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CHAPTER 1.1

CORROSION OF STEEL —
SIMPLIFIED THEORY

by

F.L. La Que

This chapter describes how steel corrodes. Because
corrosion is the fundamental problem of coatings
technology, the discussion presents an explanation that
will be useful to those who design and develop innovative
protective coatings and to others who must put into prac-
tice the technology of coating systems.

Let us examine first the processes involved in the cor-
rosion reactions that paint coatings will be required to
suppress.

. ENERGY EXCHANGE

Steel corrodes in reaction with its environment
because of the thermodynamically unstable condition of
iron after it has been extracted from its ores. Reduction of
iron from its state as an oxide in ore requires energy in the
reduction process. The fundamental laws of nature govern-
ing conservation of energy require that, eventually,
balance must be restored by return of the unstable metal
to its oxidized state. In the case of iron (steel) the oxidized
state usually appears as rust. Rust is similar in ap-
pearance and practically identical in composition (Fe,0,)
to the most common form of iron ore (hematite).

Appropriate conditions vyield two other oxidized
forms, one of which has the same chemical composition
as a principal form of iron ore magnetite (Fe,O,). The other
is the lowest oxide of iron, FeO. All three of these oxides
are components of the “mill scale” formed on steel by ox-
idation at temperatures encountered in the manufacture of
steel into structural shapes and plates. Effects of such
mill scale must be taken into account in preparing and
painting steel to prevent corrosion.

The principal difference, in terms of energy, between
reduction from ore and eventual conversion into rust by
corrosion is not the amount of energy required but the rate
of reaction. Fortunately, ambient environmental corrosion
of iron proceeds much more slowly than high temperature
oxidation. The principal function of a paint coating is to
reduce the rate of corrosion in the environment and the
area of the metal involved as much as possible, ideally to
zero.

Il. CORROSION PROCESSES

Understanding the process of corrosion provides the
key to steps that may be taken to prevent the reaction from
occurring and to identify the role that paint can play in

achieving this result.

Obviously, if the metal can be isolated from a cor-
rosive environment, no corrosion reaction can occur. Such
isolation is the most important function of a paint coating.
In addition, some constituents of a coating can suppress
the rate of corrosion reactions where complete isolation is
not achieved either generally or locally, as at pores,
scratches or other discontinuities (holidays) in a coating.

Consideration must be given, also, to the possibility
that a constituent of a coating might actually accelerate a
corrosion reaction.

Experience has shown that corrosion in the presence
of a paint coating is likely to be much more serious where
it is localized at discontinuities in a coating rather than
where it occurs in a more general attack under a coating.
This is true even if a coating is unable to isolate the metal
from its environment. Consequently, what happens at
discontinuities in a coating as related to the processes of
corrosion requires special consideration.

lil. THE MECHANISM OF CORROSION

It has been well established by experimental
demonstration¢-2:24.5.67 that corrosion is the result of an
electrochemical process involving an anodic reaction.
Here, the metal goes into solution as an ion, and a cathodic
reaction takes place where the electrons released by the
anodic reaction are discharged to maintain electrical
neutrality by reaction with ions in solution, e.g. hydrogen
ions in acid solutions, or by reduction of oxygen in solution
in neutral or alkaline solutions.

The anode in a corrosion cell is analogous to the
negative zinc electrode in an ordinary dry cell battery. The
cathode is analogous to the positive carbon electrode in
such a cell. The current flows in the electrolyte inside the
battery cell from the anode, zinc, to the cathode, carbon.
The electrons generated by the cell move in the external
circuit from the zinc electrode (—) to the carbon electrode
k(+). By convention, the flow of current in the external cir-
cuit is opposite the electron movement.

Whether a particular area of a steel surface will act as
an anode or a cathode will be determined by a number of
factors. One factor is the condition of the thin, air-formed
oxide films that exist on dry steel. Such films when they
are intact induce a modest level of passivity that makes
the film-covered surfaces more noble than, and therefore
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cathodic to, adjacent surfaces where a less protective film
may exist.

Observations of steel surfaces after immersion in
water for several days have shown that, ordinarily, about
50% of the surface has been corroding as an anode with
the remaining cathodic surfaces showing little or no
evidence of attack. As time progresses, there is
breakdown of the protective films on the original cathodic
surfaces so that corrosion spreads eventually over the
whole surface. But a division between anodic and cathodic
surfaces persists with the cathodic areas at any time be-
ing protected from corrosion by currents flowing from ad-
jacent anodic areas.

Other factors in establishing anodic areas are dif-
ferences in crystal orientation, the presence of contamina-
tion on the surface of the steel, and, in exceptional cases,
the effects of stresses above the elastic limit of the metal,
which cause rupture of protective oxide films by plastic
deformation.

Anodic areas can be established aiso by variations in
the dissolved oxygen concentration of a solution in dif-
ferent zones on the steel surface. These variations can
give rise to what is called an oxygen concentration cell in
which current will flow from an anodic area in contact with
the solution having the low concentration of dissolved oxy-
gen to a cathodic area in contact with the solution having
the higher concentration. The difference in corrosion
potential that can be created by this mechanism on a steel
surface can exceed 100 mV.

The anodic and cathodic reactions in the corrosion of
iron can be written as follows:

At the anode where the metal goes into solution —

Fe (solid) = Fe™ (ion) + 2e” (electrons)

At the cathode —

2H* (hydrogen ions) + 2e” — H, (gas)

or 2H* + 20, (air) + 2e- — H,0
or O, + 2 H,0 + 4e — 4 OH" (hydroxyl ion)

The hydroxyl ions generated by cathodic reactions
can contribute to degradation of paints subject to attack
by alkali.

Figure 1 helps to illustrate the process of corrosion.

iron ions (Fe*') released by the anodic reaction in-
teract with hydroxyl (OH") ions generated by cathodic reac-
tions to form Fe(OH), near the boundaries of anodic and
cathodic areas. Oxygen reaching the precipitated Fe(OH),
reacts with it to form Fe(OH), and, eventually, rust Fe,O,.

The essential requirements for the electrochemical
reactions in corrosion are, therefore, a thermodynamically
unstable metal, iron; an electrolytic conductor of ions,
water or another conductive solution; an electrical conduc-
tor, the metal; and an eiectron acceptor, hydrogen ions or
dissolved oxygen.

We have the metal that we wish to protect from corro-
sion. What we need to control, therefore, is the availability
of an electrolyte. This is best accomplished by an isolating
barrier such as paint, or by reducing the concentration of
electron acceptors such as hydrogen ions or dissolved
oxygen.

2000

Fe(OH),.. O
Fe(OH), ... ¥

FIGURE 1

It may be possible under some circumstances to pre-
vent corrosion by interfering with the anodic reaction by a
process called passivation or reduction of the tendency of
the iron to go into solution. In the case of steel, passiva-
tion usually is accomplished by very thin adherent oxide
films which change the corrosion potential of the iron in
the more noble direction (towards gold in the elec-
tromotive series).

Galvanic Corrosion Induced by Passivation

The change in potential of steel as a result of passivation,
achieved for example by contact with passivating
pigments such as red lead and chromates, can create
galvanic couples between the passivated iron under the
paint film and adjacent unpassivated iron at bare spots.
The result would be galvanic acceleration of corrosion of
the exposed iron.

For this reason it hras been proposed that passivating
pigments be excluded from paints used to protect steel
under conditions of continuous or frequent, complete or
partial immersion. However, with no more than the thin
film of electrolyte with limited electrical conductivity that
will exist on surfaces exposed only to the atmosphere, a
significant galvanic effect on a bare spot need not be an-
ticipated. The benefit of passivating the bare spot by a pig-
ment will more than offset the galvanic effect of passiva-
tion under the paint film. For this reason passivating
pigments such as zinc chromate are beneficial rather than
harmful in paints used for protection of steel in at-
mospheric exposures.

In view of the fact that an electrolyte (water or
moisture) must be present for corrosion to occur, the prin-
cipal function of a paint coating is to provide a barrier to
penetration of water or moisture to the underlying metal

surface.
Transfer of water or moisture through a paint coating

can occur by water absorption by a coating or by transfer
of water vapor through a coating. Details of these proc-
esses will be described in other chapters of this book. For
the present it will suffice to note that penetration of water
or moisture is accompanied by poor adhesion of the
coating to the metal. This permits osmotic effects to
operate through the coating acting as a membrane and
thereby results in the development of blisters. Such action
may be accentuated further by the superimposed effects
of electrical currents created by corrosion, leading to the
phenomenon of electroendosmosis® with resulting blisters
adjacent to cathodic areas.
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IV. CORROSION AT DISCONTINUITIES IN A
PAINT FILM

As noted previously, corrosion of steel associated
with paint films is most troublesome at, or adjacent to,
pores, scratches or other bare spots. It is convenient,
therefore, to examine the factors related to attack at bare
spots. The most important of these factors is the location
of the cathodic areas in the corrosion reaction. Possible
locations of cathodic surfaces are shown diagrammatical-
ly in Figure 2.

The extent of corrosion at an anodic area will be deter-
mined by the magnitude of the current generated by the
local reactive corrosion cell. It will be governed by Ohm's
law:

1= E

R
where | = corrosion current

E = difference in potential between anodic
and cathodic surfaces

R = resistance of the circuit

When current flows in a corrosion cell, the initial
potential difference E is reduced by what is called polariza-
tion. The potential of the anodic surfaces drifts towards
that of the cathodic surfaces as a result of an accumula-
tion of corrosion products. The potential of the cathodic
surfaces drifts towards that of the anodic surfaces as a
result of accumulation of the products of the cathodic
reactions. The latter is affected by the rates of evolution of
hydrogen as a gas or, more importantly in applications of
steel, the rate at which oxygen in sofution can react with
electrons reaching cathodic surfaces after release by the
anodic reaction. In most applications of painted steel the
extent of cathodic polarization will determine the rate of
the overall corrosion reaction. Anodic corrosion cannot oc-
cur at a rate higher than that accommodated by the
cathodic reaction.

Figure 3 illustrates the potential shifts that result
from polarization. As indicated, polarization limits the
amount of current that can flow. It will be reduced further
by an increase in the resistance of the circuit.

Equation 1

POSSIBLE LOCATIONS OF CATHODES IN CORROSION
CELLS AT BARE SPOTS IN A PAINT COATING ON STEEL
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FIGURE 2
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FIGURE 3

As a result of polarization the originai potential of the
anode PA will be reduced by a factor Ap, and the original
potential of the cathode PC wilt shift towards that of the
anode by a factor Cp.

As a result, the effective potential difference (E) in
equation 1 will become:

(PA — Ap) — (PC + Cp)
and equation 1 becomes:
| = (PA — Ap) - (PC + Cp)
R

Let us now examine the factors that determine the
magnitude of the resistance R.

These will include, in series, the resistance of the
electrolyte or whatever else occupies the discontinuity (D)
in the coating (RDt), the resistance of the solution or film
of moisture outside the discontinuity (RL), and the
resistance of the paint coating (C), (RCt).

The resistance of the metallic electron path is suffi-
ciently low to be neglected.

The factor t in (RDt) and (RCt) takes into account the
fact that the resistance of the electrolyte within a discon-
tinuity and the resistance of a coating will increase as the
thickness of the coating is increased.

Combining all these component elements, the
resistance factor R becomes:

RDt + RL + RCt and

equation 2 becomes:

j = (PA — Ap) — (PC + Cp)
RDt + RL + RCt

Now let us examine possible effects of the location ot
the cathode on the corrosion reaction at the base of the
discontinuity.

Location 1 in Figure 2 assumes that both the anodic
and cathodic reactions will have to occur at the base of a
pore or other discontinuity in a coating. This automatically
limits the area that can act as a cathode and, consequent-
ly, by increasing the cathode current density, increases
favorably the value of the term Cp in equation 3.

Even more importantly, as the dimensions of the

Equation 2

Equation 3
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