Shaft brush: A device used to provide good electrlcal contact with a rotating
propeller.
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Silver-silver chloride electrode (Ag-AgCL): A commohly used reference electrode

for measurement of potentials in an aqueous solutionj

Stray current corrosion: Corrosion caused by unintehtionally impressing a
voltage, either A.C. or D.C., between immersed metal

components.
Volt: The unit of electrical potential or voltage (given the symbol V).
Voltage (also Potential): A measure of the driving force for flow of current.

Of ten compared to hydraulfic pressure.
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SCOPE OF TEXT

This booklet has been prepared to enable laypersons unfamiliar with corrosion
engineering principles to understand the basic mechanisms by which various
corrosion reactions are formed. Methods of detecting corrosion problems and
mechods to minimize or eliminate them have been presented. Various tables,

graphs, dilagrams, and photographs have been included to 1llustrate the written
text,

Every effort has been made to present this complex subject to the reader in a
clear, fundamental, and easily understandable style. No attempt is made to
dazzle the reader with a cumbersome or difficult vocabulary. However, there
may be terms presented that are new or not clear in meaning. The majority of
these terms will be explained in the "Description of Terms" sectionm.

The text has been prepared in a way that will allow the reader to understand
and follow the methods by which different corrosion processes are creatad
and progress. It is impeortant to understand the basiic causes and mechanisms
of the corrosion reactions in order to gain:

l, the ability to locate the cause of existing corrosion problems and to
effect a proper solution; and

2. the knowledge to coastruct/fabricate materials that will be exposed to a
marine enviromment and will offer the least corrosion problems possible.

The topics on corrosion discussed in this text are valid for both freshwater
and saltwater enviromments. However, because corrosion problems are more
severe in salt water, this text will direct most of iitg discussicn to thar
type of corrosion.

The purpose of this booklet is to impart the basic comncepts of corrosion pro-
cesses to people who are engaged in activities in a marine environmment. Armed
wicth this knowledge, their ability to combat the destructive force of corrosion
will be much more cost-effective.

I. BASIC ELECTRICITY

A, Ohm's Law as Concerned With Corrosion

Electrical potential, or wvoltage, is the driving force necessary for the flow
of electricicy in an electrical circuit. This flow of electricity resulting
from the presence of a voltage difference between two points in a circuit is
called current and is proportional to the voltage difiference between the two
points. Direct current circuits (D.C.) are those in which the current flows in
one direction only, depending on the polarity of the woltage source.
Alternating current {(A,C.) of 60Hz has a polarity revierse every 1/120th of a
second. Both D.C. and A.C. circuits can create corrosion problems on board
small and large vessels.

In simple circuits, current, resistance, and voltage are related by the rela-
tionship V = IR (Ohm's Law), where V is the potential in volts, I is the current
in amperes, and R is the resistance in olms. These upnits are defined such



that 1 ampere is the current that flows through a 1-phm resistor which has a
potential of 1 volt impressed across it., Volcage dealt with in corrosion

work 1s usually expressed in millivolets (mV), 1,000 vM = 1 volr. Omm's Law

is generally valid for all of a beoat's electrical circuits (A.C. or D.C.)} which
affect corrosion phenomena (53). Resistances are often termed "loads,' since
they draw power from the enmergy (or voltage) source. The equivalent resistance
of a combination cof resistors depends on whether they are in series or in
parallel (see Figure l).

The conventional analogy between a simple electrical circuit and a water gystem
may allow better understanding of the variables used in Ohm's Law. Just as a

water tank creates the driving force (pressure) for water circulation, 4
battery creates the driving force {(voltage) for the pirculation of electriciety.

-,
.

Figure 1 Equivalent resistance
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Power, in watts, is consumed in resistive circuits accord-
ing to the formula, 2
P=I%®=1IVv=y

R

Pipes distribute water, while wires distribute electricity. Gallomns per

minute is the general term to denote the flow rate of water, while amperes

is the term for the flow rate (current) of electricity. Resistance to water
flow, measured in pressure loss, results from pipe friction and energy losses
in elbows, valves. etc. Resistance of eleccricity, measured in otms, results
from energy losses in wires, terminal strips, switches, etc. Electrical equip-
ment forms the load in the circuic, while faucets, heads, etc., act as lcads

in warer systems.



Most small boat elactrical systems are Direct Current rangiag from 12 to 32
volts. When electrical equipment is installed in a low voltage system, care
must be taken not to introduce significant resistance in the circuit (by uase
of improper wire size of wiring techmique). Letting &ircuit resistance rise
in a 12-volt system driving a bilge pump that draws 4 amperes of current
causes a change of voltage at the motor which may both damage the motor and
induce severe corrosion problems. Small wire diametep and/or lomg wire length
resctricts current flow and increasses circuit resistance (This will be further
discussed in Section J of Chapter III). If circult riasistance becomes
gignificant, the result appears as a volrage drop. Therefore, it is very
impertant, for safety aund corrosion Teascng, to employ wire sizes adequata

to carry the maximum current load, when all equipment' i3 operating, without
causing a noticeable voltage drop.

B. Flow Theory: Electron Flow Vs. Current Flow

To fully grasp the various mechanisms by which corrosion is iniciated anc pro-
pagated, it is very important to understand the following simple statements.
Curraent flow within a circuit is from the pesitive (+) terminal to the negative
(-) termipal. However, electron flow within a circuit is {rom the negative (=)
terminal to the positive (+) terminal. The explanacipns of corrosion phenomena
in this text will use oanly the electren flow conventiom. Remember, current flow
is always opposite to electron flow.

II. BSASIC CORROSION THEORY

A. Why Metals Corrode

Metals are formed from compounds found in the earth's crust which are rela-
tively stable (do not react with surroundings). Throughout the various
rafining processas in which the meral atoms are orienmtated in a structurad
pactern, much enerzy is expended. As a result of the refining, the finished
metal contains '"free energy” locked up internally (similar te the energy ccn-~
tained in compressed spring). This free energy ccentained in the metals causes
them to be unstable, and they tend to react wich cheir enviromment and revert
back to their more stable (lower energy) form. This reacticn is termed
corrosion, and frequently the corrosion product is chemically similar to the
mineral form which the metal was refined.

A1l metals are composed of atoms which are alectrically neuctral; i.e., each
atom contains an equal number of positive and negative charges (7). The
number of protons and electrons present in a metal deitermine what type of metal
it is. For example, iron has a chemical symbol, Fa, and each irom atom con-
tains 26 procons and 26 electrons, while each actom of copper, Cu, contains 29
protons and 29 electroms. Although all protons and mest electroms are bound
securely to the center of metal atoms, some of the outermost electrouns are
only loosely bound. These loosely bound electrous temd to be mutually and
freely exchanged between neighboring atoms. This ability of metals to freely
axchange or pass along electrons allows them to become conductors of electri-
city.



1f for some reason a metal atom passes one or more electrons aloag but {ails

to receive an equal oumber, it then loses its electrical neutrality and

becomes positively charged. Atoms which ara not electrically neutral are
called metal ions. When most metals are immersed in a solution, which could

be fresh or salt water, there is a tendency for the atoms to change into

their respective ions and enter into the solurion If iron, Fe, was placed

in salt water, then eventually iron ions, Fe™ , could be detected in the solu-
tion. These iron ions have a positive charge and were formerly irom atoms

that gave up two electronms. If copper, Cu, were placed in the solution,

then copper ioms, Cut, could be detected.

The amount of energy in a metal, and its tendency to release that energy, is
called is potential (usually measured in volts). Different metals and alloys
coutain varying amounts of free energy and therefore have different potentials.
If various metals and glloys are arranged relative to their potential, a

table can be compiled listing these metals in order of highest to lowest free
energy state. When these potential measurements are made in a solutionm
containing ions of the measured metal using a specific reference electrode,

the resulting table is called the Electromotive Force Series. If these poten-
tial measurements are made in seawater against a specific reference electrode,
the table is called the galvanic series for seawater (8). (See Figure 2).

A reference electrode is an ipstrument used to establish standard potential
values that allow uniformity in these measuremencs. .Just as a standard weight
of 1 pound may be used as a reference for internatiomnal weight measurement,

a reference electrode is used for potential standardization. There are a
variety of reference electrodes such as hydrogen, silver-silver chlorids,
copper~copper sulfate, and calomel which can be used for potential measurements.
Fiald work is generally carried out with either a silver-silver chloride
(Ag-AgCl) or copper-copper sulfate (Cu-CuS0,) reference elactrode because of
their compactness, ease of use, and durability. The values in Figure 2

were established using a calomel raference electrode. The calomel and
silver-silver chloride refarence alectrodes yield poéential value readings
that are essentially the same. Numerous galvanic series tables have been
aestablished for differemt liquid sclutions. In dealing with marine corrosioenm,
it is appropriate to use the galvanic series for seawater to determine metal
compatabilicies.

B. Basic Galvamic Cell

In Figure 2, potentials for various metals are given. These potentials are
obtained relarive to a calomel] reference alectrode, which couveniently allows
potential differences between varicus metals to be calculated. For exampla:

If a strip of copper (Cu) and a strip of zinc (Zn) are immersed in a beaker

of salt water (Figure 3), both will react with the soluticn and become sur-
rounded by a layer of their respective ions. However, because zinc is more
reactive (more electrochemically negative) it will be surrouaded by more of its
ions than the copper strip. Once sufficient ions of each metal have rezcted
(corroded away) with the selution and formed an electrochemical equilibrium
around each strip, the reaction will cease. In this case, the seawater f{orms
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Plgure 3

the electrolyte (any liquid that contains lons, electrically charged atoms,

or groups of atoms in solution) Pure water, for example, contains positively
charged hydrogen ions, #*, and negatively charged hydroxyl ions, OHT, in equal
concentrations of about 3 million-million each per drop (4). In Figure 3,
if switch "A" is momentarily closed, connecting cthe zinc to the calomel
reference electrode, a potential of approximately -1.0 volts will be read.

I£ switch "B"” is momentarily closed, connecting the copper to the referance
electrode, a potential of approximately -0.32 volts will be read. Now, if
switch "C" is momentarily closed, connecting the zine to the copper, a
potential of approximately -0.68 volts will be read. This reading will be

the potential between the two metals and can be calcuylated direccly from

the Galvanic Series Chart. From the chart the following potentials are
obtained: zine is -1.0 V and copper is -0.32 V; therefore, the potemtial
between zinc and copper in seawater would be approximacely (-1.0 V) -(-0.32 V) =
-0.68 V. In this manner, potentials between metals can be easily computed

for a seawater environment. The exact potentilal between various merals depends
upon variables such as temperature, dissolved oxygen concentration, electro-
lyte composition, surface of the metals (painted, overgrown, corroded),
velocity of elactrolyte, distance between metals, and impurities in the metals.

1f the zinc and copper strips of Figure 3 are connectad by a coanductor such
as a wire, electrons (e~) flow from the zinc to the copper, where they are
consumad (Figure 4).

The alectrons flow in this manner because of the diffaerence in the relative
potential of the two metals. For every two electrong released by the zine,
one zine ion (Za™) is simultanecusly formed, thereby maintaining electrical
neutrality of the solution. These positively charged ions are released into
the elactrolyte in which they are soluble. The zinc is corroded at a rate
which is directly proporticnal to the electron flow..
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In a basic galvanic cell such as that in Figure 4, the metal on which oxidation
(corrosion) takes place is defimed as the ANODE (zinc in Figure 4). The

metal on which reduction (electrical breakdown of wader molecules,
ELECTROLYSIS) takes place is defined as the CATHODE (copper in Figure 4).

These reactions are defined as follows (2) (5}. '

ANNODE: In = zn " o+ 28 (oxidation)
CATHODE:: 0, + 2,0 + be” =P 4OH
or _ . 5 {reduction)
20 + 28 ———3e 200 & H,
WHERE: H20 = water molecule q, - free hvdrogen
e = slectron Zn = neutral metal zinc
- . L .
OB = hydroxyl iomn In = zinc ion
02 = oxygen molecule

In any galvanic corrosion system, corrosion (oxidationm) rates at the anode
must be equal to reduction rates at the cachode. 1In other words, the release
of electrons by the anode must equal the consumption of electroms at the
cathode. Any phenomena that effects the reaction of the cachode forces a
gimilar effect on the anode aud vice versa.

Often when dealing with corrosion the cerm '"noble" is used to denote the
lease reactive (cathodic) mecal in a mulcimecal system. In a zinc-copper
system, the "more noble” metal would be copper, but a copper-anickel combina-
tion would have nickel as the "more noble" metal. ,

Reactions at or near both the anode and cathode surface generally become
slightly more invelved inreal situacions. 4t the andde surface, dissolved
anodic ions may combine with other ions present in sdawatar or dissolved
oxygen to form more complex compounds, which may predipitate out of solution



and build up on the anode. At the cathode surface, reduction of hydrogen

ions (H*) can form hydrogen gas (Hz), wiich can build up a2 layer of bubbles
that can slow down the corrasion process (called cathodic polarization).

Algso, the gemeration of hydroxyl ions may combine with various ions and

soluble compounds to form various precipitates or localized alkaline conditions.

The following explanation of alkaline and acidity, although elementary, will
be adequate for the material contained in this text. The term "alkaline"
(basic) pertains to compounds that yield hydroxide fons, OH , when dissolved
in water. A compound that yields hydrogen icmns, B+, or hydronium ioms, H30+,
when dissolved in water is called an “"acid." If there is a predominance of
hydrogen ions, HT, in a solution, then the solution i3 acidic. A predominance
of hydroxide ions, OH™, in a solutiocn causes the solution to be alkaline, or
basic. A balance of hydrogen ions and hydroxide lons results in a neutral
solution. The pH of a solution is a dimensionless number which indicates

the relative strength of the acidic or alkaline content of a solution and
ranges from 1.2 to 12.8. Strongest acids (high wt concencration) correspond
to lowest pH uumbers, while strong bases (high OH  concentration) are assigned
the highest pH aumbers. A neutral soclution would have a pH mumber of 7.0.

The surface layer of seawater 1s normally alkaline, with an approximate pH
value of 8.0. However, in inshore areas where considerable microbiological
activity exists, large quantities of hydrogen sulfide (H,S) may tend to lower
the pH, causing the water to become more acid. Conversely, a high photosyn=
thetic activity of plants reduces the carbon dioxide (CO;) content of the water,
raising the pH and causing the water to become more alkaline. High water
temperatures can also cause an increase in alkalinity as a result of COy
"boiling"” off.

C. Summary

The foregoing should give a sound footing for understanding the fundamencal
mechanism of corrosion problems encountered in the marine enviromment. Briefly
stated, for galvanic corrosion to take place the following statements must

be satisfied:

1. Two or more metal areas must be involved which have different potentials.
These can be different metals or different arsas cn a single piece of
metal.

2. Electric continuity (conducting path other than electrolyte) must be
established berweean the two or more metal areas.

3. The metal areas must be in contact with an electrolyte (usually seawater,
but a drop of fresh water is also an electrolyte).

The Galvanic Series Table answers the question of which metal in a2 multimetal
combination or alloy will act as the anode (sacrifice itself by corroding),
and which will act as the cathode, (be protected). For example: A f{itting
made of 80-20 copper-aickel alloy is to be soldered inte a 30-20 copper-nickel
alloy pipe. Should the operation use a 50/50 lead~tin solder or a silver
golder alloy? A glance at the Galvanic Series Table indicates that the 80-20
copper-nickel alloy is cathodic to the lead-tin solder but anodic fo silver
solder. If the lead-tin selder is used, it will corrode ia its role as the
apode and aventually disintegrate, leading to a joint failure. If silver solder
is used, the firting and pipe will be anodic, thereby protecting the soldered
joint. The results of corrosiom om the pipe and fitting should be negligible
because of their large area as compared to the soldered joinc.



I1, FORMS OF CORROSION COMMONLY ENCOUNTERED

A———

A. Uniform Actack

This form of corrosion (see Figure 5) is typically a ichemical or electro-
chemical reaction that progressaes in a uniform manner over unprotected sur-
faces axposed to the enviroament (2). Uniform attack is comsidered to consume
more metal on a tonage basis than any other form of corrosiom. The mecha-
nism by which uniform attack progresses can best be understood by congider-
ing a piece of sheet steel exposed to the elements. :The steel will corrode
fairly uniformly due to thousands of very small areas on its surface acting
as cathodes, while neighboring areas act as anodes and corrode. These catho-
dic and anodic areas are constantly switching roles, and a fairly uniform
corrosioun process transpires as a result of this fludtuating mechaniszm.
Alloying elements, heat trsatment, surface conditioning, impurities, and
other factors are thought to bring about this ancdic/cathedic f£luctuation.
The corrosion due to uniform attack will continue as long as the material

is axposed to an atmosphers with a relarive humidity of 607% or greater, or

if it is immmarsed in an alectrolyte. The overall problems concerned with
uniform attack are not considered to bhe very signifiqant when compared to
other forms of corrosion (2).

B. Galvanic Corrosion

As describaed in Chapter II, galvanic corrosion cccurg between twWo Or mors
metals which are electrically comnected and in mutual, contact wich an elactro~
lyte (Figure 4). The Galvanic Series Table lists many pure metals and alloys
ralative to their potential to corrode in a seawater euvironment. The table
indicates which metal or alloy will be the more noble (cathodic) compomnent

of a multimeral galvanic system.

By employing this principle of galvanic coupling (elactrically joining two

or more metals), the more aoble metal in the couple dan be protected from
corrosion. In chis situation, the less noble material is corroded away
deliberately to insure that corrosion does not take place on the more noole
matarials. The term "sacrificial anode” results from this cathodic protac-
rion technique. Cathodic protection will be discussed in detail in Chaprer IV.

An important factor in galvanic corrosion is the area effact, or the ratio
of cathodic verses anodic arsas. Many rapid material failures have rasulted
from improper area ravios. One of the firstc such ra¢nrded failures happened
in 1776 whan the British Admiraity sheathed thae bottdm of the @MS Alarm with
copper to prevent it from attack by tersdo worms. The sheets of copper were
in direct contact with most of the wrought-iorn fittings, bolts, nails, and
staples attached to, or protruding through, the hull, kael, etc. Wichin
savaral months, it was found that most iron nails and staples had been
corroded to a rusty paste. Also, all of the iron figtings and bolts contact-
ing the copper had either failed or ware saverely cogroded and in need of
raplacament (3). These failures resulted frouw placing a huge cathodic sur-
face area (copper sheathing) in contact with the comparatively very small
anodic areas (iron fittings, bolrs, nails, and staples).
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The amount of exposed, immersed surface ar=a (cathodip or anodic) usually
affects the resistance value, R, in Ohm's Law (V=IR). Circuit resistance,
R, will generally be reduced as exposed surface area is increased. This
reduction In circult resistance forces an increase in the electron flow,
I, necessary to maintain a fixed potential, V. A term for definming the quan-
tity of electrons leaving or entering a specific amount of surface area
is called ;current density." Surface area is ugually specified in square
inches, in“; square feet, ftz; square meters, m“; angd

so on. For example, if a current of 144 miliamperes :(.1l44 ampere) was
supplied to a l-square-foot anode area, it would have. a current density
of l44 miliamperes per squara foot, 144 ma/fe2, Since there are 144 1n2
peg 1 £, this value of current density could also be axpressed as 1 ma/
in<. ' ?

This current density concept should become clear fr l the following explana-
tion. A piece of copper is comnected to 2 pilece ¢f zinc having a much smaller
surface area (Figure 6a) (5). The voltmeter reading is about 0.68 volts
(also from Figure 2) and will not vary as the surface areas are increased

or decraased. In Figure 6a, the electron flow from the small zinc area must
equal the electron flow into the larger copper area.  Therefore, the current
density on the zinc surface is much larger than the current density on the
copper surface. This high current demsity occurring lon the zinc is the
result of many electrons leaving its small surface area. Hence, the zinc
tends to corrode at a rapid rate. When the exposed surface area of zimc

is increased (Figure 6b), the circuit resistance is decreased, and more
electrous flow from the larger zine surface. Although there are more elec~
trons flowing from the zine, its surface area has been increased, causing
its current density to be lower than that of situatiom "a.'" By keeping the
copper surface area the same and increasing electrom flow to it (these
electrons entar into reduction reactions on the copper surface), the current
density is increased over the copper. !

A further increase in zinc surface area (Figure 6¢c) will cause still more
current flow, which may cause adverse effacts around the copper. These
effects will be discussed in the gection on overprotaction in Chapter IV.

The current increase resulting from larger exposed surface areas of zinc
will reach a limit dependent upon the surface of thaicopper. When this iimit
is reached, the copper surface has a maximum current demsity because 1ts sur-
face is supporting the maximum reduction reactions pgssible for che seawater=-
copper/zinc coupla. i
Apothar axample of area effects can be seen in Figurd 7 (). Two pieces

of steel are plated, one with zine (galvanized) and qne with copper. Each
plate has a scratch in it which penetrates the coating down to the steel.
Then bocth plataes are immersed in seawater. Since copper is more noble

than steel (sae Figure 2), it becomes the cathodic syrface (large area),
and the steel exposed in the scratch is anodic (small area). Ia its effort
£o supply protective glectrons to the copper surface, the steel corrodes
rapidly, forming a deep elongated pit, which may lsad to sudden failure.
However, the other plate has a zinc surface which 13 janodic to the steel
and ooly a small cathodic steel surface i3 exposed af the scratch. The
exposed steel in the scratch recaives its protective electrons from the
zine, and no steel deterioration takes placa.
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Figure 7 Corrosion affects om surface areas
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As a last example of area effects, consider the following case. 4 large
vessel has a damaged stainless steel shaft and requires that a small coupling
be fabricated to teplace the damaged section. The coupling is, as a lasc
resort, made from a low alloy steel which is anodic;to the stainless steel,
The shipvard doing the repair work realizes thac the steel is anodic to the
shaft and puts several heavy epoxy paint coatings on the coupling for protec-
tion. When the vessel is launched, the large cathodic surface area of the
stainless shaft begins its craving for protective electrons. The anodic
couplings' external coatings say "No electrons here,” but the unpaintad,
exposed small ares in cthe internal keyway is quite dapable of supplying
electrons. The kevway will continue to corrode until there is a failure

of the coupling. Painting the corroded coupling in this case was a mis-
take, because it reduced the surface arza of the anodic coupling and forced
elactron flow to be generated from the cricical kevway area.

An important rule to remember when one of two dissimilar metals in contact

with each other 1s o be coated is that the more ncHle, or more corrosion-
resistanc, meatal should be ccated.

C. Selective Corrvosion

The galvanic corrosion discussed so far has been conecerned with two or more

types of metals, such as coppar and zinc, which are bonded togecher alectrically.
Howaver, Lt is common to find that various solid megal alloys have undergone

a corrosion mechanism in which one slement of the alloy has been dissolved.

This corrosiom process is called "selective corrosion” or "selecrive leaching.”
Although selective corrosion is most commonly encountersd with brasses (speci-
fically termed "dezincification”) and cast irom (tarmed "graphizizacion'),

it can occur on many alloved materials if condicions are suitable.

If copper and zine are alloyed together, the rasult 18 brass. The varying
percentage of zinc in the combination determines the quality and shysical
properties of the alloy. Common brasses range from about 60 to 33% copper,
with the majority of the balance being zinc. The higher the percenmtage of
zinc, the lower the qualicgy of the brass. '

[f brass is immersed in an electrolyte, selective cqrrosion begins on ics
surface, which is comprised of a macrix of copper agoms side by side wizh
zinc atoms. Elactrical continuilty is guaranteed, add, as befors, copper
actoms act as cathodic areas and tha zinc atoms begin to dissolve in true
anodic fashion. As the mechanism proceeds, more cachodic surface area is
exposed as the zine continues to dissolve into the alectrolyte, causing
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increased corrosion rates. Equilibrium is established when the dissolution
of zinc ilons is slowed down in their atcempt to migrate out of the brass
through a maze of vacancies left by previously corroded zinc atoms.

The result of this dezincification process is that the brass loses its
physical strength and will fail in service. Dezine{fied brass is readily
observed by its spongy, dull-copper appearance (Figyre 8). It is advisable
to stay away from brasses unless specifications are supplied with them,

as there are many that contain dezincification inhibitors.

Basically, copper, when alloyed primarily with zinc, is termed "a brass
alloy.” If copper is alloyed with significant amounts (5 to 13%) of tin

_or aluyminum, it is termed "a bronze." Copper/nickel alloys are very unumer-
ous and have many trade names such as Cupronickel, Monel, and Nickel Silver.
Although selective corrosion is possible on bronzes.and copper-nickel alloys,
they are much more resistant to this atrack as compared to common brasses.

Graphitization is esseuntially the same process as dezincification, ouly it
is used to describe the decay of gray cast iron. 1In chis case, the alloy
is primarily composed of iron and carbon (3 to 4.5%). When immersed in

an electrolyte, the carbon becomes cathodic, and iré¢m, which corrodes away,
anodic. This corrosion process results in a very 8¢ft surface composed
mainly of carbon (graphite) which retains original dimensions but has no
physical strength. Many sudden failures in piping $ystems are the result
of graphitization. Graphitization does not occur in medular, malleable,

or white cast iroms. '

Many other alloys, such as bronzes, have selective ¢corrosion mechanisms
gimilar to those above, but have not had specific nawes attached to them.
Figure 9 demonstrazes selective corrosion of iron out of an inexpemnsive
bronze propeller alloy. It should be remembered that a properly function-
ing cathodic protestion system will proctect these materials from corroding.

D. Cavitation Corrosion

Cavitation corrosion is really a two-component process comprised of cor-
rosion taking place om a surface that has had localized surface cavitationm
damage. Cavitation corrousion is possible only on surfacas over which an
adequate pressure drop i{s creatad, usually resulting from high-speed water
flow over the surface. Figure 10 demonstTates the mechanism of cavitation
damage as follows: (1) Iligh fluld velocities cause localized low pressure
areas adjacent to the surface film. (2) Fluid entering this low pressure
area begins to "boil" (formation of vapor bubbles on the gsurface film due
to low pressure) when pressure is low enough to equal the fluid's vapor
pressure, point 3. (3) Bubble collapses (implodes) agaiast surface {ilm
and destroys it as high-pressure area is suddenly encountered, point C.

(4) The exposed metal surface corrodes and forms a new surface film wiich
can be removed by the next cavitation implosion to hit point C. Repeticion
of this process can result in deep holes and material failure.
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Selective corrouslon of bronze

Figure 6
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Figure 10 Cavitation mechanism
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The shock wave produced by some cavitation bubble implosions can create
pressures as high as 60,000 lb/in2 ( ). This force can easily produce
strasses well above the vield strength of many materials used for items
likely to encounter cavitation conditions such as propellers, pump com-
poments, etc. Ia many casses, the force of an implpding cavitation butbble
can tear metal particles away from the surface. The more a surface is
roughened by cavitation damage, the more prome it is to further attack,
bacause every rough point can sServe as a nucleus for new cavitation bubbles.

Cavitation damage/corrosion is identified by a rough, pittad surface
effectaed in a localized area which is subjected to high water velocities
(see Figure 11). There are ways to prevemt cavitation damage/corrosion:
(1) The design can be modified to minimize hydrodynamic pressure dif-
faerences. TFor example, if propeller cavitarion is evidenc, then a charge
in propeller nitch and/or diameter may be necessary. (2) Use of higner
strength materials such as stainless steals greatly ilmproves resiscance to
caviration damage. (3) Surfaces should be as smoorh as possible, as
smooth surfaces do not provide sires for bubble nucleacion. (4) Cathodic
Protection systems may also reduce caviration damagg, possibly as a result
of hydrogen bubbles forming on the metal surface and absorbing the shock
from cavitation bubble implosion.
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E. Concentration Call Corrosion

If one part of a metal surface is exposed to a higher concentration of
oxygen than another part of the surface, the higher oxygen area tends

to become positive and the lower oxygen area negative (anodic). Thus,

a piece of metal exposed to seawater with variations in oxygen comtent

will tend to corrode in the low oxygen area (7). Also, any significant
variation in ion concentration over the surface of a metal or component

of a bonding system will tend to establish preferential anodic and cachodic
areas. These concentration cells are not common, but they can be estab-
lished in stagpant water situaciona, such as trapped pockets of bilge

water Qr watar-scakad wood.

F, Corrosion Resulting from Surface Coatings

Various paints and treatment solutions, when used improperly, can result
in severe damage to hardware and hulls. The majoricy of all surface
¢coating corrosion problems arise from paint systems applied below the
waterline. The commercial coatings presencly available on the market
contain numerous metals and compounds derived from metals. Carz must
be exercised when selecting bottom paint for a vessal because the metaliic
content of some paints is often dense enocugh to permit current flow (FiLgure
12). 1If a bottom paint containing primarily copper compounds as the anti-
fouling agent is applied to an aluminum hull, severg hull detericration
will occur. This is because the copper is more noblle than the aluminum
Seawater galvanic series) and therefore acts as a large cathode area,
while scratches or holidays expose a small gnode arpa (see Figure 13).
Specially designed bottom paints containing the metal tin are well suited
for aluminum hulls. :

|
Copper-containing bottom paints can cause picting oh steel hulls and should
be applied over a barrier coat of nonmetallic paiat which imnsulates the
steel from the copper-based paint. Some tin-based paints are well suited
for application on steel hulls. f

Selection of bottom paints for wood or fiberglass vessels does not present

as many problems as does paint for steel and aluminum. However, an incorract
salection can cause sericus damage. The total copppr content of most ron-
compercial bottom paiats ranges from 25 to 45%; this range includes all
copper salts, copper oxides, and metallic copper. However, new and more
potent antifouling paints have recently been introduced for the racing
community, both sail and power. These paints contain about 70% copper

and copper compounds supplied in a vehicle binder that has several percent

of graphite throwm ian to "toughen the coating' and form a "go fast” bottom.

A hull painted with one of these new bottom paints has a tremendous tendency to
act as a large cathodic surface. The dense coppar and graphite composition

of the paints allows current to flow around the hull. 3Sacrificial anoces

on vessels with this type of paint svstem can expect a life span of one to
three weeks. Once the sacrificial anodes are gone, null fitsings, scroe,
sropeller, sharft, and rudder are next in line. The only reason chese icams
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Figure 12 Ingradients of several popular anti-fouling paints
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don't physically fall off the hull is that they are generally more noble
than the copper paint film (seawater galvanic series). Good bronzes and
stainless steels will be slightly cathodic to the bottom paint, but most
brass fittings or fasteners will undergo varying dqgrees of dezincification.
There are real problems when a vessel with an aluminum outdrive unit 1s painted
with a high copper content paint. If the outdrive is bonded to the hull
through the bonding system, it will act as a sacrififcial anode when imrmersed
in the water. Several sailboats are manufactured with through-hull auxi-
liary drive units permanently mounted several feet aft of the keel. These
drive units have a cast aluminum housing which lastg from five to seven
weeks before corroding through when a high copper content bottom paint is
applied to the hull (see Figure 14). Painting the aluminum housing with
proper tin-containing paint will not retard the housing's destruction in
this situaction.

Careful analysis of bottom paints is a critical and often overlooked area
that must be comsidered with corrosion control in d. Treatment of wood
used for vessel repairs should not arbitrarily be carried out without some
forethought. Preservatives such as Cuprinol #10, qhich has 27 copper con-
tent, can pass current and allow fastenings to corrpde galvanically. Wood
gums and resins, under certain couditions, can pass| current and further
complicate the corrosion mechanism. i

G. Crevice Corrosion i

Significant portions of the following discussion and Figure 15 have been
adapted from reference (2).
Intense localized corrosion frequently occurs in crigvices and shielded
areas on metal surfaces exposed to intermittent or icontinual immersion

in an electrolyte. This type of attack is usually jassociated with small
volumes of stagnant solution trapped by holes, gaskiets, surface depesits,
and crevices under bolt and rivet heads. To functijon as a corrosion sice,
a crevice must be wide enough to permit liquid entrly but sufficiently
narrcow to maintain a stagnant zone. Therefore, crevice corrosion usually
occurs at openings a few thousandths of an inch or less in width. It
rarely will occur within grooves having a groove one-eighth of an inch

or wider. Fibrous gaskets, which have a wick actioh, form an excellent
stagnant solution inm comtact with the gasketed surflaces.

The crevice corrosion mechanism can be illustratedJ:Z considering two

plates of steel bolted together and immersed in seawatar (Figure 15a).

Seawater has an inexhaustible supply of sodium ionau(ﬂa+) and chloride
t

ions (Cl1-). The initial reaction over the antire rface, including
the crevice surfaces, involves the dissolucionm of ael (Fet*) and re-

duction of oxygen to hydroxyl ioms (OH™). Every elpctron gemerated during
macal ion formation (Fe™) is consumed in che reduction of oxygean on the

metal surfaces. After a short interval, oxygen within the crevice is
deplarad because of restricted diffusion, and therﬁfore oxygen reduction
ceases in the cravice area. i
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Figure 15b

Figure 15 a & b Crevice corrosion

This oxygen depletion has an important indirect influence, which becomes more
proancunced with increasing exposure. Although no mdre oxygen reduction occurs
in the crevice, it does continue on other surfaces, allowing dissolution of
steel to continue in the crevice, as shown in Figurg 15c. This tends to pro-
duce an excess of positive charges (Fet++) in the crevice solution, which are
necessarily balanced by the migration of chloride idms into the crevice.
Hydroxyl loms also migrate into the crevice, but théy are larger and are

less mobile than chloride ions and therefore migrate more slowly. This
chloride ion migration results in an increased concentration of metal chloride
within the crevice. This aqueous solution of a metal chloride disassociates
water (hydrolizes), allowing formation of an insolulple hydroxide and a Zree
scid. Both chloride and hydrogen ions accelerate tie dissclution rates of
most metals and alloys. Since both ions are preseng in the crevice as a
result of migration and hydrolysis, the dissolution rate of the steel is
increased. The process is self-generating, rapidly increasing the dissolu-
tion of the stael.

The acid content of crevice corrosion cells has beep found to contain a pH

of 2 to 3. The increasing corrosicon rate within th¢ crevice causes increased
oxygen reduction on the outer surfaces, which rends to cathodically protect
the external surfaces. Crevice corrosion attack isilimited to crevice-forming
areas, while the surrounding surfaces suffer little or no damage.

Metals and alloys :that are particularly prone to crevice corrosion are chose
which depend upon surface films for corrosion proteetion. These films are
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destroyed by high councentrations of chloride or hydrogen ions. Anodized
glumioum and stainless staels both depend on oxide films to form passive
surface layers for the prevention of corrosion. Crevices formed by or
around these metals may often become oxygen~deficiemt, and the salf-generac-
ing mechanism of crevice corrcsion will eventually begin. The cime before
attack may range from several days to several years; but once it begins, it
proceeds at an evar-increasing rate.

For crevice corrosion to taks place, an alactrelyte: is nacessary. However,
salt spray collected under a chafe rail or in the sdcket eyes cf standing
rigging will suffica. Crevice corrosion camn be found under stainless steel
bolcs (see Figure 16), washers, screws, rub rails, wire rope swedge fittings,
in the lay of stainless steel wire rope (see Figure L7), etc.

By the time crevice cerrosion is visually observablé, the damage can be well
underway. Avoldance of crevice conditions should bé strived for in all marine
applications. Whare crevices cannot be eliminated, the use of materials
dependent upon surface films for proteccion should be avoided. C{revices
should be saaled hy welding, soldering, good caulking, or use of nonabsor-
bent gaskets such as teflon.

H. Pitting Corrosion

This type of corrosive mechanism is vary similar to crevice corrosion.

However, pitting cam be initiated where no crevice #xists. A pit can initially
be formed by basic galvanic corrosiom at an anode site. Scale products, pro-
duced by initial corrosion, coat the surface of thelanodic area and thereby
form 3 shield under which the crevice corrosion mechanism propagates. Surface
coatings that are damaged or improperly applied may! form crevice situations
that promote accelerated pitting (see Figuras 18a).

Pits can also develop in high fluid velocity areas as an impingement/corrosion
erogsion. Pits such as these are generally formed where metal impurities are
located or the less ncble metal of the alloy is prefarentially sacrificed
(selective corrosion).

I. 3cress Corresion

Usually, strass corrosion refers to a cracking procass in a metal thac is
being subjected o a tansile stress while in a corrcsive medium. The subject
of stress-corrosion cracking becomes extremely involvad with metallurgical
terms that are bevond the scope of this text. Thersfore, a brief overviaw
will probably be of more benefit than an attempt at & detailed explanation.

During the phenomena of stress-corrosion cracking, the metal alloy is essentially
unattacked over che majority of iecs surface but fine cracks propagate through

it., Stress-corrosion cracks give the aprearance of g brictle mechanical
fracture, while in fact chey ars the result of highly localized corrosion
procassaz (2). Cracking generally proceeds perpendicgular to the applied strass.
Increasing the strass in metal or alloy decreases the time before crackiag

will occur. Different materials have different "thrashold" stcresses below

which no stress-corrosion cracking will occur in a given corrosive medium.
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Croevice corrosion of stainless steel nuts.

Cravice corrosiom of stainless steel wire rope
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These "thrashold" values are extremely variable and:should be determined by
careful tests for new materials or unusual environménts.

In order for stresses to instigate stress—-corrosion! cracking, they must be
of adequate magnitude and temsile (stretching) forcg They may result from
sources such as applied load, residual, thermal, or welding. Welding stresses
often generate residual stresses near the yield point of the base metal.
Stress-~corrosion cracking is not unique to any speiEfic corrosion medium.

1t can occur in aquecus mediums and nomaqueous, inorganic liquids as well

as liquid metals and fused salts (2). Factors that|{cam significantly effect
the onset of stress-corresion cracking are temperaturs, metal composition,
stress, solution composition, and metal structure. iIt is generally accepted
that pure metals are not susceptible to stress-corrgsion cracking. Alloyed
metals that are susceptible are stainless steels, b#asses mild steels,
alumipum alleys, Monels, and magnesium alloys.

It is frequently observed that stress-corrosion cra¢ks start ac the base of
microscopic pits. When the crack starts, the crack|"tip" has a very small
radius which causes high stress concentration, ther?by allowving crack propa-
gation to continue (2).

This type of corrosgion is often difficult to identify and generally doesn't
get much attention in small boatyard corrosion detection. But it does
afford another possibility to consider for those unusual corrosion problems
that may arise. In many cases, the common failure of hydraulic cylinders
used on outdrive units can be attributed to stress~torrosion (Figure 13b).
Also, the total failure of propeller shafting wmay b? the resul: of stress-
corrosion coupled with metal fatigue.

J. Stray Current Lorresaion

This type of corrosion is recognized as having the Breatast potential for
creating extensive damage in a minimal amount of tipe. Stray current
corrosion is caused by an electrical current, A.C. or D.C., that is being
discharged improperly through a metal surface intc 4n electrolyte. The
surface through which the electrons are discharged finto the electrolyte

is electrically protected, while the surface through which the electrons
re-anter the circuit is electreochemically dissolved. Almost all stray
current problems are created from poor or inadequate wiring, damaged in-
sulation, improper termiznal mounting, or incorrect shore power connections.

D.C. stray currents can be propagated from numerous: currant-carrying items.
Nearly all cases of D.C. current problems will be cpufined {cause and result)
to individual vessels. If A.C. shore power is used to power a vessel's D.C.
gystem, then the D.C. problems can be external to the problem vessel. When
traced to the sour:s, stray current problems inevi:hbly are the result of
inadequate or peor wiring situatioms.

It is an unfortunate but inescapable fact of life that while most boatyards
and boatbuildars employ skilled craftamen and mechanics, they come up short

on qualified electricians. When a boat owmer accepts delivery oun his new

or used vessel, chances are better than even that the wiring will be a jumbled
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array of uncoded wires rumning anywhere they are nok visible. The average
boat owner will scoop up any wires hanging in bilge water and Iry Lo secure
them to anything that is dry except, it is hoped, the propeller shaft. Each
year, a gilent prayer is offered in an attempt teo get through another season
with no electrical problems; aftar all, it would coBt a fortune to figure

ocut where all thosa wires go and why. This situatiE: becomes even more com-

plicated with do-it-yourself electrouic imstallatio
1

The two prime causaes of D.C. stray current corrosiop are the rasult of (1)
ravarsed polarity on the ground side of electrical equipment or instruments,
and (2) voltage drops in circuit lines creating potential differencas. These
two causes will be described in the following examples.

1. Reversed Polarity. A small fiberglass sailboat had a compass mountead

on its tainless stzel wheel stand in the cockpit. e bonding systam con-
sisted of connecting the auxiliary engine to a keel|bolt by means of a 12-
gauge wire; no other bonding was attempted. The coppass light was wired up,
with one wire comnected to the insulated terminal and the other to the light
casing, which contactad the metal wheel stand. The|wires were fed down

through the stand, whare a cockpit on/off switch was installed in one of

the two wires. The wires were then brought forward, and one was connected

to the fused panel and the other to the negative busbar. After several

months in the water, the rudder had disappeared. ul-out revealed a
deteriorated rudder post stub, which was originally|cast in the f{iberglass
rudder. Wiring was checked and revealed that (a) the negative lead was
connected to the iasulated light terminal, while che positive lead was

grounded to the casing; (b) the on/off switch was installed in the negative

leg of the circuit, leaving the positive leg closaed to the light casing; (c)
the casing was secured to the stainless steel wheel stand and thereby supplied {i.
with a continual positive charge. This charge was transferred to the rudder post
via the stainless steel steering cable. This resulted in electroms, supplied
by the vessal's battary, to exit from the propeller, which was negatively
grounded to the engine. These electrons traveled back to the narrow, exposed
band of the rudder post between the hull and rudder top, where severe corrosion
occurred leading to failure.

2. Voltage Drops in Circuit Lines. In Figure 19, an unbonded vessel has

an aft seawater-circulating pump connmected via a bromze seacock to the bronze
through-hull fircing. When the pump was wired, irnadequate wire size was used
(too small). This introduces additional resistance, R, into the circuit

when the pump is running. The additional resistance creates a voltage drop
over aach leg of the wire. For the purpose of this example, assume that

gach leg of the circuit has sufficient resistance tp craate a L.0 volt drop
over its leangth, and any voltage drop due to the pump motor resistance will

be neglected. Therefore, the pogitive leg has a 1.0 veolt drop and the negative
return has a 1.0 volt drop when the pump is rumnning. The negative return lead
is jumped to the pump casing to meet typical backyard electronic codes for

grounding. If, while the pump i3 rumning, a veltmeter is connected batween
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Figure 19 I

Stray current wiring
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"aA" and "B, a reading of 11.0 volts is obtained. If the meter is comnected on
the casing at "C", which has the same value as "B", and co "D", a reading

of 1.0 volts is obtained. MNo resistance is encountered between "D ara rhe
negative battery terminal because of heavy battery cable comnection.

problem

The 1.0 volt reading means there is a potential difference or L.u volts
hetween the engine (shaft and propeller) and che pump casing ({seacock and
chrough~hull fitting). Therefore, when the pump is running, electrons will
flow from the propeller shaft through the water and will enter the bronze
hull ficting, causing it to corrode.

The same conditioun could exist intermal zo the hull with a bilge pump, using
the bilge water as the electrolyte. It should be noted that voltage drops
cannot be read unless the circuit is cleosed.

The previous examples demonstrate two problems that can arise in vessels

that da aot have a proper bonding system. More about bonding in Sectiom a

of Chapter IV. Had a bonding system been installed om the sailboat, the wheal
stand and rudder pcat would have been bonded and a direct short would have
resulted upon wiring the positive leg. This would have tripped a breaker or
blown a fuse but would also have indicated that something was drastically
wrong. 1If the through-hull pump fitting had been bonded, it wouid have had the
same potential as the engine and a0 voltage drop would have appeared between
"o and "D". However, this would mean that while the pump was coperating the
bonding system would carry some of the pump's electrieal current. Although
this is undesirable, 1t is better than having a boat sink because of the
corrosion failure ¢f a through~hull f£icting.

Proper wiring techniques, continuity of pelarity, and adequace wire size to
handle the current are important factors to rememoer when wiring a vessel.

vany times during electrical installatioms, wire that i{s "om hand" is used

and assumed to be adequate to handle the electrical current.
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This often leads to undersized wiring, which can prpduce significant voltage
drops and may damage electric motors and cause stray current corrosiom.

The following equation will allow proper copper wires sizes to be calculated
for boat wiring. This equation can be used for both A.C. and D.C. wiring
and has been formulated to allow a maximum voltage drop, due to wire size,
of 0.250 volts at the electzical unmit.

D=43x1IxL
D = wire size in circular mils
1 = current 1n amperes drawn by electric unit
L ~ length in feet of wire run from power sourpe to unit

Once "D" has been calculated, Figure 20 can be used, to find the corresponding
A.W.G. (American Wire Gauge) copper wire size. Since it is unlikely that
practical application of this equation will resulc in values of "D" corres-
ponding exactly to a certain wire size, the next laprgest wire size should

be used. The following example demonstrates the uge of the wire size equa-
tion. The seawater-circulation pump of Figure 19 is to be wired up, using
proper wire size. The pump is located 30 feet from the power supply, and,
according to the manufacturer, it draws 5 amperes at full load. Hence:

D= 43 x 30 x 5
D = 6450 circular mils

Figure 20 shows that 6430 cir-mils is slightly less than #l2-gauge wire
(6530 cir-mils). Therefore, the pump should be installed using a minimum
copper wire gauge of #12.

Stray current can also result from bad A.C. power cénnections or improper
shora powar wiring. Many marina complexes have hadfcremendous growth over
the past 20 years. A dock holding 20 slips 15 years ago may have 30 to 40
slips today. In many cases, outlets witch overload protecticn have been added
to existing wiring. A situation like this can result in A.C. voltage drops
all along the dock because of in imability of the older wiring to supply ade-
quate current.

A practice commonly encountered on many older docks is a two-wire systenm
with no dafety ground wire. In Figure 21 (5) ‘two boats, B + C, have
their ground and neutral wires interconnected in the shore power receptaclea.
The boars' bonding systems are tied into the ground wire of each boat's
shore cable, under che assumption that ground and neutral are separate.
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FIGURE 20

Cipcular Mils AWGH Circular mils AWGH#
101 30 13,330 10
160 28 16,510 8
254 26 | 26,250 5
404 24 41,740 4
642 22 66,370 2
1020 20 83,690 i
1620 18 105,500 0
2580 16 133,100 ! 00
4107 14 167,800 000
6530 12 211,600 coo0

If the dock wires are subjected to heavy currant draw from boat "C" or
other vessels further down the dock, they may not be adequate tc carry

this current without creating a significant volrage drop. With the neutral
wires of each bocat connected to their bending svystems, a voltage difference
equal to half the tocal voltage drop at '"C: will be applied becween the
vessels. This voltage differance, which can amount to 3 or 10 velts, alse
exists between the vessel and sediment (ground), steel bulkhead, acc.

4.C. current will flow between the vessel and the closest object haviasg

a different potential. This current flow will cause corrosion damage to
the submerged hardware of both vessals.

The corrosion damage would be most severe aon the fittings closest to the
vegsel or to the object that the current is exchanged wich. lowever, if
many vessels are encountaring small voltage drops, the resistcance of sea-
water may be high znough to prevent destructive curtent flow.

Three wire dock systems are safer, and minimize the chance of stray currents
due to voltage drops on the dock. The third safety grounding conducrtor
would tend to tie all the bonding systems together at a commoun ground
potential. This is a solution for dock wiring problems, bug shore power
conpectors and a vessel's intemmal wiring can also allow A.C. stray current.

An isolation transformer is a wise investment for vessels connected to
shore power on a regular basis. Within the trangictmer a primary winding
receives shore current and, by magnetic inductilon, causes voltage and
current flow ro ba established in the secondary winding (Figure 21, Beac
A). The secondary windings supply the vessel with current at the vessel's
potential. The two windings are totally insulated (isolaced) from each
other, thereby eliminating any problems from bad marina wiring, reversed
polarity, or bad wiring of the adjacent hoat.

Anothar device, an Isolater, which is manufactured by Mercury Marine, can
be installed in the grounding safety conductor. This separates the boat’s
bonding system from shore ground potential and the accompanying problems
that may arise. Wire-to-wire contact is still maintained between current
carrving conductors with this system.
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Tremendous corrosion rates can be achieved by using an autotransformer
type of battery charger. The primary and secondary windings in these
units are electrically linked and the transformed low A.C. voltage 15
rectified co D.C. When hooked to the battery, the negative side of the
battery charger iIs essentially tied into the propeller via the negative
ground on the engine. Very strong stray currents can result from this
type of system.

After all the careful wiring, the installation of an igolation transformer,
and a thorough bonding system throughout, stray current corrosion cam still
be a problem. I: can result from current fields, flowing through the water
surrounding the vessel (Figure 22) (5). These flowing currents will attempt
to pass through the least resistive material in their path. The bonding
systam ¢of a woodan or fiberglass boat, or hull '

of aluminum or steel boats, 1s less resistive than seawater. Thereforas,

a well-protected vessel can act as a "jumper wire" for flowing currents

and develop strav current corrosion as an innocent bystander. In the

case described in Figure 22, all three vessals will display corrosion
problems.

Welding machines have been responsible for large vassels sinking at the
dock as a result of welding current corrosiom. In order co- save time

and effort, some weldars may attach the welding ground (work) lead to

a steel bulkhead or piling. With this system, they have only to szring
one heavy cable onto the vessel, since the seawater forms the other current-
carrying leg. This system will function adequately and the vessel's hull
will be undamaged except for paint loss, if the welder is using a D.C.
machine and welding with straight polarity. However, the bulkhead or
plling will be rapidly consumed in the process. Damaging problems can
arise using this poor practice if (a) the welding Leads get reversed
(welding with reversed polarity), which will cause the hull to corroded
away; or (b) another vessel gets between the ship heing welded and the
welding machine's ground leg. Welding currents traveling through the
water will enter and exit from the vessel's hull asg a result of its

lower resistivity. The tremendously high currents used in welding will
make short work of mild steel plate if they are applied improperly.

Should corrosion problems arise and stray currents are suspectad, there are
several simple tests that can be achieved dockside. Hull potential measure-
mants at saveral locations should be made using a portable refsrence
alectrode. This techpnique will be explained in dagail in the sectiom on
cathodic nrotection. The potentials measured should not diffar by more
than aboutr 10 millivelts, 0.010 wvolt (3). Signifigant variancas in hull
potential readings would indicate potentially damaging electric fialds

in the water. Shore power polarizy should be invesgtigarted (1) (6). This
can be determined either by measurement with a multimeter or by using

a polarity iandicator (5). This precaution will prevent accidental reversal
of the shore powar, which under some circumstances could cause the hot
conductor to ve carried to hoat ground. Only highereaistance jolaricy
indicators should be used; the Amarican Boat and Yache Council (ABYC)
requires :that these devices have an impedance of at least 100,200 ohm

(1). OQtherwise, they can draw appreciable current and give rise to stray
current corrosion (5}.
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IV. CORROSTON PREVENTION

A. Cathodic Protection

In the section on galvanic corrosion in Chapter III; there was a description of
how multimetal systems can be galvanically protected by bonding them electri-
cally to a less noble metal. The less noble, ancdig, metal is corroded away
intentiocpally in order to supply electrons to the protected metals. This
Protection process is termed "cathodic protection" 4ad the anodes are called
‘saerificial anodas,” since their function is to self-destruct during the
libaeration of electrous.

Sacrificial anodes used inm marine service have baen primarily coustructed
from a pure zinc, since it is anodic to nearly all metals used in marine
applications. Magnesium, as indicated by the seawatar Galvanic Sarias,

i3 less noble (more anodic) than zinc. However, the availabilicy of magne-
sium anodes, their fairly rapid consumpcion, relative expense, and need

of frequant maintesnance generally makes them less desirable than zine.
Certain aluminum alloys are becoming more and more accepted as sacrificial
anodes, especially ag zinc anodes continue to rise i{n cost. Aluminum
anodes have approximataly the same galvanic potential as zine anodes.

An anode alloy of zinc and aluminum, trade name, Gavalum, 1is used on

many steel offshore structures.

With this knowladgze, it becomes obvicus how sacrifi¢ial ancdes can be em-
ployed to prevent a boat's underwater hardware from corroding. This corrosicn
control is more efficient if the vessel has been th¢roughly bonded. A hond=-
ing system ties all significant metal compoments toge:her electrically with

a heavy, low-resistance conductor (copper bar, #8 imsulated wire, etc. The
bonding system {3 not i{ntendad as a ground system, buc should be tied into

the ground system.

The absence of a onding system makes corrosion protection virtually
impossible for intake and discharge fittings, transducers, exhaust ports,
etc. However, a jonding systaem allows sacrificial anodes to be employed

for the protection of all underwater hardware. In most cases, the bonding
systam should be zonnacted to an appropriate anodes located a little aft

of amidships and :lose tco the keel. Larger or daep+keal vessels may require
an anode on both sides of the keel for adequate protaction. The anode should
have a pilece of rubberized or other insulative gasket material insulacing

it from the cuter hull surface co prevent a localized reaction with the
bottom paintc. This location of ancdeas keeps them central to the bonding
wire network and optimizes the protection afforded by the amodes co all
underwatar hardware.

An important tule of thumb to be kept in mind when fnstalling any cathodic
protection sysctem is that ancdic protecticn will tepd to follow a line=of-
sight path.'" In ather words, if the anode can't se¢ the object to be pro-
tected, then protaction will be minimal or uonexisteat. Also, the protac-
zive powar of the anode diminishes as separation distance becween it and
the protected objact increases. 3Bonded abjects beyond a radius of 10 to
12 faat from the anode will receive minimal protection.
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In addition to the bonding system's protective anodes, it is advisable to
install individual amodes on items such as propellar shafts, rudders, and
radio ground plate. These supplemental anodes compensate for accelerated
anode deterioratioun resulting from high water velocities encountered around
propellers, shafts, and rudders.

It should be noted that for a zinc or aluminum anodﬁ'co function correctly,
it must be corroding (Figure 23). Therefore, if after a seasou's use the
appearance of the anodes shows little or no deterigration, then they have
not been working (Figure 24). There are three primaty causes for anodes

not functioning properly: (1) poor electrical contact, such as shaft or
rudder ancdes put om over paint; (2) anodes painted after installation;
and (3) too many impurities in the anode which caus¢ extensive surface mild-
up on the anode and eventually insulate rhe anode surface from seawacter.
The appearance of impure zincs generally show up asihard, temacious, dark
gray or black surface films. Good zinc anodes raquire a minimum of 99.20%
pure zinc content, as indicated by the following mili:ary specifications,
MIL-=-A-—~18001 (5):

Lead (max.)~=—0.006% Cadmiumem=0.025-0. 152

Iron (max.)--=0.005% Aluminum~—+0.100=-0.50%
Copper (max.)-—0.005% Zinc remainder

Silicon (max.)-===0.125%

If a zinc anode contains more than 0.005% iron, 1t ﬁill be renderad ineffec-
tive. Recycled zinc will almost always contain unaccep:able levels of iron,
due to the melting and recasting process. Thereforé, if recycled anodes

are to be used, proof of composition should be obta#ned prior to imstalla~-
tion. The scale formad by high iron content c¢an actually be cathodic to
steel and thereby accelerate corrosion of adjacent gteel surfaces (3}.

Zinc anodes are available in various shapes and sizes. The most efficiemt
manner of anode attachment is by use of cast-in brackaets which, on steel
hull use, are welded on the hull, insuring positive electrical contact. If
a nut/bolt arrangement is used for securing the bonding system to the hull
anodes, corrosion products (scale) can build up between the anode and bolts
in a short periocd of time. This scale can increasejcircuit resistance to
the point of isclating the bonding system from the ancde, rendering it use=
less. Since zines with cast-in bolts are not available, one method of
sacuring bolts is to drill a hole in each and of tha steel cast-iz place
straps and braze or silver solder a bronze or galvanized boit im place.

Determination of the exact amount of protective anode is more black magic
than art. There are predicted rules amploying surface area ratios-i.e.,
surface area of protectad material versus anode surface area——but most
initial systems are based ou an educated guess. Variables such as contour
of hull, paint system applied, combination of metal types to be protected,
geawacer conditions at mooring, and amount of tima upderway all have a
significant role in determining the proper amount of anodes.
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Figure 23 Properly corroded zinc anodes.
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In applying any cathodic protection syvstem, care must be taken not to cver-

Protect (use too many ancodes). The concept of "If a little zine is good,
then a Lot of zinc will be much better” is totally 1acerrect. 4 first
attempt system should be estimated, based on past experience (successful!)
or the ratings listad 1o Figure 25 (5).

Figure 25 Summary estimates of zinc weight for vessel class |
22! 30° 32°' 4o 48" 58° 78"
Hull Cruiser Cruiser Sailboat Cruigser Cruiger Cruiger Dragge
dood or . .
Civerglass 1.5 1b 16 1t 3.6 1b 35 1v Li 1v 68 1v» %3 1b
Steel 31 1b 81 1lb 53 1b 128 1o 185 1b 280 1b 458 11
Aluminum 23 1b 38 1b Li 1v &4 1b 100 1b 162 1b 281 1t

p

deizhrt of zine in pounds using 11 1b rectangular anodes.

a

A more exact method of determining che quancity of 4nodes requires the use
of a reference electrode (usually, a silver-silver theride Or copDer-copper
sulfate). Using :this method, the hull potrential (potencial of che bonding
system for fiberglass or wooden boats) is measured telative to the vefereace
electrode. This potential is then adjusted by adding zimes until a hull
potential of the correct voltage is obtained (see Figures 26,27). The

hull potential should be checkad several times each season to insure that
the proper potential is maincained. Many expensive vessels carry their own
reference electrode for frequent menitoring. Ideal hull potentials, to be
maincained for effective corrosion control, varv ac¢ording to hull materials.
A steel hull should be maintained between 300 and 900 mV, an aluminum hull
betwaen 940 and 950 mV, and fiberglass or wood with:a predominance of

bronze hardware batweaen 575 and 630 mV. These potentials are all relative
to a silver-ailver chloride refarence cell. :

In order o get accurate potential readings during hull potential adjustments,
the anodes being added should be placed as close to . their prospective {ixed
locactions as possible. Also, the hull potential adjustment should be made
aftar all individual anodes have been inscallad (ecollar, ruddar, ground

plate, acc.). Tha vessel should be allowed to sit gvernight in the watzr to
allow the cathodic surfaces to stabilize before making poteatial adjustments.
The refarence alactrode should be moved to several differemtc locartions

around the hull to ensure that the hull potential i¢ fairly uniform. Further-
more, anode surfaces which will not be exposed to saawater In their installed
stace should be taped so that these surface areas will not affect hull potfen-
cial measuremencs. '
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Figure 26  Schematic of hull potential measurament

Bonding System

High re si.fa'tance
Volt Meter

{:); . Reference elscirode
v & pPlaced in sea water

zine in 2n —1
water -+
connected in ——
to bonding 7n T
system ny

heavy cable

(low resistance) .
Boat in normally loaded condition in sea water.

e r— e n

It should be noted that it is the surface area of the anodes tha:t shifr the
hull potential and not the anode weight. The welght is ounly indicative of
the anode's lasting power. Therefore, if hull potential is adjusted with
all sides of an anode exposed and then the anode has one side covered by the
hull when it is installed, the hull potential will shife.

Hull poteatial will very cousiderably whether the boar {s underway or dock-
slde. The fast water velocities encountered while un#grway swif-ly carry
reaction products away from cathodic surfaces. This process allows the
cathodic reaction to accelesrate, creating a greater demand for curtvemnt that
must be supplied by the anode. Hence, {f the hull potential is adjusted for
dockside mooring, the vessel may very well be underprotected while underway.
Conversely, if the hull potential i3 adjusted for undgrﬁay condizions, the
vessel may be overprotected at the dock. For vessels that remain at dock-

side most of the season, the swall amount of time runping underprotected should
create no significant corresion, and hull potencial should be adjusted for
dockside. Commercial vessels present a different problem, which can best be
solved with installation of an electronically controlled ingtrument which
regulates current f{low between the anodes and the bonding system. These
systems employ a reference electrode permanently mounted underwacer on the hull
as well as a control box which automatically adjusts hull potential to com-
pensate for varying conditions. Basically, the systaem is set up with enough
anodas to provide adequate current protection while the vessel is underway
(which normally would overprotect the vessel at docksfide). However, the
elactrical lead from the anodes is not counected direptly to the bonding

system but to a control device which regulates the current flow batween the
anodes and bonding system. The coutrol device continually compares the hull
potential (determined by its permanently mounted reference electzode) with the
desired pre-ser potential and regulates current flow Lo maintain a2 balance
between them. These units extend the useful life of the anodes by insuring
minimum, yet adequate, current flow to the protected compouents. Such devices
are manufactured by Bartall Corporatiou, Newport Beach, California, and
Elactro-Guard Corrosion Control Systems, San Diego, California. DYNote that
these are not impressed current devices (devices employing D.C. currant f{rom an
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¥

external source such as battaries or a generator) butfare currenc-regulating
devices. Impressed current devices will be discussed in Section C.

B. Overprotection Prohlems

Just as severe corrodion problems arise from large cathode-small anode situa-
tiong, ovarprotection problemsa can arise from large afode-~small cathode 3itua-
tions. Overprotection generally results from galvani¢c protection systems

or impressed current systams that are not properly adjusted. Impressed current
protective systems will be discussed in Sectioun €. In many cases, overprotectiomn
can be more damaging than insufficient protection, especially on wooden or
aluminum vessels.

Overprotection results when the cathodic areas receive an excess of electroams,
forcing increased reduction reactions on the cathode surface. In seawater

these reacticons cause an excess generation of hydroxyl ilous (QH™). If the
cathodic surface is exposed to open seawater, then theé reaction product of
hydroxyl ions does not buildup and introduce problems. However, in an over
protected situation the current flow is generally large enough to force reduc-
tion reactions on all surfaces of the carhodic object . which have sufficient
alectrolytes surrounding them. Damp wood is a suicable electrolyte and cherefore
major damage is incurred by overprotection on wooden boats,

Figure 28 depicts a heavy bronze exhaust port secured.through the transom of a
boat. The dockside water level is approximately cne-third of the ficting
height. In good fashion, the fitting has been secured to the bonding system,
which is counected to the anodes. When too much anodic surface area is used
{teo many zincs), the hull potential is raised to its|maximum and high current
rates begin to flow through the bonding system. At the exhaust fitting these
currents cause reduction reactions on the outar surfat¢es exposed to seawater,
which cause no problem because their products are disgipated in the water.
However, the reduction reactions taking place at the fitting's incerface_with
wood that is soaked with salt water cause a buildup of hydroxyl icns (CH ),
which permeate the wood. These hydroxyl ions actually attack the wood fibers,
destroying their strengch., The appearance of thig alkaline attack on the

wood is very similar to that of dry roc (Figure 29). .

Figure 28 Exhaust fitting through transome overpr tectign )
Ve 4 e &
'r bonding wire

cranscm

bronze sxhaust

POTE ™ Nl 78 QN

feawater 1 | RO LTI I =
AL % =
o8~ aff. build up = rubber axiaust hose
daf NaOH
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Generally, wood deterioration due to overprotection leaves a white deposit
around the fittings on the inside of the hull. This substanoce is generally
composed of several compounds that have precipitated out of the water-soaked
wood as a resulr of the overprotection reactions. Compounds such as

calecium hydroxide (Ca(OH)z), calcium carbonate (CaC03p, pagnesium hydroxide

(Mg (OH),), and, in severe casas, sodium hydroxide (NaDH) are presant in the
white déposit. The deposit will have a bittar taste compared to the salty
taste of sodium chloride (NaCl). These deposits can mlsc appear on metal
surfaces that ara overprotected such as offshore steel atructures. The
coatings that result on the protected steel actually act as a corrosion
barrier. These deposits can be neutralized by ample washing with distilled
white vinegar. '

Also the generation of large concentrations of hydrohyl ions by overprotected
surfaces can create other problems. 0il-base paints bon wood, fiberglass,

and metal vessels can be broken down chemically and anded away. Alumipum
becomes extremely susceptible to corrosion when expod to high concentrations
of hydroxyl fons. Overprotectad aluminum hulls will display varying degrees of
corrosion depending upon the amount (potential) of ovierprotection. Therefore,
quality cathodic protection monitoring is cirtical for proper maintenance of
aluminum vessels. , ;

Overprotection can also generate free hydrogen (B,), khich can build up between
the protected surface and the paint £ilm, causing it jto blister. This {s most
evident on steel hulls, and can be identified by bli&ters with clean, uncor-
roded metal benmeath, If the blistering is caused by excess hull anodes, ao
significant corrosion problems should be encountersd until the anodes are
nearly exhausted. At this point, many paint blisters may have been sloughed
off, leaving the exposed metal to fend for itself. qhis metal may corrode at

a slow rate due to uniform corrosion or may itself begin to act as a sacrificial
anode 1f the hull is counected to a nobler metal such as bronze.

It 1s also possible to gemerate atomic hydrogen (H) at cathodic surfaces as

a result of overprotection. Atomic hydrogen can severely damage certain
steels by a mechanism called hydrogen embrittlement. | Although mild steels

are not suscaptible to embrittlement problems, many digh strength steel alloys
and stainless steels are. |

Mild steels, in areas of atomic hydrogen generation,ican he severely damaged

by hydrogen blistering. In additiom to the possibilities of hydrogen embrittle-
ment and blistering around overprotected cathodic ar » there exiscs the

chance that caustic embrittlement may damage wmild stesl. Caustic embrittlement
more truly is a type of stress-corrosion cracking, adcslerated by a causctic
(high OH ) enviromment ( 2 ). |

Hydrogen embrittlement, hydrogen blistering, and caustic embrittlement are
types of corrosion damage that ara very rarely seen local boatyards. They
are only mentioned as an attempt to inform the readex of their existence and

to allow avenues for further study.
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C. Impregsed Current Protecticn

These devicas cathodically protect mecal surfaces by forcing D.C. electrons to
flow from the protected cathodic surface to special anodes (Figure 30) (3 ).
The polarity of the system forces the protected cathodic surface to polarize

to the point where localized, galvanic acctivity on the surface is elimipated and
corrosion does not occur. The anodes of impressed current systems are composed
of inert material, such as platinized titanium, and d¢ not enter into the
electrochemical reactions; i.e., they don't corrode away.

Many large vessels, oil drill rigs, production platforms, offshore cerminals,
atc., have some type of impressed current system for corrosiom control. These
systems constantly monitor hull potential and maintain the corract electron
output from cathodic surfaces. Anodes generally need no replacement, axcept
when they ara physically damaged, but way require cleaning if precipitated
reaction compounds build up around them, Factors determining electron flow
are (1) dimensions of submerged area requiring proteckion; (2) speed of the
vessel or water current around stationary unit; (3) the condition of the sur-
face coating covering the protected area since a good coating recuires minimal
electron flow; and (4) counductivity of water (fresh, brackish, or salt).

An impressed current system is generally composed of Four major compoments ( 3

1. A controlling device which automatically varies D.C. electron {low to
the cathodic surface. It does chis by comparing the hull's potential to a
pre-get value.

2. A permanently mounted refarence electrode which continually monitors the
hull potential for comparison by the controlling devica.

3. An anode or series of anodes permanently mounted im the mull and electrically
insulated from it. Anode faces are usually recessed in the hull to prevent
damage from debris in the water, or irom entanglement with lines. Electroms
from the protected surface flow through the water and encer the impressed
current circuif through the ancode.

4. A monitoring device which allows system parametars, such as hull potential
and electron flow, to be sasily observed on meters of digital readout.

These systems ara not inexpensive and require a knowledge of their workings co
make them reliable and efficient. On smaller vessels, used only intermittently,
the current draw can drain battery banks over a period of several weeks. A
small system can be purchased from Mercury Marine or UMC to protect in/out drives
or outboards.

It should be remembered that i{f an impressed current system 1s installed
incorrectly, the vessel's hull and/or hardware can be forcad to act as an anode.
This will cause rapid corrosion of the hull and/or hardware, resulting in very
¢ostly damage. :

In this section the term "alactron flow' appears throughout the discussion. This
wording is emploved to maintain continuity within the text because the term

was adapted in Chapter I. To repeat from Section 3 of Chapter I: curreat flow
is 2lways opposita to elactron flow.
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