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ABSTRACT

A mechanism is proposed for the process of corrosion pit nucleation
in the marine environment. Rupture of the passive film is described in
terms of its sensitivity to attack by negatively hydrated ions. A cor-
ollary is suggested which describes the inhibiting effect of various
positively hydrated ions. The role of marine microorganisms is discussed

as it relates to those environmental modifications that may contribute

to pit nucleation.
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CHAPTER 1
INTRODUCTION

The oceans of the earth consist of a moderately concentrated
aqueous electrolytic soiution containing a staggering'variety of ions
and living organisms. Depending upon one's frame of reference, one
may consider the ocean to be an environment of change or one of con-
stancy. From the viewpoint of the kinetics of inorganic reactions,
the temperature variations of the oceans, both in time and place, are
'sma11. Yet from the point of view of a particular species immersed
in the ocean, the 25°C to 0°C range of temperature may present a prob-
lem of insurmountable magnitude. The concentrations of dissolved
substances or second phase substances, when averaged over eons of
time, are remarkably constant. However, seasonal variations or vari-
ations from one location to another (vertically or Taterally) may be
of considerable significance in electrochemical and biochemical
processes.

There are several aspects of the environment which relate direct-
ly to the problem at hand and will be discussed in detail. It should
be kept in mind that the ocean is a system, and that no aspect of the
ocean can be treated completely and at the same time independently.

We are concerned generally with the effect of ion concentration
and distribution on the process of metallic corrosion, but more par-

ticularly with the role of halogen ions in the nucleation of corrosion



pits. It is necessary, therefore, to set the scene from both the
physicochemical and biochemical viewpoints.

Our basic problem is one of understanding the action at an
interface. To this end, we must consider the physical, biological
and chemical parameters, not only as they prevail in the mass, but
as they may be altefed at the interface. We must consider the struc-
ture of water, the diffusion of electrolytic and non-electrolytic
dissolved and second phase material, the respiration and nutrition

of protista, and the structure and stability of passivation films.



CHAPTER II
SURFACES AND THE ENVIRONMENT

Metallic surfaces in a vacuum are virtually stable. Only when
the surface is exposed to the biosphere do we observe the onset of
instability. The envelope of the biosphere includes those reaches
of the terrestrial environment which are responsive to the presence
of the biochemical process. The oxygen concentration in the atmos-
phere, the hydrosphere and the 1ithosphere is directly related to
the biochemical process, as is the carbon dioxide distribution.

The carbonate cycle is responsible for the buffering of the seas.
Any consideration of the instability of metallic surfaces is incom-
plete if the influence of the life processes is ignored.

The action at a metallic surface in contact with the biosphere
may be studied via the following routes: One may seek to explain
the action in terms of the chemical process, the electrochemical
process or the biochemical process, or one may choose to study the
action as a coupling of several identifiable mechanisms which his-
torically have been considered to be the province of independent
disciplines. The second route has, in the case of corrosion,
recejved very limited attention. The study given to the chemical
and electrochemical processes by investigators over the last half
century may be justified by the results that have been achieved in
the development of new, more stable materials as well as by protec~
tive systems that have been devised for the less stable materials.

The interest shown by investigators in the biochemical process has



been limited, perhaps, by the seemingly narrower sphere of applica-
tion offered by readily identifiable evidence of the direct action
of an organism.

If one takes the more general overview that all of the proc-
esses are jndivisibly Tinked, it may be shown that virtually all
corrosion in the "natural” environment is influenced by the presence
of biota. The 1ine of action may be more or less direct, depending
upon the particular situation; however, the line of action does
exist, and if unbroken will result in continued instability and corro-
sion. The best one can hope for is to retard or delay the action or
to loosen the couplings aiong the Tine of action in the fight agaipst
corrosion.

These several processes are linked by the inorganic matter of
the environment. The circulation of the atmosphere and hydrosphere
as defined by the principle of planetary fluid mechanics couple the
biochemical, electrochemical and dry chemical processes. The coup-
ling may be achieved by diffusion mechanisms independent of plane-
tary circulation. However, as one observes the coupling on an ever-
decreasing scale, it becomes increasingly difficult, for example,
to distinguish between transport via the diffusion mechanism from
transport via microturbulence which resides at the interface between
planetary circulation and the thermal state of the environment.

It is this region of action, i.e. the redistribution of the
constituents of the environment on a scale smaller than the organism
producing those constituents that affect corrosion, yet larger than

the species of molecule involved in the chemistry of the corrosion



reaction, that has drawn the least attention from theoreticians as
well as experimentalists. This situation is understandable, since
one is faced not only with difficult experimental techniques, but
also with incomplete, if not questionable, theories relating to ini-
tial action in the destabilization of passive films. One also is
confounded by incomplete theories of mass transport in the boundary
layer, and by 1ittle understood changes in the immediate environment
of biota resulting from their metabolism and respiration as well as
charge transport within these organisms. It is conceivable that,

by systematic study of the various contributing processes, one might
jdentify those aspects of each process that when interlocked would
provide the logical pathway for interaction between the biochemistry,
physical chemistry and electrochemistry of corrosion.

The objectiﬁe of this study is to advance the level of under-
standing of the physicochemical process inherent in the nucleation
of corrosion pits in passivating surfaces exposed to sea water. The
thermodynamics and kinetics of electrode reactions will be explored,
theories related to the formation and structure of passive films will
be analyzed, the composition and structure of sea water will be
studied and finally the effect of microbial Tife will be considered.
A thecry of pit nucleation will be suggested based upon the best
evidence, from all areas, that can be brought to bear upon the

problem.



CHAPTER 111
THE ELECTRODE

The interface between a metal and a vacuum is negatively charged
with respect to the interior of the metal. This surface potential
establishes the affinity of the metal for its electrons. Should the
interface be between the metal and some other atmosphere, the poten-
tial may change. It is also observed that each metal has a charac-
teristic potential. If two dissimilar metals are joined, the metal
with the higher affinity for electrons will gather electrons from
the metal of lower affinity. The current will flow until the contact
potential is equal to the difference between surface potentials of
the individual metals (1).

A metal immersed in an electrically conducting solution will
undergo a change in its surface potential from that which it exhibits
when exposed to a vacuum. The change in potential is referred to as
the electrode potential. The fact of the change in potential, as in
the case of two metals in contact, is direct evidence of the transfer
of charge between metal and electrolyte. In the absence of any other
action, a net transfer would proceed until the reaction potential is
stabilized. At this point there is no net transfer of charge, but
rather a dynamic reversible equilibrium between charge carriers leav-
ing the metallic surface for the solution and those leaving the
solution and being redeposited on the metal surface.

There is no direct method for experimentally determining the

absolute electrode potential at the surface of a metal in an electro-



lyte. Nor can we measure the absolute electrode potential difference
that results from the exchange of charge between metal and electro-
lyte. Such a system, i.e. a metal surface in contact with an electro-
lyte, is termed a "half-cell". Relative electrode potentials are
usually reported relative to the Standard Hydrogen Electrode (SHE),
which is assumed to be at zero volts. A surface-in dynamic revers-
ible equilibrium is characterized by an exchange current density as
well as its electrode potential. The exchange current represents

the balanced two-way flow of charge across the metal-electrolyte
interface. The fact of the exchange current has been verified by
radicactive jsotope tracer technigues. If a single species of
charge carrier is involved in the exchange current, the metal is
referred to as an equilibrium electrode, or Type 1; if more than

one species of charge carrier is involved, the electrode is nonequi-
Tibrium, or Type 2 (2).

A Type 1 electrode potential is proportional to the change in
free energy of the electrode reaction, and hence can be computed from
thermodynamic data. The Type 2 electrodes may or may not reach a
steady state of electrode potential, depending upon the nature of the
particular reaction system. In any event, the potential does not
characterize the equilibrium state and is therefore termed nonequili-
brium or irreversible. In the case of a steady-state Type 2 poten-
tial, one may not assume nil mass transport since the charge carriers
involved in the exchange current may differ depending upon the sense
of flow, i.e. from electrode to electrolyte or from electrolyte to

electrode. The flow of positive current from the electrode to



electrolyte or negative current from electrolyte to electrode is
termed the oxidation, or anodic, reaction, and the counter current
is termed the reduction, or cathodic, reaction. The anodic reaction
may involve the oxidation of metal atoms (M - M++), hydrogen atoms
(H = H") or oxygen (0° - 0) or one or more of a variety of other
possibilities, while the cathodic reaction may be the reduction of
metal jons (M+++-+M++, TR M), protons (H+ ~+~ H) or oxygen atoms
(0 - 077). It is obvious that for a Type 2 electrode the system
MM and H + H for the anodic and cathodic reactions, respec-
tively, may result in balanced charge transport but may not result
in balanced mass transport.

The anodic and cathodic processes may take place intimately
over a metal surface or for various reasons may be separated in
space even to the extent of occurring on the surface of different
metals. The degree of separation forms one basis for the catego-
rization of the corrosion process. Intimate mixing of the reac-
tions is called general corrosion; corrosion at isolated locations
on a single metal may be called pitting or crevice corrosion, and
when the reactions take place on different metal surfaces we have
galvanic corrosion. Other categories exist based on other proc-
esses.

As has been noted, the static potential of a Type 1 electrode
cannot be measured absolutely. It must be referenced to an agreed-
upon standard. The reaction H £ H + e at a temperature of 25°C
and pH equal to zero when the electroliyte is saturated with H is

that standard (SHE). The open circuit potential of an active



surface under standard conditions and in contact with its own ions
at unit concentration and referenced to the Standard Hydrogen

Electrode (SHE)} forms the basis of the electromotive series.
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CHAPTER 1V

ELECTROCHEMICAL KINETICS

The Nernst equation expresses the potential of a cell in terms
of the temperature of the reaction and the activities of the reac-

tants and products of the cell (3).

.
S — [1v-1]
v e

In the equation EO is the potential of the surface at standard
conditions and where the activities are unity. E is the potential
when the absolute temperature is T and the activity of product of
molality b is ap and of activity of reactant of molality z is a,.
R is the gas constant, n is the chemical equivalents and F is the
Faraday. The activity aps for instance, is one of the following:
the molality b multiplied by the activity coefficient y, the pres-
sure in atmospheres of a gas phase or unity for solids.

From this thermodynamic relationship, one may develop the
expressions for the pH and pressure dependence of both the revers-

ible hydrogen electrode and the reversible oxygen electrode. They

are, respectively,

2
_ BT (ag*{«)
EH =0 - 5F wn '"‘5'““%"" [IV—Z]
2 Hz
(P )1/2
RT 0
EO = 1.23 - = ¢n — [IV-3]



On the supramolecular scale of action, one must also consider
the occurrence and action of potentials resulting from the junction
of Tiquids of different composition and/or concentration. Such
potentials arise as a result of the independence of mobility and
charge. A charge carrier may be driven by a concentration gradient
against a potential gradient until equilibrium is achieved and the
Tiquid junction potential is achjeved. Similar and related active
transport occurs in varjous biochemical processes, which will be
examined in a later chapter.

Thus far, this chapter has been concerned with the prediction
of thermodynamic equilibria. From the-carefu1 application of the
Nernst equation, one can predict the potential difference or reac-
tion tendency between anode and cathode in terms of various proper-
ties of the surfaces and the environment. Of special concern to
the engineer are the kinetics of the nonequilibrium reaction, or
more precisely the corrosion rate of a particular surface in a
particular environment. Since the mass flow is proportional to the
current flow, and the current flow in turn is controlled not only
by the potential but also by the resistance of the circuit, it
becomes important to evaluate the occurrence and nature of the
various resistive elements.

Impediments to the transport of charge within the reaction sys-
tem may result from some combination of three resistive mechanisms.
First, the flow of charge may be impeded by some element of the
circuit of particularly Tow conductance. This IR drop or potential

change due to the resistance in the circuit may be a function of the

i
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geometry of the corrosion cell, the conductivity of the medium, and
the temperature. Second, the flow of charge may be impeded by the
change in concentration of charge carriers in the vicinity of the
electrodes due to the oxidation or reduction reaction. This poten-
tial drop, termed concentration polarization, is a function of the
current density and the nature of the charge carrier and the conduct-
ing medium. Third, the flow may be impeded by one or more steps in
the reaction that require a high energy of activation. Activation
polarization, or overvoltage, is the term used to describe this
potential drop, which is a function of the current density as well
as the nature of the reaction.

The IR drop or change in potential due to resistance may be

expressed as follows:
[1V-4]

where aER is the resistive potential drop, 1 is current density, P is
some geometric parameter and K is the conductivity of the medium.
The concentration polarization, AEC, is given by the following

equation:

AECZ—MH_FQH

{IV-5]

where iL is a limiting current density determined on the basis of
diffusion. From Fick's law, the 1imiting current density is given

Dy:

TL = - C [1V-5a]



Here c is concentration of the diffusing species in the medium, & is
the thickness of the Nernst diffusion layer, t is the transference
number and D is the diffusion coefficient. The transference number
tor electrolytes containing many ions approaches unity. Normal
values range as 0.2 < t < 0.8. It is assumed here that the concen-
tration at the reacting surface is very small wifh respect to the
concentration ¢ of the medium.

Activation polarization AEA, is given by the Tafel equation:

- d ' _
aE, = 8 Tog T [Iv-6]

where g is the Tafel slope. It is a function of the given charge
transfer reaction at the given interface and the exchange current
density. 1In this equation, g is usually close to 0.1 volts for
reactions of interest to the corrosion engineer and io is the

exchange current density (4).



14

CHAPTER V
PASSIVITY

The corrosion reaction is driven by the potential difference
between anode and cathode and is controlled by polarization. The

idealized re]ationéhip may be shown graphically by the Evans diag?am

in the following way (5):

EC . T
Activation Polarization
L at Cathode
1 _ -
— E2 1
o2 Resistance in Electrolyte
p and/or Concentration Polari-
e zation
4_’ -
> K %
lActivation Polarization
; at Anode
L
I
Ea |
[
|
|
Current - I ICORR

Fig. V-1. Typical polarization diagram.

When polarization occurs only at the cathode, the reaction is
said to be cathodically controlled. Similarly, anodic control
would exist when only anodic polarization is present. Mixed control

is as shown in Fig. V-1. The corrosion current ICORR is as indicated,



and in the case of electrolyte resistance the corrosion potential
ECORR would have a value between E1 and E2, depending upon where in
a geometric sense the potential is measured. For electrolytes of
high conductivity placed close together, the IR drop may be neglig-
ible and ECORR would be a singular value. A singylar value also
exists in the case of concentration polarization.

The effect of the relative area of anode to cathode is of special
concern in establishing the corrosion rate. It is obvious that for
steady-state nonequilibrium reactions the anodic and cathodic currents
must be equal. However, should the active areas differ, the current
density also will differ. A particularly difficult situation exists
when a relatively small anodic area is under cathodic control. The
result is a high mass transfer or corrosion rate. Equations such as
the Stern-Geary (4) equation have been derived for the prediction
of cqrrosion currents from known Tafel constants, limiting current
densities and relative areas.

0f singular importance in the control of the corrosion current
is the Tittle understood phenomenon of passivity. One can imagine
that by the proper application of external potential the anodic or
oxidation reaction can be transferred from one surface to another,

a process referred to as cathodic protection. If a reverse poten-
tial is applied the anodic reaction is accelerated. The unexpected
result of such a reverse potential is, for many systems, the estab-
lishment of a stable, or passive, state in which the corrosion rate
is several orders of magnitude less than for the active state.

Forced passivity, as this phenomenon is called, is generally achiev-

15
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able for most metals over a range of potential when exposed to a solu-
tion containing its own jons and at controlled pH. Even stranger is
the fact that under various conditions some metals and alloys are self-
passivating, i.e. they will assume the passive state without an exter-
nally applied potential.

The idealized potentiokinetic polarization curve for a passivat-

ing electrode at a particular pH and ion concentration might appear

as follows:

C
LI.JB-
! A
[+
iF Y
[
&
o P s
L.

A.

Ea-

Current - I

Fig. V-2. Typical potentiokinetic curve for a passivating electrode.

As the diagram suggests, below Ea the surface is stable and
immune to corrosion. At potentials between Ea and P and above C,
corrosion occurs. Between P and C the surface is passive and resists

corrosion. A is the potential of the hydrogen electrode and B is the



oxygen electrode, as previously discussed.

The particular case of iron in a solution of its own ions is
yuseful in describing the details of the various reactions. In this
example, the concentration of iron ions is held at 10"6 moles per
Titer and the pH at 7. The electrode potential for iron under these
conditions is -0.6volts (SHE), corresponding to Ea in Fig. V-2
(p. 16). Below this potential, iron in solution tends to plate out
and any ferric oxide on the electrode is reduced to the metallic
state; H+ is reduced to H2, and 02 to water and possibly further to
H202. The electrode is cathodically protected and H2 is evolved.

As the potential is increased to the range between -0.6 and -0.4 V
(between Ea and A), Fe is oxidized and hydrogen is reduced. Any
ferric oxide on the electrode is reduced to ferrous ions in solution
and O2 is reduced. In this range, iron is corroding in the "normal"
or general corrosion mode. Between -0.4 and -0.2 V (A to P in

Fig. V-2, p. 16}, the iron corrodes without hydrogen reduction and
at a potential more positive than that at which -0.2 V passivation
occurs. The mechanism of passivation, for which there are several
theories, will be discussed later. The region -0.2 to +0.8 V is
characterized by the possibility of spontaneous passivation without
external energy if the solution is moderately oxidizing. Above
+0.8 V {SHE), only oxidizing reactions occur in this system. The

principle oxidization is 2H,0 + 0, + 4H" + de”.

2
The potential-pH or Pourbaix diagram is constructed from
potentiokinetic data at varjous pH values and ultimately for various

concentrations of various ions. The Pourbaix diagram for iron is

17
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shown in Fig. V-3 (6-12).

1
|
|
— 3
+]- %\“‘q—-. EB
T
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Fig. V-3. Pourbaix diagram for iron.

In this figure, the vertical dotted Tine is from Fig. V-2 (p. 16)
for nil current. The Pourbaix diagram, therefore, gives a summary
of the thermodynamic state of the system. MNote that in the region
of pH 7 small changes in pH will result in changes of the potential
of point P, the active-passive transition. The situation becomes
more complex with the addition of chloride ions to the electrolyte.
The effect of chloride addition is to alter the potentickinetic
responses of the system in the previously passive region, as shown
in Fig. V-4,

For iron passivated in a chloride-free environment, the poten-
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Fig. V-4. Typical potentiokinetic curve for a passivating electrode
with chloride ions present.

tiokinetic curve in the presence of chloride ions will be the same
as in Fig. V-2 (p. 16) until P is reached. As the potential is
raised above P the presence of the chloride ions is felt. At ER,
the rupture potential, Tocal failure of the passive film occurs and
corrosion pits result. Subsequent decrease of the potential reduces
the corrosion current, and at Ep, the protection potential, the pits
become inactive. In this condition, the surface is stable between
Ep and P. Between Ep and ER’ the surface is stable if no pits are

present and unstable if pits are present. If ER is more positive

than B, pitting is rare even when the protection potential is more

19
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negative than B.

The potential range between P and E_ is termed a zone of perfect

&
passivation, whereas between Ep and ER there exists imperfect passi-
vation, since corrosion will occur if pits are present.

The general form of the Pourbaix diagram for iron in chloride,

including the zones of passivation, appears as follows

General /////;>//// T

|~ Corrosior Pitting

CHT

Potential - £ (volts)
[
/
\/\

—d

Imperfect
Passivity

erfect
Passivity

Immuni ty

0 7 14
pH

Fig. V-5. Pourbaix diagram for iron with chloride ions present.

Potential-pH diagrams for AISI 410 and AISI 304 in 0.1 molar C1°
are shown in Figs. V-6 and V-7, respectively. It should be noted

that these data are unconfirmed but may be considered representative

(11).



Potential - E (volts)

Potential - E {volts)

+1
Imperfect T~ ]
Protection
0 1 -
G S~ e Ep
T —__ _ Perfect
— ~Protection
-1 A Immuni ty
0 7 i 14
pH
Fig. V-6. Pourbaix diagram for AISI 304 in 0.1 M C17,
+1 4 E\N‘“*-.____.
Imperfect
0 | Protection E
___________”m_“_“______.____P
—— Perfect
~~ -~ Protection
"‘--._____‘h‘-‘-“..-“"-“
-1 - Immunity
0 7 14
pH
Fig. V-7. Pourbaix diagram for AISI 410 in 0.1 M C1™.
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Several theories have been proposed for the mechanism of passi-
vation. The theory in keeping with the weight of evidence is the
adsorption theory, which proposes a chemisorbed film of oxygen which,
in replacing the normally adsorbed layer of water molecules, inhibits
the hydration of metal jons at the anode. The observed spontaneous
passivation of the.transition metals supports this theory in that
their unpaired d electrons contribute to a mixed homopolar-hetero-
polar bond of higher energy than that which might occur with a more
completely heteropolar bond structure (4). ' Conditions may exist
which favor the formation of metal oxide films which function as Tow
conductivity barriers in addition to or as rép]acements for the
chemisorbed oxygen layer (13). The breakdown of passive iron is
observed at 0.6 volt (the Flade potential), a value too high to be
identified with any iron-iron oxide equilibrium. Therefore, even
though oxides may exist, it would seem that they are imperfect and
that chemisorbed oxygen is the primary defense against corrosion of
passive iron.

The presence of halogen ions, in particular C17, results in
localized destruction of the passive film. The mechanism by which
this takes place is imperfectly understood, even when applied to
what is assumed to be a perfectly understood passivating mechanism.
It appears that, due to subtle variation in the passive film, C1~
is preferentially adsorbed in competition with oxygen or water, and
in the adsorbed state promotes metal dissolution. The potential
difference between the active and passive areas varies among the

various metal-electrolyte systems, but is in the range of 0.5 volts.
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CHAPTER VI
IONIC TRANSPORT

Water molecules and ions in solution move on the macro scale by
the accepted means of oceanic transport, tides, currents, welling,
etc., and on the micro scale by thermal and concéntration diffusion,
turbulent diffusion, convective-diffusive transport and ion drift
resulting from field effects. Macro scale motion homogenizes the
oceans, as noted previously in Chapter I and are of concern to the
corrosion engineer in predicting rates from one construction site to
another. Micro transport phenomena, however, is central to an under-
standing of inhomogeneous nucleatidn of corrosion. The following
approach to diffusion begins with self-diffusion and Fick's first
Taw {3).

Self-diffusion involves no net transport in any direction. It
is thermally activated, and is a form of random walk without the
influence of field effects or concentration gradients. In the

presence of a gradient %%-the flux J is given by Fick's first law:
- _pic .
J = -D o [Vi-1]

The diffusion coefficient D is characteristic of the system.
The values for DO (the self-diffusion coefficient) of pure water
at 5%, 10° and 25°C have been measured by tracer techniques to be

5 cmz/sec (14). Upon electrolyte addi-

1.43, 1.68, and 2.57 X 107
tion, the self-diffusion coefficient is altered, depending upon the

type of fons, to a higher or lower value. Nall reduces DO while
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KCT increases it. There is, as one observes, inverse but parallel
change in viscosity n, i.e. Tower Do’ higher n. This is an interest-
ing and not an obvious result. 1In order to understand this effect,
one must consider the effect of structure on diffusion and viscosity
(15). The asymmetric water molecule, because of its dipole field, is
susceptible to short-range structure. Hydrogen-ﬁonded clusters of
water molecules are in a dynamic state of formation and disintegra~
tion. The relaxation time for this process has been calculated to

be around 10"}] sec at 20°C, a time sufficiently long to propose

that fluid flow may be considered as via the route of rigid clusters
in unassociated water molecules. Increasing -the temperature decreas-
es the relaxation time (10—12 sec at 40°C), which is consistent with
the model having a lower volume fraction of clusters and a lower vis-
cosity. The addition of electrolyte changes viscosity, suggesting a
relationship between cluster formation, relaxation time and the
nature of the ionic species. Horne has proposed a model for the
hydration atmosphere of the sodium ion which calls for a core or
electrostricted zone composed of the sodium jon surrounded by a
monolayer of water molecules (15}, The water dipole orientation

is such that the protons form a sphere of positive charge which is
the secondary nucleus of the cluster. The structural density
decreases as order decreases, moving from the Na® core to the free
water surrounding the cluster. By observing the relationship be-
tween the activation energy for cluster formation and electrolyte
concentration, Horne and Birkett were able to estimate the number of

water molecules in the structure-enhanced zone of the hydration



atmosphere of the sodium ion (16}. This model is an elaboration of
the Frank-Wen cluster model, which in turn was an improvement over
Gurney's co-sphere concept.

Of special interest is the fact that not all electrolyte addi-
tions result in higher viscosity. Some result in decreased viscos-
ity, indicating tﬁat, in accordance with the correlation with struc-
ture enhancement, some electrolytes tend to cause a net breaking of
structure (17). In fact, the halogen jons as well as several cations
may be considered as structure breakers, in contrast to most of the
alkali metal ions, which are structure makers. Mg++ is a very strong
structure maker. The ratio of the residence time of a water molecule
in the immediate vicinity of an jon to the residence time at a con-
siderable distance from the ion is a measure of the effect of the
ion on structure, and hence viscosity, Reynolds number and diffusion
rates. 17, Br™, €17, Cs' and K" have ratios in the range of 0.58 to
0.65, whereas Na+, Ca’" and Li' range from 1.46 to 3.48. Mg++ has a
ratio of 86.31. From these considerations, the enhancement of self-
diffusion of water by addition of KCT becomes understandable, where-
as NaCl should decrease self-diffusion and a Mg salt such as MgS{)4
should show a considerable reduction in self-diffusion. This, in

fact, is in agreement with the experimental observations of Devell

(15).
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CHAPTER VII
STABILITY OF PASSIVATION

The following is an attempt to define the interaction between
those several forces, summarized in previous chapters, that are
responsible for the nucleation of the corrosion process.

A fresh metallic surface in vacuum is negatively charged by
virtue of the "free" nature of the electrons associated with the
metallic bond. The condensation of this field is the source of
energy for adsorption on the surface when exposed to pure water.

The adsorbed species is the hydrated proton or hydronium ion H(HZO);.
From mobility consideration, the initial adsorption proceeds with
ions of low jonic weight followed by those of higher jonic weight.
Oxidation of the most energetic atoms on the metal surface proceeds
via the reduction of hydronium. At atmospheric pressures, the slow
step in proton transfer to the surface, for reduction, results from
the high activation energy for conductance by the rotation mode in
contrast with the proton flip mode of hydrogen-bonded chains which
takes over at high pressure (3). The energy associated with the
formation of the hydronium ion, its drift toward the surface, the
proton transfer within the ion and its ultimate reduction and diffu-
sion from the surface constitutes a measure of the activation polari-
zation for the cathodic reaction. The metal ion upon liberation

from the surface is immediately hydrated and departs the region of
the surface at a rate determined by the size and density of its elec-

trostricted zone. Higher temperature and/or pressure reduce the
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size of the zone, increasing its mobility and promoting a higher
diffusion rate.

Depending upon the energy level of the surface, the cathodic
reaction may proceed by the reduction of hydronium to the hydroxyl

ion. This is expressed as follows:

H0t + 26 ~ H

3 o * OH™ (-0.414V SHE) [VII-1]

This is in contrast to the single reduction previously mentioned:

H.ot + e + 4

3 E—H + HZO(O.O V SHE) [VviI-2]

2

The normally negatively-charged metal surface may be made positive
by external electron pumping. The result may be anodic depolariza-

tion via the oxidation of hydroxyl ions:

40H” - 4e » 2H,0 + 02(+0.816 SHE) [VII-3]

2

This reaction is most likely paced by the rate of one of the elec~

tron capture reactions such as the hydroxyl ion to hydroxyl radical,
OH - e » OH [VII-4]

or the perhydroxyl ion to perhydroxyl radical,

HOE - e+ H02 [VII-5]

The Timiting current density imposed by concentration control
is a factor in this reaction, in contrast to [VII-1] and [VII-2],
where the proton mobility is impeded 1ittle by the hydronium fon

structure.
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The behavior of the electrode changes if the water contains
dissolved oxygen. The solubility of oxygen in water at standard
conditions is of the order 0.001M. This Tow solubility coupled
with a Tow diffusion coefficient indicates a strong tendency for
the oxygen depolarization reactions to be current-limited. An
additional factor is the much Tower exchange-current density of

~14 amps/cm2

the oxygen depolarization as compared to hydrogen (10
vs. 1070 amps/cm2 on an iron electrode at pH = 0) depolarization,

which favors the hydrogen depolarization reaction at pH < 7.5 even
though the potential or thermodynamic driving force for oxygen de-
polarization is 1.229 V more positive than hydrogen over the entire

range of pH. Other cathodic reactions involving oxygen and at pH =

7 are
0, + 2H,0 + 2e - H,0, + 20H™ (+0.268 V SHE) [VII-6]
0, + 24" + 4e > 20H™(+0.816 V SHE) [VII-7]

The rate-controlling steps in these reactions are again those involv-
ing electron capture rather than transfer (3).

The anodic metal dissolution reaction involves ionic transport
and ultimately hydration.

The cathodic metal depolarization reaction involves electron
transport and electronation. The passive state is said to exist
when an electrode by virtue of some interfacial phenomenon is made
inactive under conditions which thermodynamically call for action.
The interface between metal and electrolyte is of such a structure

as to severely limit one or both reactions mentioned above, i.e.



ionic or electronic transport across the interface. The structure
of the interface is the object of much speculation, from a “dry"
oxide film on the one hand to adsorbed oxygen on the other. The
current adsorption theory suggests that a relatively strong bond
may form between the transition metals and oxygen, both having
uncoupled electrons. This, in conjunction with fhe high heat of
sublimation of the transition elements, favors adsorption rather
than an oxide formation reaction, which involves displacement of
the atoms from the lattice sights. A monolayer of oxygen atoms
chemisorbed on the surface of the metal followed, according to most
theories, by an adsorbed layer of oxygen molecules is the currently
proposed structure of the passive layer. It js suggested here that
water molecules rather than oxygen molecules are adsorbed on the
atomic oxygen. This is consistent with the observations of Okamoto
and Shibata, who reported H20 in passive films on stainless steel,
and also the work of Kudo and Yolken, who report the same result for
passive iron (18). Flade potentials adjusted for pH as measured on
several spontaneously passivating surfaces are in general agreement
with the equilibrium potential for the peroxide reaction of equation
[VII-6], although Tittle is known of the chemical stability of the
adsorbed Tayer other than the fact that it appears to be much more
stable than oxide phases of the same metal. Reaction [VII-6] sup-
ports the oxygen monolayer plus water adsorption via the peroxide
product of this cathodic reaction. The simultaneous metal ion
anodic oxidation product is reduced by the hydroxyl ion product of

reaction [VII-6]. The anodic and cathodic reactions are not only

29
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simultaneous reactions, they are superimposed spatially as well.

It is well known that halogen fons in the electrolyte contri-
bute to the Tocalized destruction of passivity on most metals and
alloys. Several theories have been proposed for the mechanism of
this process, and most begin with the supposition that halogen ions
are selectively adsorbed as replacements for oxygén atoms. An alter-
nate process involving the structure-enhanced layer of adsorbed water
is suggested by the structure-breaking properties of halogen ions.
These negatively charged ions tend to coalesce in local areas of
higher positive charge associated with geometric and structural
irregularities. Their propensity for breaking water structure
(negative hydration) results in the de-adsorption of water molecules
and exposure of chemisorbed oxygen atoms to direct replacement, as
well as stimulation of the relative concentrations of free water
near the surface, which is then available for hydration of metal
ions from the de-electronation reaction. The corrosion potential for
most metals in sea water is relatively independent of the concentra-
tions of its own ions in the electrolyte, indicating that the hydra-
tion reaction proceeds at a high rate and in close proximity to the
anode surface.

The structure making and breaking properties of various ions,
as discussed in a previous chapter, are also of significance in the
stabilization of passive films as well as in their destabilization
as considered in the above paragraph. Mg++, Ca++, Li* and Na+ are
structure makers (17). The ratic of the residence times for water

molecules near and far from the Ca++ ion is 2.16 compared to 1.46
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for Na+, which may account for the observed but Tittle understood
fact that calcium compounds are better inhibitors than sodium com-
pounds. The ratio for Mg++ is 86.31, indicating very strong forming
ability, but its salts form weak electrolytes (incomplete dissocia-
tion) and contribute much 1ess,'m01e for mole, to the inhibiting
process. Garrels and Thompson have tabulated thé distribution of
species in normal sea water {19). Sodium and potassium are 99% free
ions; the other 1% is with sulfate, whereas magnesium is only 87%
free ion, 11% with sulfate and 1% with bicarbonate. Calcium, another
strong structure former, appears as 91% free ion; 8% with sulfate and
1% with bicarbonate.

In the preceding paragraphs the construction and destruction of
passivity has been shown to be related to the water structure modi-
fying influence of dissolved ions. There appears to be a firm basis
for experimental verification of this proposal by potentiokinetic

studies of systems of carefully controlled ionic species.
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CHAPTER VIII
BIOCHEMICAL DESTABILIZATION OF PASSIVITY

The ongoing metabolic and respiratory functions of protista of
necessity alter the composition of their immediate atmosphere (20).
In a previous chapter the alteration of the physical environment
was discussed. Changes in pH and in ion concentration were posed,
and it may be here stated that these changes have a marked effect
on the stability of the passive Tayer. The proton-rich atmosphere
surrounding many bacteria results, according to the chemiosmotic
nypothesis, from active transport of electrons across celiular
membranes. The energy-rich proton gradient resulting from the
active electron transport is said to cause the primary biochemical

reaction

ADP + phosphate «» ATP + H,0 [VIII-1]

2

The casual mechanism is the removal of H20 by the production of hydro-
nium and hydroxyl ions, since the free energy of the reaction is posi-
tive and will proceed to the right only with a coupled reaction in-
volving water removal. The redox potential, since the reaction takes
place at a nominal pH = 7, is E = -0.42 V(HE), and according to
Mitchell part of the proton gradient may be replaced by an energeti-
cally equivalent potential gradient (21). The combined effect is the
lowering of pH and/or potential. Chemolithotrophs may utilize not
only hydrogen as electron donors, but also sulfur, divalent iron and

nitrogen, resulting in reduced atmospheres and a path for cathodic
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depolarization.
According to Van Niel, the photosynthetic process in both plants

and bacteria may be summarized in the following equation:
2,0 + €0, HE (Ci,0) + 1,0 + 20 [VIII-2]

where HZD represents the electron or proton donor‘and D the oxidized
form (20). A1 photosynthetic organisms except bacteria use water as
the donor and evolve molecular oxygen. The consumption of 002 and in
particular the production of 02 obviously can have an effect on the
stability of a passivating layer. A more general form of equation

[VIII-2] is

H D+AJJHEC»H2A+ D [VIII-3]

2

D is the electron donor and A is the acceptor. Depending upon the
species, the acceptor may be NDé, N2, H" or others. It is clear then
that this biochemical process may result in no potential or pH change
in the environment, or, in species selective fashion, may promote the
anodic or the cathodic depolarization reaction. For the reaction
involving water as the electron donor, the electron transfer would
proceed at a potential of +0.82 V (HE) at pH = 7 (see equation VII-7].
In any case, the electron flow is in the direction of the system
having the more electronegative potential, which from a purely thermo-
dynamic point of view (assuming coupling of the reaction) will promote
the corrosion reaction. The biochemically modified atmosphere in the
immediate vicinity of a functioning organism is an atmosphere capable

of promoting a higher rate of electrochemical activity by virtue of



34

its possible contribution to the depolarization of cathode and anode.

In addition, the modification of the environment by the produc-
tion of O2 as well as by alterations in the concentration and balance
of fonic species will have an effect on the production and stability
of the passivating layer.

From what is known of diffusive and turbulent transport (22) on
a scale relevant to the atmosphere of a protista, one would expect
gradients of sufficient magnitude to account for induction of the
observed inhomogeneous and very localized process of corrosion pit

nucleation.



CHAPTER IX
PIT NUCLEATION THEORY

The author's objective, stated at the end of Chapter II and
again at the beginning of Chapter VII, is the development of a con-
sistent theory of corrosion pit nucleating in materials exposed to
the marine environment. In the previous chapters, the author has
discussed varjous fields of knowledge related to the central ques-
tion., These discussions are based upon extensive research and ampli-
fy, within each field of knowledge, those mechanisms which, when inter-
related, form to the author's satisfaction a cbherent, consistent and,
at the present state of knowledge, a complete theory of corrosion pit
nucleation in the marine environment. This theory, as developed in
previous chapters, will be summarized here.

The structure of the passive film, as proposed by the author, is
consistent with the peroxide depolarization reaction. The strong
oxidation potential of the peroxide accounts for the energetics of the
film formation. The range of electrochemical potential for which the
film is stable is consistent with the potential for the peroxide reac-
tion. The film composition, i.e. chemisorbed oxygen atoms and adsorb-
ed water, also is consistent with the metal-peroxide reaction and, in
addition, is confirmed by experimental observation (23).

The destabilization of the passive film by chlorine ions is a
thoroughly documented fact (24 - 28). Previous theories have stated
simply that the chlorine displaces adsorbed oxygen.  The mechanism

is not discussed, nor is the roll of inhibitors of corrosion
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discussed in relation to a destabilization mechanism. The author has
suggested that, in fact, the mechanism of film destabilization is
based upon the measured negative hydration potential of the chlorine
jons and its interaction with the adsorbed water in the passive film
(17). Negative hydration decreases the viscosity in the vicinity of
the chlorine ion and, projected to the film interface, provides the
energy necessary forde-adsorption of the water molecules. The expos-
ed chemisorbed oxygen atoms then are open to direct replacement by
the chlorine ions, with the final result that metal ions are dis-
placed from the exposed surface. This is the event of pit nucleation.
From this point onward in the elecirochemica?lprocess, the "normal"
mechanisms prevail, i.e. concentration cells, differential area cells
etc. (2).

The above process also is consistent with corrosion inhibition
phenomena. Some Titerature in this field theorizes that inhibition
results from the adsorption of various positive jons at the inter-
face between the material and the solution. This author suggests
that, consistent with hydration theory and the measured positive
hydration potential of several inhibitors, destabilization and inhi-
bition are two facets of a single process. Positive hydration in-
creases viscosity at the interface and stabilizes the passive film.
This reduces the chance of active jons, such as chlorine, reaching
the chemisorbed oxygen.

The above process upholds the speculations of various authors
concerning the influence of the geometry and structure of the sur-

face on the pitting mechanism (28 - 30). The compactness of the
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oxygen monolayer and the superimposed water layer are related to the
surface geometry and structure. Areas on which surface metal atoms
experience the lowest coordination will obtain the most energetically
stable film. Locations with high coordination, such as the re-entrant
corner of a step on the surface, will be protected by a lower energy
film, which is more prone to attack by active ions and likewise more
subject to protection by inhibiting ions.

Environmental factors such as fluid shear stress in the inter-
face, local pH changes and variations in dissolved oxygen concentra-
tion resulting from organisms may influence the nucleation process
by modifying the boundary layer flow and, this author suggests, by
functioning as an electronic conductor in the cathodic depolariza-
tion process. The structure of the "biocelectrochemical” cell, pro~
viding the rupture potential, then would consist of a stalked bac-
terium functioning as a cathode, with the anodic area in a stagna-
tion zone at the root of the stalk.

As noted by the author in the above paragraphs, the proposed
theory of pit nucleation in the marine environment provides a pre-
diction of behavior that is consistent with observations made and
reported to date. However, it appears possible that further sub-
stantiation of the theory could result from carefully controlied
experiments involving various jons of different hydration potentials.

It is this author's intention to conduct such a series of experiments.
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GLOSSARY

ADP s the biochemical shorthand for adenosine diphosphate

ATP s the biochemical shorthand for adenosine triphosphate

COORDINATION is the number of equidistant nearest neighbor atoms

FLADE POTENTIAL {s the potential at which a passive surface
reactivates

POTENTIOKINETIC describes the experimental process by which the
current response of a cell is determined during a continuously
varying applied potential

POTENTIOSTATIC describes the experimental process by which the
equilibrium current response of a cell is determined at a

series of fixed potentials



LIST OF SYMBOLS

activity

Tafel constant

activity coefficient
concentration

diffusion coeificient
coefficient of self diffusion
potential

potential at standard conditions
anode potential

cathode potential
corrosion potential
protection potential
rupture potential

Faraday constant

current

corrosion current

current density

flux

conductivity

thickness of Hernst layer
metal atom or ion
chemical equivalents
geometric cell parameter

pressure
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LIST OF SYMBOLS (continued)

pH potential of hydrogen

R resistance

SHE standard hydrogen electrode
T Kelvin

t transfer number

v volts
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