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INTRODUCTION

The subject of corrosion is very broad
and complex. Its ramifications cover many
fields of theory, fact and methods for corro-
sion control, Thereare many textbooks, hand-
books and volumes of technical publications
on corrosion that date back as early as 1824
when Sir Humphrey Davy published his studies.

No attempt thereforewill be made to cover
the overall problems and emphasis will be
made only on those phases which are thought
to be of general interest to the gas appliance
engineer with particular emphasis on the
ferrous metals. References will be made
wherever possible so that those who are
interested may investigate and study the sub-
ject at greater length.

The corrosion of common every day
metals and metallic alloys is affected by
many variables which may or may not be
mentioned herein, It is suggested that an-
swers toany specific corrosion problem may
be found by closely checking the appropriate
reference, at the end of the paper,

WHAT IS CORROSION?

"Corrosion of a metal is the destruction
of the metal by its environment through
chemical or electro-chemical means'. Every
known metal is subject to corrosion. Some
metals corrode faster than others; some so
fast that they are a definite fire hazard,
others so slowly that their corrosicon cannot
be seen by the naked eye. The corrosionrate
of every common metal is known and no two
rates are exactly the same, The corrosionof
metals depends upon many factors.

Most metals do not appear in nature in
their pure form and are generally found in
compounds united with other elements. The
minerals found in the earth and rocks and in
the salts of the seaare stable combinations of
compounds suchasoxides, sulfates, chlorides,
phosphates, etc. Ever since man through his
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own intelligence contrived to reduce various
metallic compounds to useful engineering
materials, he has been constantly confronted
and challenged by the fundamental laws of
nature that, through the processof corrosion,
a refined metal will "drive"toward achieving
its native stable state,

The wastage of metals by corrosionusually
makes itself evident Ly the presence of a
corrosion product such as rust on iron (1).
When you analyze rust you find it is iron
oxide. When you analyze natural iron ore,
you also find that it tco is iron oxide. In the
corrosion of purified iron it has reverted
to its original native state, iron oxide.

Different metals are affected to different
degrees and corrosive attack may take many
different forms. Attack may be by general
tarnishing or rusting (2).

1. Corrosion may developnearoratthe junc-
tion of two dissimilar metals (3).

2, The metal may suffer highly localized

attack by pitting (4).

The strength of a metal may be destroyed

by cracking induced by corrosion (5).

4. Corrosion may also be confined to crev-

ices, under gaskets or washers, or in

sockets (6).

It may have the effect of removing one of

the constituents of any alloy so as to

leave a weak residue (7).

3.

Thus the forces that cause corrosion are
constantly at work. It costsbillionsof dollars
a year. It dissipates our resources and the
fruits of our labor. It interrupts production.
It causes accidents (11). "Thisis corrosion'.

THEORY OF CORROSION

The theory of widest applicability and
acceptance is the electro-chemical theory
of corrosion. By definition, electro chemistry
is the science of the relation of electricity
to chemical changes. "When a metal is in
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contact with water, there is a tendency for
the atoms of the metal to become ionsand go
into solution, leaving their electrons on the
metal, thus giving the metal a negative
charge' (Nernst Theory).

The subject of corrosion is electro-
chemical and the rate ot corrosion is simply
a function of electromotive force and resis-
tance of circuit (8). There is almost always
a flow of electricity between certain areasof
a metal surface through a solution capable
of conducting an electric current (9). This
electro-chemical action causes destructive
alteration or eating away of a metal at areas
which are called anodes where the electric
current leaves the metal and enters the
solution.

Thus the solution or the electrolyte may
be considered as one of the main requisites
for the progress of corrosion. This can be
the meoisture in the air or a solution com-
pletely immersing the metal and must con-
tain ions. lonsare electrically chargedatoms,
or groups of atoms, in solution. Pure water,
for example, contains positively charged
hydrogen ionsand negatively charged hydroxyl
ions in equal concentration. So the electrolyte
may be any form of moisture or solutions
of acid and alkali, In the mechanism of
corrosion there is always an electrolyte
that contains many ions, an anode and a
cathode. The anode and cathode may be two
dissimilar metals, or may be differentareas
on the same piece of metal. In either case,
there must be a potential difference between
the anode and the cathede, so that electricity
will flow between them. The electrical circuit
is completed by a metallic path which per-
mits the negative charged electrons to move
from the negative to the positive.

For example, a piece of iron is put info

Figure 1

the same electrolyte with a piece of copper,
The iron will become the anode and the copper
the cathode. Positively charged atomsofiron
will pop-off the iron surface and enter the
electrolyte as ions. Two corresponding nega-
tively charged electrons per iron ion will be
left behind on theiron. The electrons will then
flow to the cathode by means of the metallic
hridge hetween the two. Figure 1.

Chemical Reactions (10)
At the Anode Fe + HZO----I-"U+++ %e + 2H + 172 Uz
At the Cathode 2H + 2e—sH,

also 4H" + 0, + de—s-2H,0
also 02 F 2H20 + Ze——Hzﬂz + 2 0H
or 02 + 2H20 + 4ee—m=dq QH™

When the electrons reach the cathode with

-their negative charge, they will attract the

positively charged hydrogen iong in solution
and will neutralize some hydrogen ions. In
losing their charge, the positive ions become
neutral atoms and combine to form hydrogen
gas. Thus, there is usually hydrogen gas
liberated at the cathode during the corrosion
process.

Some of the hydrogen ions thus released
will unite with oxygen ions in solution and
will form hydroxyl ions (OH™) which tend
to cling to the cathode. These hydroxyl ions
will make the solution at the cathode less
acid and consequently less corrosive,

To summarize this corrosion process
there must be:

1. A release of electrons at the anode;

2., Formation of metal ions through dis-

integration of the anode;

3. Flow of the electrons to and accepted

by the cathode;

4, Neutralization of the positive ions or

formation of new negative ions.

Action at ecjther the anode or cathode
cannot go on alone. The two reactions go on
at the same time at equivalent rates and
corrosion occurs at the point where the metal
ions enter into the electrolvte,

This corrosion process does not neces-
sarily have to be between two dissimilar
metals but can occur on the surface of a
single metal. There will be many localareas
on a piece of metal that will be either anodic
or cathodic and the same procedure will take
place between thesedissimilar areas. If there

aa
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is an electrical potential difference between
two areas and these areas are incontact with
the same electrolyte, then corrosion can
oceur,

The flow of clectric current is a resultof
or a product of corrosion and if this current
can be measured, the degree of corrosioncan
he cstimated.

GALVANIC CORROSION

When two dissimilar melals areincontact
with one another or otherwise elecirically
connected and exposed to the same corrosive
liguid, a potential is set up between these two
metals and an electric current flows, Thisis
called "Galvanic Corrosion'. Thisphenome-
non can cause excessive corrosionorin some
cagses can be put to useful work as in an
electric battery. The storage battery uses
this principle where two dissimilar metals
are immersed in a strong electrolyte under
ideal conditions for producing a relatively
strong electric current,

In the bi-metallic cell thus forined another
phenomenon takes place. One metal (anode)
corredes much faster than it would under
normal conditions and the electric current
thus generated will [low to the more noble
metal (cathode)and this current will decrease

Galvanic Series of Metals & Alloys

Electromotive Saries Practical Seriea,

Metal Volta Material
Mngaesium * * -1.58 Magnesium®
Aluminum*** ~1.23 Aluninum 25
Zinc** ~0.78 {?:L:::l or iron
Chromium * * -0.58 lrom 13% Cr (active)

‘e - 18-85 (active)
fron 0.44 18-85 Mo (active)
Cadmium ** -0 .40 ﬁ':'.‘::ﬁ‘:,;‘é
Cobalt ** —-0.29 Lead
Nicke] * * -0 23 Nickel (active)

Inconel (netive)
g’:rlelloy A
T - orimet 2
Tin 0.14 Hastelloy B
Lead** ~0.12 Brasnes
guppcr
! B ronges
Hydragen 0.00 Copper-nicke} sltoys
Antimony *** +0.1 PI,G’PEEII (passive)
Copper** +0.34 icxel (passive
Inconel (pansive)
Csha%n}ium _irul):l (possive)
ilvert* . 18- passive
Silver +0.8 18-88 Mo (passive)
oig.
G LY Q
old +1.36 Platinum b

¢ Corroded end (anodic or least noble).
¢ Protected end (cathodic or most noble).

Table 1
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the corrosion of the cathode as long as the
anode is present and active. This is in many
cases an unfortunate situation in that the
weak link in the chain becomes weaker. Or
one metal may be sacrificed or expanded to
save the other,

In general it ispossible to determine from
their respective positions in the Electro-
molive Force Series, which of the metals
will corrode the fastest, (Table 1), Hydrogen
gas has been used as an arbitrary reference
element.

Those elements above hvdrogen in the
list become progressively more active and
those below hydrogen progressively less
active, One extreme is potassium which
reacts so violently in mwoist air or water that
it will burst into flame. The other extremeis
gold and platinum which corrode very slowly.

This series will show which metal will
displace another and suffer accelerated cor-
rosion in the process. Any metal will displace
one below it. For example, iron willdisplace
tin in solution. If there are tin ions in the
electrolyvte they will be plated outontheiron,
thus giving it a coating of tin., This process
is used commercially in metal plating,
However, if the iron and tin are placedin the
same electrolyte and are electrically con-
nected then the iron will go into selution and
will corrode instead of the tin.

The series also gives an indication of the
potential that should exist when two metals
are connected together. The farther apart
the metals are in the series, the greater the
potential and the greater the likelihood of
galvanic action. For example, magnesium and
copper form a bad combination, sincegalvanic
action would most likely occur with the
corrosion of magnesium greatly accelerated.
Conversely, there would he little action
between lead and tin.

Galvanic corrosion is readily recognized
by mere visual examination. The accelerated
corrosion of the less noble metal is usually
localized near the peint of contact and often
manifests itself as pits, grooves and channels.

The rate of galvanic corrosicn dependsin
part upon the potential difference bhetween the
two metals. This difference can be measured
in millivolts and depending upon the strength
of the electrolyte will increase with a change
of several factors such as temperature,
oxygen solubility, etc. If the two metals are
put into metal contact then the degreeor rate
of corrosion canbemeasuredinmilliamperes.
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Thus, the potential between two dissimilar
metals is measured in millivolts and the rate
of current flow betwceen the two is measured
in milliamperes. (See Table II).

Eifect of Temperature on Electrical
Current Flow Between Dissimilar
Metals in Cleveland Tap Water

Curren! (Mitliamperesh

Capper Brass-

Temp. Gale. Galy. Brass- Brass-
W Iron fron Iron Copper
0 1 49 1.13 BN .08
30 1.68 134 .33 .08
%0 1 &7 1 60 .62 a9
100 X2 1 94 74 10
110 2.30 230 .86 1
120 282 2 60 97 12
130 314 291 114 13
140 336 300 1.39 14
150 333 3 26 1.79 '5
160 3 64 343 RS 16
170 o7 Amh LR 17
180) 339 3 n2 1 a3 17
190 343 3.7 3 08 18
TABLE II.

Change in temperature will also affect
the extent of current flow, Some cases have
been observed where an increase in temp-
erature has actually reversed the direction
of current flow between two metals, so thatat
one temperature metal "A'" would suffer
galvanic attack, whileata higher temperature
"B' would be the one affected.

As corrosion progresses hoth types of
current may decrease. This is due to the
generation of corrosion products at both
the anode and the cathode. The generation
of hvdrogen at the cathode will tend to put a
protective film over the cathode thus reducing
the potential between the two metals. Or, this
hydrogen gas may react with theoxygeninthe
solution to form a hydroxyl ion which being
alkaline will also reduce the potential. Con-
sequently, this potential will vary with cir-
cumstances and will not be a constant factor,
When these by-products of corrosion build
up they will tend to polarize the electrodes
decreasing the potential. Some metals wili
polarize more quickly or readily thanothers.

This polarization however can be depol-
arized just as easily by the removal of the
protective film. The hydrogen film for in-
stance can be removed by excess oxygen in
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the solutionor it canbe washed off by agitation
of the solution thus permitting corrosion to
continue,

The change of potential is also affected
by the current density. "Current density is
that current per unit area of exposed surface
and is expressed in milliamperes per squarc
foot ™.

For example, for the same amount of
current the current density ona large cathode
will be less than on a small one. Thus the
hvdrogen developed will be spread out more
thinly and will be more easily depolarized.

The designing engineer should eliminate
wherever possible the direct contact of dis-
similar metals. If this is not possible then
certain precautions should be taken, otherwise
severe galvanic corrosion of one or more
of the parts may occur.

1. The area of amoreanodic metal should

be larger than the area of the cathode,
If this is not done, the corrosion rate
on the anode may he quite severe,

2. Digsimilar metals in contact with the
same electrolyte should be electrically
insulated,

3. Paint both anode and cathede. Do not
paint or cover one without doing the
same to the other and keep in good
repair.

4, Galvanic current canbegreatly reduced
by the addition of certain inhibitors
{(6).

STRAY CURRENT CORROSION

This form of corrosion designates the
damage caused by electric currents other
than the intended circuit or by impressed
extraneous currents.

Stray current corrosion occurs most
often in moist soils and is characterized hy
severe local pitting at the point where the
current leaves the structure. Structures
most commonly affected areburiedpipelines
and the like.

The offending or stray currentsareusually
those which leak from electric power cir-
cuits and flow through the earth and through
metallic structures buried therein., Return
circuits of electric railways, electrified sys-
tems and plants using direct-current con-
stitute the chief source of stray currents.
Fortunately, those current leaks are easily
recognizable and today major corrections and
preventative methods are used to prevent
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such occurrences. Complete insulation of the
possible generating sources isrecommended
although these are not whollv effective in all
instances. (6}, (7).

WATER COMPOSITION

The corrosion of a metal by water is
an electro-chemical process; chemical in
that the metal is converted to a compound,
electrical in that the flow of an electrical
current (self-induced or tmposed) is associ-
ated with that conversion.

In tracing the flow of a corrosion current
two pathways are clearly in evidence. One is
the metal itself through which free electrons
flow from areas of high potential {anodic
areas) to areas of low potential (cathodic
areas). The second pathway is through the
electrolyte: water, wet soil, salt solution,
acid solution or other suitable liguid medium
through which ions migrate freely hetween
the anodic and cathodic areas of the affected
metal. Both paths together constitute the
circuit of the corrosion current, while the
electrolyte in combination with the anodic
and cathodic areas of the corroding metal
form the corrosion cells.

The electrolyte is the corrosive medium
which surrounds and touches the surface of
the metal. In the case of water heaters it
is the hot water in the storage tank. Free
electrons do not move throughthe electrolyte;
they are taken up by the positive ions
('cations) at the cathode and given up by the
negative ions (anions) at the anode. The
electrical current is thus ferried across
the electrolyte by the ions.

The corrosion rate of a ferrcus metal
is controlled not by the readiness with which
electrons flow through the metallic path but
rather by the chemical character of the water
itself, (the electrolyte). Any alteration in
the chemical characteristics of the water, or
in the ease with which water reacts with the
metal, or in the frequency with whichcertain
constituents of the water pass over a given
spot on the metal will influencethe corrosion
rate.

That property which renders a water
aggressive to metalsistermedits corrosivity.
The active agents contributing to the corro-
sivity of water, aside from the solventaction
of the water itself are: acids; salts, which
vield acids by hydrolysis; dissolved oxygen;
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carbon dioxide; hydrogen sulfide; ammonia;
chlorine; other aggressives,

All natural waters contain dissolved min-
eral matter. Waler in contact with soils and
rocks, even for a few hours, will dissolve
some mincral matter. The chemicalidentity,
character and quantity of mineral matter
contained in a natural water depend primarily
on the type of rocks and soil with which the
water had come in contact, and how long it
remained in contact. Some streams are fed
by both surface runoff and groundwater from
springs and seeps. Such streams reflect the
chemical character of the more concentrated
ground water during dry periods. In periods
during heavy surface runotf, however, these
streams are more dilute, Ground water
usually contains more dissolved mineral
matter than surface runoff for it remains
in contact with soils and rocks for longer
periods of time. The concentration of dis~
solved solids in a river water may be in-
creased by drainage from mines and oil
fields, by discharge of industrial and muni-
cipal wastes into the streamsandinirrigation
areas by return drain waters.

Marked variations in the characteristics
of waters utilized in domestic water heaters
prevail on a nationwide scale. By way of
illustration, dissolved solids alone may range
from as little as 10-20 parts per million in
some New England waterstoasmuchas 3000-
6000 parts per millicn in some of the highly
mineralized waters of the Southwest, Similar
examples of variability can be cited with
respect to pH, hardness and corrosivity.

Among the dissolved solids and gases
commonly reported in a water analysis are:

Aluminum; Manganese and Iron;

Calcium and Magnesium;

Sodium and Potassium;

Oxygen and Carbon Dioxide;

Carbonate and Bicarbonate;

Sulfate, Chloride, Fluoride and Ammonia.

In addition, it is customary to report
the total dissolved solids, specific conduc-
tance, pH, and total hardness.

The total dissolved solids indicate the
total weight of dissolved mineral matter in the
water, usually expressedasparts per million.
By itself, this value gives no indication as to
the identity of the mineral matter or the
corrosivity of the water,

The specific conductance of the waterisa
measure of its capacity to conduct an electric
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current. Since thecorrosionprocessinvolves
in part the flow of an electric current, the
specific conductivity indicates the readiness
with which a corrosion current can flow
through the electrolyte. In addition it fur-
nishes a rough measure of the mineral
constituents of the water, although it gives
no indication of the relative quantities con-
tained in the solution.

The pH is a measure of the acidity or
alkalinity of the water. A pHof 7is regarded
as neutral; above 7 alkali; below 7 acid.
Because of the relation of pH to corrosivity,
many waters are chemically treatedtoadjust
the pH to reduce corrosion in distribution
systems and household installations.

Hard Waters: Hardness inwaterisobjec-
tionable for its soap destroying and scale-
forming properties, and will vary consider-
ably in different sections of the country. Since
hardness is caused primarily by calcium
and magnesium ions, sections having lime-
stone formations almost invariably have a
higher hardness content than open streams
in the same section because theopen streams
contain larger quantities of rain water which
have not come in as intimate a contact with
the mineral formations of the earth.

Hardness, which is chemically expressed
as parts per million caleium carbonate
{ppm CaCCQg) is customarily reported as:

1. Carbonate hardness -- ppm CaCOg

2, Non-carbonate hardness--ppm CaCO3

3. Total Hardness--ppm CaCOQOjgy

Carbonate hardness is that dueto calcium
and magnesium bicarbonate and carbonate,
while the non-carbonate hardness is due to
calcium and magnesium sulfates, chlorides,
nitrates. Carbonate hardness is sometimes
referred to as temporary hardness (removed
by boiling) while the non-carbonate hardness
is sometimes referred to permanent hardness
(cannot be removed by boiling). Total hard-
ness is the sum of both.

In terms of hardness, natural waters may
be generally classified as follows:

Hardness Classification
Less than 15 ppm Very soft water
15 te 50 ppm Soft water

50 to 200 ppm Medium hard water
100 to 200 ppm Hard water
Greater than 200 ppm Very hard water
The corrosivity of waters, which varies
from one supply to another is determinednot
by the degree of hardness alone, but rather

by a combination of factors derived from a
chemical analysis., Especially importantare:

1. Free oxygen and carbon dioxide

2. Total hardness

3. Methyl orange alkalinity (alkalinity duc

to hicarbonate and carbonate)

4. Chloride radical

3. Sulfate radical

6. pH
The fact that the chemical composition
of water influences corrosion rates has been
recognized for a long time and much effort
has bheen devoted to classifying waters as
corrosive and non-corrosive on the basis of
their composition. Considerable emphasis,
however, has been placed on the Langelicr
Index -- a numerical term which is equal
to the difference between the measured pH
of a given water and thepHof the same water
saturated with calcium carbonate (CaCOg).

~ This index is also known as the Saturation

Index.

If the measured pH is greater than the
pH at saturation it indicates that the water
is supersaturated with calcium carbonate
and that the water is generally considered
non-corrosive. Such water is said to have a
positive Langelier or Saturation Index. If,
however, the pH at saturation exceeds the
measured pH, the water is said to have a
negative Langelier Index and is usually con-
sidered corrosive.

Waters with a positive saturation index
tend to deposit protective films of calcium
carbonate on metals. To a large extent, it
appears as if the film provides protection by
forming a barrier to the oxygen diffusing to
the metal. Although useful as anapproximate
guide, the Langelier Index is not proportionate
to the wvelocity of the corrosion reaction,
and therefore cannot be used to predict the
length of time a metal will last before
corrosion failure cccurs.

Rated by aggressiveness, water supplies
may be conveniently grouped as follows:

1. Relatively non-aggressive (protective)

2. Moderately corrosive

3. Strongly corrosive because of high

salinity

4. Strongly corrosive because of high

C0O3,05, and low carbonate.

The essential characteristics of Group 1
are avery highcarbonate hardness, relatively
low salinity, an alkaline pH value, and a low
oxygen and carbon dioxide content. The non-
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aggressive (protective) character of this
group is due largely to the high carbonate
hardness. The carbonates which are preci-
pitated from the decomposed bicarbonates in
the hot vessel or pipe form an adherent,
bulky depesit which prevents direet contact
of the water with the metal surface, hindering
any appreciable corrosive action.

The second group (moderately corrosive
waters) is characterized in general by a
medium carbonate hardness, relatively low
salinity. an almost neutral pH and a low
free carbon dioxide content. The lower car-
bonate hardness in this group distinguishes
it essentially from Group 1. The tendency to
precipitate lime is much smaller in this
group. In the absence of this protective
effect, the salinity, though low, tends toward
moderate corrosion. Such free CO, that may
be present enhancesthecorrosivetendencies.

The strongly corrosive waters of Group3
are characterized by their high salinity. These
usually contain free mineral acids, low
carbonate hardness, a high sulfate content
and an acid pH value.

The strongly corrosive waters in Group
4 are characterized by a high free carbhon
dioxide content and low carbonate hardness,
low salinity and acid pH value.

Water composition is an important factor
in corrosion rates of metals., Waters that do
not form scales and which are high in dis-
solved oxygen and free carbon dioxide are
more corrosive than those which do form
scales and are low in these dissolved gases.

In a test conducted at the Case Institute
of Technology, Cleveland, Ohio, by The
American Gas Association on a series ofun-
protected galvanized storage heaters, two
test waters were used: (1) Cleveland tap
water, unsoftened; (2) Cleveland tap water,
Zeolite-softened. Chemical analysis showed
that by passing Cleveland tap water through
gel-type water softener there was no change
in the dissolved oxygen nor inthefreecarbon
dioxide content. However the scale-forming
character of the water was changed by the
removal of calcium and magnesium andtheir
replacement by sodium. While the total dis-
solved solids and the total oxygen and carbon
dioxide remained virtually unchanged, the
waters differed as expected in scale-forming
properties.

The data presented in Figure 2 show there
was more corrosion inthose heatersutilizing
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Figure 2 - Relative Corrosion HRates of 30-Gallon
Center-Flue Heaters by Zeolite-softened
Water Compared to Rates by Unsoftened
Water.
Zeolite-softened water than those heaters
utilizing the unsoftened water. In this com-
parison it is shown that in Zeolite-softened
water the corrosion rate is 1,22 times great-
er at 140° I, 1.25 times greater at 150° F.,
1.39 times greater at 160° F., and 1.36 tinles
greater at 180° F. than in unsoftened water
at corresponding temperatures.

CATHODIC PROTECTION

Corrosion may be suppressedby changing
the characteristics of the metal or its
environment. One of the most widely accepted
methods for altering the corrosioncharacter
is to force a small direct electric current
onto the metal. This is the reverse aspect
of galvanic corrosion. So, what was pre-
viously the anode is now reversed and
becomes the cathode. Or, a physical meansof
counteracting galvanic corrosion where the
electrochemical force is reversed with the
subsequent stoppage or retardation of the
destructive process is called "Cathodic Pro-
tection™

Direct current from any source, properly
applied in a sufficient quantity to all parts of
the metal, will stop the corrosionof the metal.
Thig fact has been used for many years.
In some cases this direct current has been
generated by the battery action of dissimilar
metalg, In other instances the direct current
is supplied by electric batteries, generator
sets or by converting conventional alter-
nating current.

The principle of cathodic protection was
used as early as 1824 when Sir Humphrey
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Davy used zinc anodes in sea water to pro-
tect the copper plates of seagoing ships.
However, this led to another problem. The
toxic effect of corroding copper previously
helped to prevent fouling by marinc organ-
isms. Thus the elimination of one problem
may often times create another prohlem
and the corrosion engineer again should be
cognizant of the various factors involved.

When compared with other methods of
corrosion control, properly understood and
properly applied, cathodic protection has
many advantages. In most cases it is easily
applied with a minimum of lahor without the
disassembling of structures and equipment.

GALVANIC ANODES

A common and economical method for
producing this protective current is the use
of Galvanic Anodes such as magnesium,
zinc and aluminum. These less noble metals
will, when submerged incertainelectrolytes,
generate a relative degree of direct current.
For example, zinc has a normaldifferencein
potential from that of steel of 0.32 V., while
aluminum and magnesium havedifferencesof
0.89 and 1.11 V. respectively. Obviously,
magnesium offers the best choiceto generate
a higher voltage. Magnesium alloy anodes
have been used with much success to retard
corrosion of steel. Properly installed they
will prevent corrosion of hot water storage
tanks, water carrying vessels, buried steel
structures and pipe, ship hulls, oil tanks, etc.
(15), (16).

To be effective the anode must provide a
continuous flow of current which must not
be restricted by any tendency to form a
self-protection scale (17). Basically, when
the applied current density is suificient to
eliminate the potential difference betweenthe
local anodes and local cathodes, protection
is obtained.

SHEATHED ANODES

Where sacrifieial anodes, such as mag-
nesium, are used for cathodic protection
the life of the anode is a wvariable of great
degree., The variables which will greatly
affect the anode life are anode purity, tem-
perature, strength of the electrolyte and the
potential difference between the anode and
the cathode. The current flow from the

" plastics,
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anode is greatly affected by the electrical
conduetivity of the electrolvte (dissolved
solids).

Generally, an anode will deliver consid-
erable more protective current than is re-
quired. Such a wasteof current will reduce the
effective life of the anode. If this current
could be regulated to that actually required
for adequate protection without excess cur-
rent being produced, the life of the anode
will he greatly increased.

Resistors in the electric circuil have been
used with a degree of success, however at
a sacrifice of anode efficicney. When elec-
trical resistors are used and when electrical
resistance is bhuilt-in in the cathode itself,
such as with porcelain enamel, the current
efficiency of theanodeis greatly reduced (13).

Increased magnesium efficiency has been
obtained by "sheathing' the anode with vari-
ous materials such as aluminum metal,
rubber, ceramics, etc, Holes are
punched in the sheath and theseare so spaced
that only a small area of the bare metal
is exposed to the corrosive clectrolyte.

Tests made on glass-lined hot water tanks
under normal corrosion attack indicated that
with anode covering of 83 to 95 percent, the
protective current generated was as much
as that produced by a bare anode. Thus the
current density of the anode is greatly
increased with resulting higher anode effi-
ciency which should also result in longer
anode life (13}, {16).

POWERED ANODES

The corrosion character of a metal may
be altered by impressing on it a smalldirect
current. This may be accomplished in more
ways than one. Direct current from any
source, preperly applied and in sufficient
quantity to all paris of the metal, will stop
the corrosion of that metal.

This electric current may be supplied
with sacrificial anodes, such as magnesium,
or the current may be supplied directly by
means of an electrode. When electirodes
are used for cathodic protection they are
usually non-sacrificial or permanent anodes
such as platinum, graphite, high silicon
iron alloys and platinum coated tantalum,
The electric potential of each of these is
such that a direct electric current is not
spontaneously generated to flow from the
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ancde to the cathode. The current must be

forced from the anode onto the cathode.

Materials from which the current must
he forced in order to provide protection,
are called Powered Anodes. Any source of
direct current of sufficiently highvoltageand
current capacity will suffice to operate a
powered anode. Examples of such sources of
electric energy are, thermo-electric gener-
ators, solar batteries and rectified alter-
nating current.

Although the type of protective electric
current produced by a sacrificial magnesium
anocde is identical to that flowing from a
powered anode fabricated from an inert
metal, there is a difference in the chemical
reactions which occur at the anode. In the
case of magnesium anodes there is no
oxygen produced, whereas there is oxygen
produced by powered anodes if these latter
are of the permanent type. Thus, use of
powered anodes can result in a mixture of
oxygen and hydrogen gas (12).

The volume of gas produced may be
calculated from Faraday's '"Laws of Elec-
trolysis'™ The volumes of hydrogen and
oxygen, as well as the sum of these two
volumes are a function of the quantity of
protective current generated.

Powered ancdes have chiefly been used
for protection to large structures such as
water stand-pipes, buried pipe lines, bridges
and the like. The cost of the generating
equipment is generally proportional to the
amount of current required for protection.
This cost may vary from many thousands of
dollars for a large structure to a couple of
dollars required for protecting a 30-gallon
hot water storage tank.

CORROSION FROM FLUE GASES

Gas hurning appliances and flue ways
may be subjected to severe corrosion prob-
lems from the mere fact that combustion
products aggravate normal corrosion. When
gas burns with complete combustion the by-
products of this combustion are water vapor
and carbon dioxide, both of which tend to
promote corrosicn. Add to these temperature,
sulphur, excess oxygen and condensates, and
vou have a combination of many variables.

There is considerable information avail-
able on these various factors. Probably the
most appropriate information to the gas
appliance engineer are the corrosion studies

made by Battelle Memorial Institute for the
American Gas Association, Project DGR-4-
CH. Such factors as:

{a) Sulphur content of fuel gases;

(b) Temperature and time,

(e¢) Condensation and re-evaporation;

(d) Other influencing factors;
were studied with corresponding results,
Also a very comprehensgive study on the
corrosion behavior of metals in condensing
flue gases has been carried out by Shnidman
(18).

Vapor sulphur in the presence of mois-
ture and condensates has a very serious
corrosive effect on many steels. Aluminized
steel has remarkable ability to withstand
this type of attack in most appliances,
Operation of appliances in which some parts
or sections of the equipment would reach
temperatures above 800° F. is also a serious
problem. Areas where moisture and con-
densates can collect even for only short
periods of time, should be eliminated wher-
ever possible.

HIGH TEMPERATURE CORROSION

The corrosion of steel and various steel
alloys at elevated temperaturesisa complete
study in itself. Basically, steel alloyed with
nickel or chromium or both have greater
resistance to corrosion than plain carbon
steel. Resistance to oxidationand erosionare
important but consideration must also be
given to other factors suchastensile strength,
impact strength, temperature embrittlement,
etc, (19).

Local cold working of the metal may leave
it in a strained condition causingaccelerated
corrosion. Polished surfaces generally are
leas subject to corrosion than rough surfaces.
The presence of mill scale on the surface
forms centers of corrosion.

At high temperatures, chromium steels
are oxidized less than are carbon steels and
form a characteristic colored tempering
film as illustrated in Table 3 (20). Pilling
and Bedworth (21) after a careful studv of
oxidation of metals, conclude that it is a
diffusion process dependent mainly upon the
physical properties of the oxides produced.

There is no simple or valid rule for the
prevention of scaling except thatofdiscover-
ing and applying a coating whichis protective
and semi-permanent under the particular
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operating conditions. Considerable develop-
ment of special steels, protective coatings
and inhibitors have bheen made in the lastfew
vears and itisrecommendedthat the engineer
take full advantage of the latest information
which is generally available from the mat-
erial suppliers.

ment of corrosion. Laboratory, accelerated
bench and beaker tests maygive considerable
valuable information to the corrosion engi-
neer. However, one should he cautious of
making conclusions based upon such tests
since they may be only indicative and not
represent the complete and true answer to

Table 3: Tempering Colors

Appears on Carbon Steel

Appears on Stainless Steel

Color Deg. C Deg. I, Deg. C. Deg. F.
Pale straw 220 420 250 482
Dark straw 230 446 300 572
Dark straw-brownish 240 464 350 662
Brownish-purple 260 500 400 752
Reddish-purple 270 518 450 842
Full purple 290 554 500 932
Blue purple 300 572 550 1022
Dark blue 310 590 600 1112
Greenish blue 320 608 650 1202
Steel gray 340 644 700 1292
Brownish gray 360 680 750 1382

Stainless Steel containing 13% chromium and 0.3% carbon compared with high carbon

steel.
CORROSION PREVENTION

When the engineer understands thetheory
of corrosion and the conditions that cause
corrosion, then and only then can corrosion
be controlled. Most often the corrosive
measure is obvious such as the proper use
of the right metal inthe correct environment.
Quite often all that is necessary is to change
the environment. This may be the elimination
of moisture or the use of inhibitors to cover
the corroding metal with a protective film
(14), Even paint may be the practical answer
(22).

Most metals canbeprotected with cathodic
protection by using a galvanic or powered
anode which will supply an electric current
to counteract the natural corrosion currents
(15).

Many test methods and procedures have
been developed for the checking and measure-

L)

a specific problem. All observations should
therefore he regarded as relative. Unfor-
tunately, there are so many vartables in the
corrosion process that are specific to the
particular metal, only time is the truemeas-
uring stick. Proof of corrosion results gen-~
erally lie in long-time procedure and field
testing under actual operating conditions
where all the variables have a chanceto show
their effect and counter-effect.

There may not always be a perfect or
complete answer to a specific corrosion
problem. There are, however, many satis-
factory and practical methods whereby cor-
rosion can be eliminated or controlled. Some-~
times the answer may be more costly than
the metal to be protected. Consequently, it
is up to the engineer to dig out the facts and
what he understands -- he can control or
arrive at a conclusion that is commensurate
with the facts,
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