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The Corrosion of Metals

A Thesis for the Degree of B.A.Sc.
By A. R, BarTye, 1927.9%
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TABLE I
SOLUTION POTENTIALS OF THE ELEMENTS OR ELECTROCHEMICAL SERIES

Element Valence of Element Potential in
P . Insol. Volt '

otassium.. ..., . 1 ;

odium.. .. . 1 ER
Calcium . . . 2 .23
Magnesium . . .. 2 TS
Manganese. . . . | 2 —11 o

Inc. . . .. 2 e
Iron...... ... .~ 2 g
Cadmium.. . | 3 0
Nickel.. . . 2 Bh
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Lead............ 2 —~0.12
Tin 2 —0.10
Iron........... .. 3 —~0.04
Hydrogen........ 1 0.00
Copper (Cupric) . . 2 +0.34
Antimony........ 3 +0.47
Copper (Cuprous). 1 +0.51
Mercury......... 2 +0.80
Silver............ 1 +0.80
Platinum . ... .. .. 4 4-0.86
Gold.,........... 3 +1.08

The Hydrogen Potential is arbitrarily taken as Zero.

In most cases the iron which goes into solution is immediately
thrown down as rust, and this together with insoluble material from
the water forms a coating on the surface of the metal. This coating
sometimes insulates the metal from the solution and prevents further
corrosion.

When a metal goes into solution it does so with the formation of
ions. This tendency is called “‘the metal potential”’ and is the
inherent force which sends metal ions into solution thus causing and
helping to maintain corrosion. This metal potential may be influ-
enced by the condition of the solution. For example, if the metal
ions already in the corroding solution are in high concentration, they
exert a back pressure which opposes further solution of the metal.
On the other hand, in acidified waters, where the Hydrogen ion con-
centration is high, the production of atomic Hydrogen is assisted,
and this nascent Hydrogen bubbles away from the metal, causing
more rapid corrosion. The metal potential can be measured. This
is done by setting up an electric potential in the opposite direction
of such strength as to just prevent the metal from going into solution.
Each metal possesses a certain potential, and by arranging them in
order the Electrochemical Series is formed. From this series it is
usually true to state that one metal will displace from the solution
any other metals below it in the series, provided there is no inter-
ference from outside reactions.

Hydrogen reacts just like a metal and exerts a back solution
pressure that opposes the plating out of more Hydrogen. If there-
fore the Hydrogen be present as a gas at atmospheric pressure {as
in the case when bubbles are given off during corrosion) the solution
potential is zero. This is the basis used in the Electrochemical
Series. If, however, these bubbles are prevented from escaping the
solution pressure will rise and corrosion will cease. Also, if the atomic
Hydrogen is oxidised or depolarised by dissolved oxygen in solution,
the solution potential will fall below zero and corrosion will be
accelerated. :

The electrochemical theory was first applied to corrosion by
Whitney in 1903.! He considered that the reaction should be

written as—
Fe (Metal)+-2H* (ionic) =Fe *t*ionic + 2 H atomic.
Some years later Walker? demonstrated another reaction which -
took place when corrosion continued, that is when the polarising
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action slows down. Theoretical and practical evidence indicate that-
reaction (1) predominates under all conditions. It is also common
knowledge that the chief cause of slowing down of corrosion is the
rust coating which is very protective against alkaline solutions. In
the neutral zone, reaction (2a) is the dominant factor because, unless
this reaction can proceed, the retention of the polarising Hvdrogen
flm on the surface of the metal forces reaction (1) to cease. Therate
of diffusion of dissolved oxygen to the metal surface, therefore, con-
trols the rate of corrosion. Agitation of the solution will therefore
cause rapid corrosion since it increases the rate at which the dissolved
oxygen reaches the metal surface. Difference of temperature in the
solution will also increase this tendency as it causes convection cur-
rents. Within the limits of neutral waters and at normal temperature,
variations of acidity or alkalinity have little effect on the rate of
corrosion, but if certain salts are added above this they affect the
oxygen solubility as well as the protective properties of the rust
coating.® In the Acid Zone reaction (2b) is important since, as
Hydrogen ion concentration increases, the effect of the dissolved
oxygen becomes less. Surface finish, velocity of motion and tem-
perature exert considerable influence in this case.

Until the electrochemical theory was evolved no good reasons
existed to account for the action of two metals in contact. It was
found that when two metals were brought in contact, corrosion was
generally stimulated unless protective measures were taken.

When a metal such as iron, which is above Hydrogen in the
Electrochemical Series, and doesnotquickly form a protective coating,
comes into contact with a more cathodic material, it plates out a
film of nascent Hydrogen on the cathode or material lower in the
Electrochemical Series. This causes a flow of current from the iron
through the solution towards the cathode, at the same time causing
the iron to dissolve. The concentration of this Hydrogen film will
depend on the rate of oxidation which in turn will depend on the
electrical resistance of the solution. If this film is far from the anode,
where the metal is dissolving, the ilm will be oxidized at a greater
rate than that of deposition. The effective distance in pure waters is
a fraction of an inch, but in solutions of higher conductivity, such as
sea water, it may amount to a foot.

The tendency to plate out Hydrogen will depend on (1) the
driving force or e.m.f. developed by the solution pressure of the
metal dissolving, (2) the conductivity of the solution, (3) the rate of
removal of the Hydrogen. In the case of iron in contact with zinc
(which is an anodic element, since it is above iron in the Electro-
chemical Series) the Hydrogen flm is plated on the iron (which does
not dissolve) by solution of the zinc. Thus iron may be protected by
destruction of the zinc.

In either case the rate of corrosion will depend on the total
amount of dissolved oxygen which reaches the total area covered
by the Hydrogen film. Also the loss in weight will be concentrated
on the anodic portions of the surface.

This theory now explains pitting which is the most common
cause of failure in pipes. It is usually due to a particle of mill scale
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left on the surface of the pipe. This mill scale or magnetic iron oxide
Fe; 04 is cathodic to iron, with the result that the iron, being the
anode, dissolves under it. A similar reaction takes place in an iron
pipe almost completely covered with lead except for a small scratch.
At this point the anode iron dissolves at a rate depending on the
area of the inert surface that it can keep saturated with Hydrogen.
Pitting is therefore merely a localizing of all the corrosion that can
take place inside an anodic area which, if small, may in a short time
cause the destruction of a large body whose remaining surface is free
from attack. Oxygen and similar factors determine the amount of
corrosion but the localizing factors only determine its distribution.

In quite recent tests of Smith & Shipley,* corrosion was found
to take place when a metal was in contact with two solutions of the
same salt but of different concentrations. In this case the more
dilute solution was the anode.

Experiments made by Evans® also indicate that localized cor-
rosion is caused when any area of metal is in some way shielded
from excess of oxygen in solution. He found that the shielded area
became anodic. In this connection he states: — ““Suppose that a
small cavity exists on the surface of the metal into which oxygen
cannot diffuse quickly. A current will be produced between the
unaerated area within the cavity which will become anodic and the
aerated part of the surface outside which will be the cathode . . .
Since the rate of attack is determined by the supply of oxygen to the
whole surface outside the pit, and since it is all concentrated on the
small area within the pit, the rate at which corrosion bores into the
pit will be very great and perforation of the article may occur at
this one point before any appreciable thinning at other parts of the
surface.”” These facts explain pitting which often occurs in metals
that are practically pure and homogeneous;® they also indicate that
certain controlling factors external to the metal determine the
localization of corrosion rather than variations in the metal itself.

Corrosion” quite recently has been found to take place in neutral
and alkaline waters with the production of Hydrogen gas but in
the absence of oxygen. This seems contradictory to past statements
but is quite in keeping with the Electrochemical theory. Whitman
explains it as follows:— “In the presence of dissolved oxygen a
film of ferrous rust is maintained against the metal and is sufficiently
soluble to keep the thin liquid film on the metal surface somewhat
alkaline thus repressing the tendency to evolve hydrogen gas. In
the absence of oxygen, however, this alkalinity of the liquid film
is not necessarily maintained because corrosion is much less rapid
and the alkali which is produced has a chance to diffuse away.
Under these conditions, therefore, the alkalinity of the film is less,
the tendency for the Hydrogen gas evolution is increased and the
Hydrogen can be evolved in appreciable amounts. "

If the oxygen-free liquid flows over the metal, the molecular
Hydrogen formed is carried away and corrosion is rapid.

INTERNAL FacTors INFLUENCING CORROSION

From what has already been written, it can be seen that a metal
which possesses a low solution pressure and forms a self protective
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ExTterNaL FacTors INFLUENCING CORROSION

Compared with the external factors influencing corrosion the
internal factors just mentioned exert little influence on the rate of
corrosion. Thisrate, as has already been explained, depends mainly
on the rate at which the dissolved oxygen reaches the metal surface,
and this in turn is controlled entirely by the external influences to
which the metal is subjected.

For corrosion in the atmosphere, the chief essential is moisture.
Witness the Delhi pillar which is comparatively free from corrosion
chiefly due to the dry climatic conditions. Another essential is, of
course, a means of transmitting the oxygen from the air to the metal
surface either by solution, convection or diffusion. Temperature
therefore exerts certain influences, since it causes convection
currents and decreases viscosity both of which increase the amount
of oxygen which can diffuse. Motion of the solution or air agitation

has already been mentioned. Pressure above the liquid increases
solubility of oxygen while humidity above the liquid decreases
solubility. Protective films and coatings have already been dis-
cussed as a means of preventing oxygen from reaching the metal
surface. Dissolved substances in the corroding solution, whether
they be gases, acids, alkalies, salts, or organic and bacteriological
material, may also influence the rate of solution, as also may the
rate of diffusion and convection of the dissolved oxygen. Depth of
immersion especially in unagitated solutions affects convection
currents and therefore influences the oxygen transfer. The area of

corroding solution exposed to the air influences the amount of
gaseous oxygen which will dissolve in unit time. This amount is
also directly proportional to the area exposed. If thesurfacearea
of the solution is decreased the amount of corrosion will be reduced.
In the case of natural waters, substances in the air affect
corrosion since they are the first to be absorbed in the formation
of the solution. Inert gases, for example, tend to reduce corrosion
as they displace oxvgen in solution. Carbon dioxide is always
present in the atmosphere and is consequently nearly always present
in water. This is the basis of the acid theory of corrosion. Carbon
dioxide, with water, forms a weak acid which, like all acids, stimu-
lates corrosion. The chief effect in this case, however, is to influence
the solubility of calcium and magnesium carbonates which form a
protective coating in natural waters. The carbon dioxide dissolves
these coatings and consequently accelerates corrosion. The reaction

may be written as follows: ~

Ca Cos-F Cos + H:0=Ca (} Co):
Iasoluble Soluble

Hydrogen Sulphide is a great corrosion stimulant since in water
it forms an acid which corrodes rapidly even in the absence of
oxygen. It is usually found in peaty soils, sewage and mineral
waters. With large quantities of oxygen it forms sulphuric acid
which causes rapid corrosion, while in the absence of oxygen sul-
phides of iron and sulphur are produced. These products are both
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cathodic to iron, thus causing localized corrosion by increasing the

cathode area available for depolarization of nascent Hydrogen.
Chlorine has a similar action producing acidity of the water,

and Hypochlorous acid, which is a good depolarizer. The reaction

is:
Cl:+ H.,O=HC1 4+ HOC1

Organic matter and bacteriological organisms tend to reduce
corrosion as they absorb oxygen from the solution. There are cer-
tain external factors which influence the localization of corrosion
and form pitting. The most common are dissimilar metalsin contact
and concentration cells, both of which have been discussed. Water
line corrosion is often found in service and usually results in
accelerated attack at or near the water line. Watson and Watts
explain it as due to the downward flow of heavier solution contain-
ing the products of corrosion which is partly exhausted of free
oxygen. At the same time a fresh and more active solution is
brought in contact with the metal at the water line. The electrical
conductivity also is an important factor. In a circuit formed when
a metal is immersed in solution, the metal itself is very conductive,
and it is the remaining section consisting of the corroding solution
which determines the conductivity. The area which the anode keeps
covered with Hydrogen depends on the conductivity, hence the rate
of corrosion is affected.

Strained metal when in contact with unstrained, is found to
become anodic and causes corrosion. This is often found round
rivet holes where the metal corrodes and fails quite rapidly.

Stray current electrolysis also causes localized corrosion at
points where such currents leave a metallic structure which is in
contact with water or moist soil. Pipes situated near electric rail-
ways have been quite noticeably affected in this way.

There are certain other factors influencing corrosion, that are of
a slightly different nature to those already mentioned.’* Light, for
example, has been found to accelerate corrosion. This is probably
due to local heating effects which produce convection currents.
Duration of exposure of metals undergoing corrosion is another
factor. The initial rate of corrosion is usually much greater than
after a state of equilibrium has been maintained. This is nearly
always due to corrosion products collecting on the metal surface
and acting as a protective coating.

Passivity is a property of metals for becoming abnormally
inactive toward certain chemicals. It may be produced by immers-
ing the metal either in strong nitric acid, chromic acid or in solu-
tions of chromates or else by making the metal anodic in an elec-
trolytic cell. This alters the position of the metal in the Electro-
chemical Series and its effects may last for a considerable length of
time, but never permanently.

Busy metal or one subject to repeated cold rolling and vibrating
corrodes more slowly than metals not in use. Witness rails continu-
ally in use as compared to those on a siding.

Steam at high temperatures is found to attack iron or steel
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TABLE [V
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5 gmerican b]uen]]éeigl? '(.B.z?s‘xc Chromate of lead).. .. ... . . 7454
............................... 6

111 Burnt umber, 609, Z; 209, 7i
. A 20%.../‘0.,..ch lead, 209; Zinc & barium chro- .
5 alnpbjacké(o&)";(“ [(’" 5.5
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isbvsherardizing where the iron is placed in zinc dust inside a drum
at a temperature of about 700°F and is slowly rotated. A resistant
film is formed that is black in color. Thecoating may also be applied
by electroplating or spraying.

Aluminium is a metal also slightly anodic to iron, but as soon
as the coating is formed, it becomes neutral. It is applied by
““calorizing’’ by a process very similar to sherardizing in the case of
zinc. The temperature in this case should be about 1740°F.

Cadmium stands between zinc and aluminium with respect to its
protective properties. It is usually electroplated or sprayed on to
theiron. Its high cost prevents this metal from being widely used.

Lead, tin and their alloys are sometimes used in spite of their
cathodic properties. Tin and terne plate are usually applied by the
hot dip process which is similar to galvanizing, but to protect the
metal against pin holes and scratches, a layer of red lead paint is
applied-to the metal surface. Lead is usually electroplated on the
iron. Copper and nickel are both cathodic to iron and are therefore
electroplated to substantial thickness when they form a compara-
tively durable coating. In both cases the metal should be cleaned
before electroplating. Copper may also be sprayed.

Chromium," when electroplated on iron, has thesameproperties
as the chromium iron alloys. It is harder and whiter than nickel
and is also anodic to iron. It hasalso been applied by chromizing®
which is similar to sherardizing. Thisis quitearecentdevelopment.

PrEvENTION OF CORROSION UNDER WATER

In corrosion under water, a greater combination of factors
influences the means of prevention. The properties of the solution
in which the metal is immersed, those of the metal itself, and also
the conditions above the liquid, all exert different effects. Pipes and
containers carrying liquids both come within the category of under-
water corrosion. Preventive measures in this case are formed either
by artificial preparation of the metal surface, by formation of
natural preventive coatings from corrosion products or by treat-
ment of the solution which renders it non-corrosive. Non-metallic
coatings are not found satisfactory and therefore metallic coatings
are used to a greater extent. Of these coatings, zinc, applied by the
galvanizing process is the most common. Lead is little used by
itself, on account of its cathodic properties. A lead or tin lining,
however, when applied over a clean galvanized surface aflords a
very good protective coating, thus combining good durability with
the strength of steel.

Cement linings are widely used for mine and drainage pipes
carrying acid water. These, when the temperature is not great
enough to disintegrate the concrete, afford one of the best known
means of protection. When the metal surface is clean, the cement
adheres well to it but added weight and risk of damage in transit
prevent this method from being generally applied. Portland
Cement is resistant to many chemicals and is quite widely used in

the chemical industry.
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_ Successful attempts have now been made to obtain waters which
will produce protective coatings at will. This is done either by
causing the liquid to deposit a coating on the metal exposed to it
or else by causing the products of corrosion to form a protective
coating. These are generally produced by the addition of alkalies
or silicates to the water or sometimes even by passifiers.

.Alkaliuity is due either to Hvdroxides or carbonates, the former
being the more effective. These Hydroxides, when exposed to air,
are changed to carbonate or bicarbonate, and since alkalinity

f:ﬁ,‘* Treated water fo systemn

Heater and Storage
Tank

Silicate tank.

: A
Cold water Return Circulation.

Rotary Pump

Fig. 2

decreases the rate of corrosion Hydroxide solutions should be pro-
tected from the air. In practice, alkalinity due to carbonates is
built up by the addition of a lime salt which either builds up or
breaks down the carbonate coating on the metal surface according
to the reversible equation.

Ca (H Co,),=Ca Cos + H:O + Con.

Investigation led to the discovery that sodium silicate, when
added to water, forms an excellent protective coating on iron. This
does not entirely prevent corrosion but lessens it considerably in
cold water and even more so in hot. It is therefore quite widely
used in hot water supply systems, but in this case it is only effective
for 200 feet from the point of application. Incold water this distance
is greater. Hence its wide use in domestic water supplies. In hot
water systems it is usually added in the solid state in the ratio
3.25 sodium silicate ($:05) to 1 Soda (NasO) which is placed in a
basket inside a container as shown in Fig. 2.

Sodium bichromate has beenfound to be a good passifier, that is,
it will materially reduce corrosion. It is often used in Hydraulic
elevator systems where water is continually stirred up or unduly
aerated. It is also frequently used in automatic fire sprinkling

systems and condensers where a limited quantity of water is
recirculated.
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In condensers and refrigerating systems corrosion is prevent.ed
by decreasing oxygen concentration to the lowest possible point
and raising the alkalinity of solution to a point where corrosion is
reduced. In refrigerating systems the use of soda ash is impractic-
able as calcium carbonate is precipitated from the brine and this
clogs the system without giving the desired alkalinity. Calcium
and sodium Hydroxides are therefore used for refrigerators while
sodium silicate is excellent for condensers.

When corrosion takes place in natural waters that are exposed
to the atmosphere, the amount of dissolved oxvgen only influences
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By - Pass Y tank building,
Circulating :
heater \
Return from house-
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corrosion while other external agencies control the 1:eacjc101.1s,'.but
in closed water systems where the oxvgen concentration 1s limited,
the dissolved oxygen is the contro}hug factor. The removal‘ of
dissolved oxygen therefore will eliminate nearly all kinds of corro-
sion from pipe systems. In many closed water systems where the_se
methods already mentioned are insufficient, deactivation or deaera-

tion is employed. '

Deactivation is a chemical means of removing oxygen from
water by passing it over.large. surfaces of scrap iron. TheF‘e plecles
of scrap tron rust, and in doing so, remove 1Eh~e oxygen 10m' the
water. In recent tests carried out by Speller® (who used a deacti-
vator in which steel sheets were employed togg:ther with specu}l
conditions of temperature, rate of ﬂow, and alkalinity of the deacti-
vating water), the Hydroxides of iron were retained on the sheets,
and the water was produced clear and free from corrosive gases.
In this way iron is now consumed in a cheap and easily replaceable
form in the basement of a building while the more valuable and
inaccessible piping elsewhere is preserved. . '

Deaeration is a mechanical means of removing dissolved oxygen
from the liquid. Thisis done by agitating the water under favorable
temperature and pressure conditions when the corrosive gases are
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given off. These gases are then removed by sweeping the water with
another harmless gas. A common method is to heat the water under
pressure and then lower the pressure on the water causing it to boil
rapidly so that the gases are given off. These gases are mostly
oxygen, carbon dioxide and nitrogen. Fig. 4 i1s a diagram of a
common type of deaerator in which the steam sweeps over the sur-
face of the heated water. Here the water and current of steam are
brought to the same temperature which facilitates complete removal
of dissolved gases. The steam then passes up to the heater where it
delivers its heat to the incoming water. In this diagram there is no
loss of heat as the steam is condensed by the incoming cold water
to the heater.

In summarizing, corrosion is a chemical action of an external
agency which causes the destruction of metals. This agency is
generally water, in which every metal has an inherent tendency
to dissolve and plate out Hydrogen. For corrosion to continue, this
Hydrogen must be removed, and this is done either by dissolved
oxygen or oxidizing material surrounding the metal where the
Hydrogen is plated. Therefore, in order to prevent corrosion this
Hydrogen must not be removed. All preventive measures are
evolved with this fact in view, and the chief means of accomplishing
it is by preventing the dissolved oxvgen from reaching the point
where the Hydrogen is being plated out. On.account of the many
and varied conditions which influence or cause corrosion the neces-
sary preventive measures are also numerous and the subject is
consequently a wide one. But in everv known case the electro-
chemical theory explains the reaction and usually suggests a suitable
means of prevention.
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