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ABSTRACT

Atmospheric corrosion can be regarded as wet corrosion of materials under a thin water
film, produced either by condensation in high humidity conditions or by direct
precipitation of rain or snow etc. This kind of corrosion is usually considered to be
electrochemical in nature. So, the general electrochemical law which holds for metal
corrosion in bulk electrolytes also holds for the special case of atmospheric corrosion.
However, the conventional investigation methods used in bulk solution electrochemistry
can obviously be used in thin layer electrolyte electrochemistry only after major
modification. Although an early study of corrosion in thin electrolytes by electrochemical
techniques dates from the 1950’s, relatively little fundamental work has been performed
using electrochemical techniques in the study of atmospheric corrosion. This is mainly due
to the difficulties and complexities in the electrochemical measurements under thin film
electrolyte conditions.

In this investigation, the possibilities for a successful application of conventional
electrochemical methods for the studies of atmospheric corrosion were explored. An
electrochemical cell, suitable for the study of electrochemistry in thin-layer electrolytes,
has been designed and produced. Comprehensive electrochemical research on this
electrochemical cell under various thicknesses of electrolyte (10* to 10" M Na,SO,,
thickness form 50 pm to bulk solution) has been carried out using d.c. (potentiodynamic
polarization) and a.c. (a.c. impedance) electrochemical techniques.

With regard to the mechanism of atmospheric corrosion, it was suggested that it is
impossible for atmospheric corrosion of iron to be controlled by the cathodic reduction
process, i.e. the diffusion of oxygen through a thin film of electrolyte. In many cases, and

particularly when the thin layer of electrolyte is relatively dilute (e.g. 10* Na,SO,),



passivation of the iron is a prevalent phenomenon. During the initial period of atmospheric
corrosion of iron, the establishment of a passive film is dependent on the composition,
concentration and the thickness of the electrolyte layer. In the early stages of atmospheric
corrosion, and possibly during normal conditions, iron corrodes in the atmosphere in
alternative passive and active stages, corresponding to changes in the external stage
(wet/dry) of the surface. It is also stated that in the initial stage of atmospheric corrosion,
the corrosion rate of iron is mainly controlled by the anodic process, i.e. the passivation
of the material. The ohmic resistance polarization is not very significant.

In addition, the results also show that even in the relatively high concentrated
electrolyte layers (0.1 M Na,SO,), passivity of iron is still the dominant anodic process.
The passive properties of iron covered with concentrated electrolyte layers are significantly
affected by the thickness of electrolytes. The beneficial effect of the alloying element Cu
on the protective properties of weathering steel in atmospheric corrosion is mainly on the
anodic processes, e.g. enhancing the passivity of iron by accumulated Cu on the surface

during long time exposure.
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INTRODUCTION

Since most metallic structures are exposed to atmospheric environments, atmospheric
corrosion is the most wide-spread form of metal deterioration. Due to the complexity of
the variables, which determine the kinetics of the corrosion reactions, corrosion
mechanisms of metals in atmospheric environments are not fully understood. Equally
important, this complexity makes it difficult to simulate the corrosion process under simple
laboratory conditions. Therefore, previous studies of atmospheric corrosion have
concentrated on the following aspects'->3%:

(1) Long term exposure tests have been utilized to rank corrosion behaviour of
materials in various atmospheric environments, normally classified as "rural”, "industrial”
and "marine" by their locations. These experiments have also been used to characterize
the atmosphere with regard to its corrosivity. Information obtained by these investigations
is valuable to engineers and designers selecting systems for providing corrosion protection
as well as those concerned with the performance of products and devices exposed to the
atmosphere.

(2) Accelerated laboratory experiments were used to assess the durability of materials
used in environments in terms of general corrosion rates and morphology of corrosion
products. Additionally, this type of investigation has also been used, usually combined
with advanced physical microanalysis methods, to investigate the mechanism of
atmospheric corrosion, especially the kinetics of atmospheric corrosion as determined by
the variation of specific active species (e.g. SO,, CO; etc.) in the atmosphere.

(3) To develop better systems for classifying the corrosivity of the atmospheres,

including the use of electrochemical testing methods to characterize atmospheric corrosion



behaviour. One of the methods is using electrochemical corrosion monitoring systems to
monitor atmospheric exposure sites.

The atmospheric corrosion investigations mentioned above give general information on
material performance and corrosivity of a particular atmospheric environment. Thus, a
widespread knowledge of the general corrosion rates of metals in a variety of environments
and of corrosion aggressivity of various atmospheric environments has been obtained.
Although this information is useful in practice the approach does not easily lend itself to
a mechanistic understanding of the atmospheric corrosion, which is significantly important
to control or at least slow down this highly destructive process.

Atmospheric corrosion occurs on a metal surface covered by a thin, dilute electrolyte
layer, produced either by condensation process in high humidity conditions or by direct
precipitation of rain or snow etc. This kind of corrosion is usually considered to be
electrochemical in nature. So, the general electrochemical law which holds for metal
corrosion in bulk electrolytes also holds for the special case of atmospheric corrosion. The
conventional investigation method used in bulk solution electrochemistry can obviously be
used in thin layer electrolyte electrochemistry only after major modification. However,
although an early study of corrosion in thin electrolytes by electrochemical techniques
dates from the 1950’s in work done by Rozenfeld and co-workers®®, relatively little
fundamental work has been performed using electrochemical techniques in the study of
atmospheric corrosion. This is mainly due to the difficulties and complexities in the
electrochemical measurements under thin film electrolyte conditions.

In this investigation, the possibilities for a successful application of conventional
electrochemical methods for the studies of atmospheric corrosion were explored. From the

technical viewpoint, an electrochemical cell suitable for the study of atmospheric corrosion



should have a similar electrochemical function to that of the electrochemical corrosion cell
operating on metals in the atmosphere, i.e. the current path between anode to cathode in
the electrochemical cell is parallel with the surface of the sample, oxygen diffusion is
perpendicular to the metal surface and a variety of thicknesses of electrolyte layer can be
provided. From these considerations, a novel electrochemical cell assembly was produced,
with which drying (evaporation) and wetting (condensation) processes, as well as
maintenance of a constant thickness of electrolyte on the surface, can be accomplished to
simulate the processes occurring during atmospheric corrosion. Electrochemical behaviour
related to cathodic processes, anodic processes and resistance polarization of materials
(mainly iron, as well as copper and zinc) covered with thin layer of electrolytes were
studied using D.C. and A.C. electrochemical techniques. The purposes of this
investigation are aimed to study the suitability of thin electrolyte electrochemical methods
for studies of atmospheric corrosion, to find out what information can be obtained on the
mechanisms of reactions occurring in thin layers of electrolyte and to what degree the
results obtained can be extended to the research of atmospheric corrosion. Finally, and
hopefully with this study, a new clue in relation to the mechanism of atmospheric
corrosion can be found, allowing better understanding of this most widespread corrosion
form and a new research method of atmospheric corrosion can be provided, supplementing

other existing investigation methods.
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CHAPTER 1 BASIC KNOWLEDGE OF ATMOSPHERIC CORROSION

1.1 The Economic Importance of Atmospheric Corrosion

Due to the fact that a large number of products, devices and engineering structures,
such as buildings, bridges and cars are in general used in the atmosphere, atmospheric
corrosion is perhaps one of the most pervasive corrosion problems. Although the economic
importance of corrosion has already been emphasized in several reports”*?, there seem
to have been no recent attempts to assess the cost attributed specifically to atmospheric
corrosion. Barton” quoted the assessment by Uhligt'" to suggest that approximately half
the total cost of corrosion protection in the United States in 1949 (over $US 2.8 M) was
spent on measures against atmospheric corrosion effects. In another estimation of the cost
caused by atmospheric corrosion, Daeves and Trapp®® who are also quoted by Barton?,
calculated that 2% of steel production in Germany in 1937 was being converted back to
rust by atmospheric corrosion each year. In the Hoar Report™, an estimate was made of
the national annual cost of corrosion and protection measures in the U.K. The total cost
was considered to be £1365 M, of which £250 M is connected with building and
construction, £280 M with marine problems and £350 M with transport. It seems to be
reasonable to suggest that about half the cost caused by corrosion is related to the
atmospheric corrosion. Fontana®® claimed that an estimated cost of atmospheric corrosion
in the United States is $US 2 billion. For the U.K. alone, the annual cost of atmospheric
corrosion is several hundred millions of pounds"®. More recently Duncan® pointed out
that from the most basic community to the most sophisticated, atmospheric corrosion has

the ability to influence a nation’s economic health.



An improved understanding of the mechanisms of atmospheric corrosion will

undoubtedly be beneficial for both academic and economic aspects.

1.2 Concept of Atmospheric Corrosion

Atmospheric corrosion is an electrochemical process which occurs in thin films or
adsorbed layers of electrolyte formed either by direct precipitation, €.g. rain or snow, or
by condensation processes in relatively high humidity environments. Due to the
characteristic of the thin film electrolyte formed by a limited amount of electrolyte present
on the metal surface, the process is influenced sensitively by external environmental
factors, such as temperature, relative humidity, chemical composition of the atmosphere
(including airborne pollutants), and dust or particulates etc; and by the properties of the
corrosion products formed.

In addition, the atmospheric corrosion conditions will change frequently and
periodically during wetting (condensation) and drying (evaporation) of metal surfaces. For
instance, the diffusion of oxygen, which is considered to be the main reactant of the
cathodic process in atmospheric corrosion, is greatly enhanced during evaporation of
surface electrolyte. The accumulation of corrosion products promotes the formation of
solid corrosion products on metals because the solubility product of the corrosion products
is easily exceeded in so small volume of electrolyte. In subsequent drying processes,
crystallization in the corrosion product layer will occur, which changes its protective
properties significantly. Periodic renewal of electrolyte by rain, alongside changes in the
concentration of electrolyte on the surface, can wash out the soluble component of the

corrosion product from the surface, which again modifies the corrosion process.



Therefore, atmospheric corrosion is an extremely complex process, which occurs in the
metal/corrosion product/water/environment system under frequently changed conditions.
This process, in most circumstances, should include the adsorption of pollutants on the
metal surface (or incorporation of pollutants in various forms of precipitation), formation
of water films on the metal surface, chemical and electrochemical reactions and

crystallization and phase transformation processes in corrosion products.

1.3 Brief Description of Atmosphere

Atmospheric corrosivities are normally simply clarified as "desert”, "rural”, "urban”
"industrial” and "marine” environments determined with respect to the quantities of
pollutants present in the air, the water content and solid particulate content of the air etc.,
which have a deteriorating effect on the corrosion of materials. Obviously this
classification which is usually identified by the corrosion rates of commonly used
engineering materials from long term field exposure experiments, is inadequate for an
academic purpose. However, it has been proven to be difficult to obtain an universally
accepted clarification of atmospheres in terms of corrosivity because of the complexities
of the variables concerned, although many efforts have been made to develop a relatively
standardized method to assess the atmosphere in relation to its aggressivity"®'”.
Consequently, the atmosphere is briefly described here with several meterological and
pollution parameters which are thought important in deciding the kinetics of atmospheric
corrosion.

(1) Oxygen

The concentration of oxygen in the atmosphere (23 %) is relatively constant, although



it varies with the altitude of the location. Undoubtedly, oxygen is a very important
atmospheric component for atmospheric corrosion because in most cases atmospheric
corrosion occurs with the reduction of oxygen as the main cathodic process. Normally,
provision of oxygen in atmospheric corrosion process is adequate because of its high
‘partial pressure in the air and generally saturated existence in the water phases, e.g. rain
water drops, fog, etc, as well as the favoured diffusion through thin electrolyte films on
the metal surface.
(2) Water

The water content of the atmosphere must be discussed in terms of precipitation and
absolute humidity (atmospheric vapour content), both of which are dependent on
geographical position. The presence of liquid water on the surface is an important
condition where accelerated atmospheric corrosion occurs because it provides the
electrolytic path and facilitates the electrochemical reactions. The liquid water film can be
formed on the surface not only directly by precipitation but also by adsorption and
condensation processes which are determined jointly by the absolute humidity and the
temperature, or the relative humidity (R.H.). The relative humidity is defined as the
percentage ratio of water vapour in the atmosphere compared to that which would saturate
the atmosphere at the same temperature. At equilibrium, when the relative humidity is at
100%, representing the condition where the atmosphere is saturated with water vapour,
the water vapour will condense on the surface as liquid water until a new equilibrium is
established. However, in some cases below 100% relative humidity, condensation of water
can still occur. This phenomenon is related to the lowering of the dew point caused by
chemical contamination of surface with hygroscopic substances or physical condensation

within a porous structure e.g. of corrosion products. These will be discussed in more detail



in section 1.4 of this chapter.
(3) Temperature

Since an increase in temperature causes acceleration of all chemical reaction rates,
according to the Arrhenius equation®, it might be expected that atmospheric corrosion
should proceed more rapidly at higher temperatures. However, in practice, the effect of
increased temperature on atmospheric corrosion rates is usually overridden by other factors
which have a stronger influence. For instance, it was often observed"? that in some areas
the atmospheric corrosion rate was highest in winter. This was caused by the higher
concentration of SO, in the atmosphere due to the heating systems with combustion of
sulphur-containing fuels, although the temperature is relatively low in this season.

Generally speaking, at high temperature the relative humidity is always low and
atmospheric corrosion is thus unlikely. However, at high humidity and high temperature,
a rapid small temperature drop results in the dew point being exceeded, which often
promotes atmospheric corrosion by condensation of water films onto a metal surface.

One of the critical temperature dependent factors concerns the duration of presence of
moisture (or water film) on the metal surface. Clearly, this influence of temperature is
related to the evaporation rate of water film on the metal surface, which is also affected
by other factors with respect to the thermal capacity of metal structure, its orientation, and
wind velocity. Normally, the higher the temperature, the shorter the duration of existence
of water film on the metal.

Various important measurements of temperature can be made. These are the ambient
air temperature, the dew point temperature, and the metal surface temperature, all of

which affect persistence of water on a surface and, hence, atmospheric corrosion.



(4) Sulphur Dioxide and Chlorides

There are various kinds of polluting substances in the atmosphere, e.g. CO,, CO, NH;3,
NO,, H,S, and some organic substances. However, two primary pollutants which are
considered to have a significant effect on atmospheric corrosion, and are usually monitored
in exposure sites, are sulphur dioxide and sodium chloride respectively.

One of the major stimulants of metallic atmospheric corrosion is sulphur dioxide. The
mechanisms of the effect of sulphur dioxide on iron atmospheric corrosion will be
examined in detail in chapter 2. Here, attention is paid to the concentration of sulphur
dioxide in the air because it was found that a far higher concentration of SO, was often
used to simulate atmospheric corrosion in the laboratory, which is unlikely to represent
the practical situation. The normal concentration of SO, for urban atmospheres has been
reported to be 0.11 to 2.3 mg m? (about 0.1 to 1.96 ppm) and 10 to 50 mg m (about 8.5
to 42 ppm) for industrial atmosphere in 1957%”. However, it must be noted that
atmospheric concentrations of sulphur dioxide have decreased significantly over the past
decade. Eisenbud® reports that the annual maximum hourly concentration was reduced
from 2.2 to 0.8 ppm between 1965 and 1969. In 1970, the total sulphur emission
expressed in terms of gaseous mass, from burnt fuel in the U.K. was about 7 million
tonnes. In 1985 this figure had reduced to about 4 million tonnes®”, mainly due to burning
of low-sulphur fuels. Therefore, it was reported that the typical urban concentration of SO,
was 50 ug m? and 300 ug m? at high concentrations in 1985 in the U.K.?®,

The acceleration of corrosion by chloride ions in coastal areas has long been known.
The severity of atmospheric corrosion of metals is largely a function of the quantity of salt
deposited and decreases rapidly with increasing distance from the surf line®®. However,

the mechanism of effect of Cl on atmospheric corrosion is still far from clear. One of the



obvious reason for this effect concerns the hygroscopic properties of chloride species,
which facilitate the electrochemical process of atmospheric corrosion by favouring
electrolyte formation at relatively low relative humidity. It was also thought that a
threshold level of chloride is always present at all sites, giving a constant effect, and that
only when this level is greatly increased does the effect of corrosion increase
significantly®.
(5) Dust and Particulate

The deposition of particulate or dust onto metal surfaces is also important in
atmospheric corrosion. In urban and industrial area, the dusts contain some water-soluble
inorganic components, for example, up to 3 % soluble sulphate in industrial dust was
reported®. Particulates which exist in atmosphere include ammonium sulphate, sodium
chloride, sand, charcoal and soot. These particulates deposite on the metal surface and can
promote corrosion either by decreasing of the dew point with hygroscopic chemical species

on the surface or by physical adsorption of water.

1.4 Critical Relative Humidity

Critical relative humidity is often referred to as the relative humidity at which sufficient
wetting of a metal surface occurs to cause a significant increase in the corrosion rate. The
importance of the critical relative humidity in atmospheric corrosion was discovered by
Vernon®® as early as 1930’s. This gives the evidence that atmospheric corrosion is a type
of electrochemical corrosion process. The presence of liquid water on the surface is an
important prerequisite for the electrochemical path of the corrosion process.

The factor linking critical relative humidity with the atmospheric corrosion of metals

10



is the time of wetness®” which is defined as the period when the critical humidity is
exceeded. In a more strict sense, time of wetness is related to the condition of relative
humidity that would result in an adequate film of water on a metal surface to accelerate
corrosion significantly. However, although extensive studies have been carried out to
measure the time of wetness@®*?303D  there is not an universally accepted criterion to
assess this phenomenon. The reason for this is mainly concerned with the variables that
locally change relative humidity such as surface contaminants (e.g. soluble ions which
depress vapour pressure), the nature of the corrosion products that may render the surfaces

hygroscopic or provide pores into which water may condense, and the microclimate.

1.5 Formation of Electrolyte Layers on the Metal Surface

In atmospheric corrosion, the necessary condition for active electrochemical reaction
is the presence of an electrolyte on the metal surface. Generally, there are two ways in
which the water film on the surface of metals are formed, i.e. by precipitation or by

adsorption and condensation.

1.5.1 Precipitation

The water film on the metal surfaces can be formed by precipitation, e.g. rain, fog,
dew or snow. In the case where the water film is formed by rain, the thickness of the
electrolyte layer can reach up to 200 xm“%*?, which is enough for the operation of the
electrochemical corrosion process. During raining, the water-soluble components of the

atmosphere is absorbed in the water, which changes the composition and concentration of

11



the electrolyte and promotes corrosion. On the other hand, prolonged raining can wash
away the accumulated corrosion stimulator from the surface or dilute the concentration of
electrolyte on the surface, which can retard the corrosion. In some cases, the previously-
formed corrosion products which are sparingly soluble and provide a protective layer to
some extent can also be washed away by rain which, in this case, increases the corrosion.

In the case of precipitation of very small water drops (e.g. from a mist or fog), a
discontinuous liquid layer is formed by a large number of isolated water drops and later
a continuous water film may be formed on the surface after prolonged exposure by
coalescence of these isolated drops. The layer of electrolyte formed in this way is more
aggressive to the metals because of the large surface area of the water drops, which are
easily saturated with atmospheric oxygen and all other species important for corrosion. In
Graedel’s study®,it was shown that the concentration of constituents (in terms of H*,
NH,*, NO; and SO/, respectively) in fog was the highest among these in the other
precipitation forms e.g. dew, rain and snow. Obviously, this observation is generally in

line with the above explanation.

1.5.2 Capillary Condensation

The vapour pressure above a concave meniscus of water is less than that over a plane
water surface. The relative lowering of the saturated vapour pressure is related to 7, the
radius of the concave meniscus®?. Thus, as the value of 7 decreases, the humidity at which
condensation takes place within the capillary also decreases. Therefore, electrolytes may
be formed by capillary condensation into small micropores and valleys on metal surfaces.

However, it is thought that this process is unlikely since capillary condensation will occur
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only slightly below the saturation value for atmospheric humidity®*®. But it is really
difficult to rule out the possibility of capillary condensation on the metal surface covered

by rust with a microporous structure.

1.5.3 Chemical Condensation

The more important consideration for the formation of electrolyte layers on the metal
surface concerns the lowering of the dew point by hygroscopic water soluble species.
These species are present on the metal surface as the soluble corrosion products or soluble
solid salts precipitated from the environment. When the humidity exceeds that in
equilibrium with a saturated solution of the soluble species, a solution, initially saturated,

is formed until equilibrium is established with the ambient humidity.

1.5.4 Thickness of Water Film Formed on the Metal Surface

In laboratory studies of thin film electrolyte electrochemistry to simulate processes
occurring in atmospheric corrosion, one of the important factors is the thickness of the
electrolyte layer on the metal surface, which affects the oxygen diffusion, solution
resistance and crystallization of corrosion products.

Relatively thicker layers, reported as up to 200 um®*3?_ can be formed by atmospheric
precipitation, e.g. rain. This formation is determined by gravity, hydrological behaviour
of the layer, and the properties of the surface (e.g. surface tension). It has been observed
by the author that on an epoxy surface in which is centred a small iron electrode (dia. 0.5

mm), the thickness of water layers formed by rain can reach up to 500 - 600 ym. This
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may be explained by the high surface tension of the epoxy resin surface which prevents
the water from spreading out. In addition, the water layer formed on paint surfaces by rain
is composed of a relatively large number of isolated water drops with hemispherical shape
whose diameter being about 2 cm and height of meniscus more than 300 gm. On the other
hand, on a rusted steel surface, a very uniform water film can be formed by rain. In thin
film electrolyte electrochemistry, the simulation of the water film formed by rain can be
achieved easily because as thin as 100 pm thick uniform electrolyte layer can be formed
on the metal electrode without effort.

In regard to the water film formed by condensation processes, there have been
variously reported magnitudes of thickness of water layers. Bowden and Throssell®®
examined the thickness of water film on gold and aluminium respectively. It was found
that even at 90% relative humidity the thickness of the water film was not greater than
about two molecules, and that it was only about one molecule at 60% relative humidity.
However, even a small contamination with a hygroscopic substance can change the
situation completely; 107 g.cm? of potassium hydroxide on the surface would produce 5
molecular layer of water film from an atmosphere of 50% relative humidity before the
establishment of equilibrium, whilst 25 molecular layers would built up if the relative
humidity was 90%. A thicker water film was reported®” to be formed by adsorption on
a clean polished iron surface. From the relationship of atmosphere relative humidity to the
thickness of an adsorbed film of moisture on a clean, finely polished iron surface, it could
be seen that at 90% relative humidity, the thickness of water film was about 65 molecular
layers and about 20 molecular layers at 60% relative humidity. Both values are
significantly greater than those discussed previously, and this may be due to the different

surface conditions which affect significantly the thickness of the water film adsorbed. The
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other magnitudes of thickness of water film formed by condensation on to iron have been
reported as about 25-30 molecules on pure iron at 100 % relative humidity®® and < 4 ym
on iron with a sulphate-free rust layer at 100 % relative humidity®. In contrast to the
situation where the water film is formed by rain, the simulation of water films formed by
adsorption, in thin electrolyte electrochemical techniques, is really difficult due to this
extremely thin water film. Perhaps the most practicable method to fulfil this process is
through controlled evaporation.

Finally, it must be mentioned that in practice the thickness of water film on the surface
is always changing with the variation in the external environmental factors, e.g.
temperature, humidity and precipitation etc. For example, during the evaporation process,
alongside with the alteration of water film thickness, other physical properties of the water
film, e.g. the concentration of electrolyte, conductivity, resistance, and rate of oxygen
diffusion in the electrochemical cell will also be changed, which ultimately will alter the
course of the electrochemical process controlling the atmospheric corrosion. More detailed
discussion of these effects can be found in a recent paper “® which uses a computer
simulation of atmospheric corrosion from a model based on a condensed droplet with a
central anode and a peripheral cathode. Considerations were given to the effects of
evaporation on the concentration of electrolyte, its conductivity and the effects of reducing

droplet size on the variation in limiting oxygen reduction current.

1.6 The Destruction of Electrolyte layers

In contrast to a number of mechanisms of formation of electrolyte layers for

atmospheric corrosion, there are only two possible mechanisms of destruction of water
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film on the metal surface, namely, evaporation and chemical reaction of water on the
surface. Evaporation can occur only at relative humidity below 100%, and thus is
dependent on the environmental relative humidity and ambient temperature. In addition,
during atmospheric corrosion occurring in a limited volume of electrolyte, chemical
reactions, e.g. hydrolysis of corrosion products, need the participation of water, thus
removing part of water on the surface. The solid corrosion products produced also have
more or less ability to bind the water.

In practice, the destruction mechanisms of water layers on the surface are much more
complicated than can be expected.

During evaporation, the thickness of water film will be reduced and thus the diffusion
of oxygen through the thin water film will be enhanced. But at the same time, the
concentration of electrolyte layer will also be increased, which affects the water partial
pressure in equilibrium with the surface solution and the solubility of oxygen in the surface
solution. When the evaporation process proceeds to a certain extent (or the concentration
of surface electrolyte increases to a certain point), the evaporation rate may decrease
because of the establishment of new equilibrium between the concentrated solution and
ambient relative humidity, and the diffusion of oxygen may be controlled by the transport
process through the interface of air/electrolyte because of the strongly reduced solubility
of oxygen in high concentration solutions. If the presence of colloidal, hygroscopic, and
porous corrosion products are involved in the consideration of destruction of electrolyte

layer, the situation would become more complicated.
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1.7 Microclimate

Microclimate is referred to as climatic conditions around a "micro environment” on the
metal surface. The importance of microclimate for atmospheric corrosion can be seen from
the observation that batch of samples, all produced under the same generally defined
conditions, may corrode quite differently. Generally, the conditions of the atmosphere at
a specific exposure site are defined by general meteorological and chemical (including
pollutants) parameters which are measured by more or less standard methods all over the
world. However, the corrosion behaviour of metals will be affected, besides the generally
defined condition, more importantly by another factors, namely the microclimate.
Although the effects of micro climate on atmospheric corrosion are complex, these factors
can be classified into respective groups accordin;,ghe ultimate effect on the corrosion. The
factors which will ultimately affect the time of wetness on a metal surface include the
distance of the samples from the earth’s surface, heat-conducting or heat-insulating
connections with the earth, heat capacities of the sample, corrosion products on the
sample, the distance from a heating or cooling source, the slope of the surface and
geographical orientation of the sample, etc. In these cases, the measurements of the time
of wetness on the surface appears to be very important for the assessment of the
environmental corrosivity although this measurement is also sensitively affected by many
factors which will be discussed in Chapter 3. Other factors include the surface roughness,
deposition of dust, design configuration etc. On the other hand, it must be pointed out that
many efforts have been devoted to find the relation of long term corrosion behaviour of
metals as the function of factors in relation to the general meteorological and pollution

properties of atmosphere. Clearly, the validity of this relation normally described by a
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equation is significantly deteriorated by the effect of microclimate.

1.8 Effect of Corrosion Product on the Processes of Atmospheric Corrosion

The corrosion products formed on the metal surface undoubtedly play an important role
in the long term course of atmospheric corrosion because during the majority of exposure
time, metals are covered with corrosion products which are formed after initiation of
corrosion. Therefore, a lot of research on atmospheric corrosion concerns the corrosion
products, e.g. structure, morphology, chemical composition, phase transformation etc.
These aspects will be examined in more detail in Chapter 3.

The corrosion products formed in damp and wet atmospheres may be soluble or
insoluble. Normally, insoluble corrosion products provide more protection than soluble
corrosion products by isolating the electrode from the corrosion environment. Soluble
corrosion products may increase corrosion rates either by increasing the conductivity of
the electrolyte solution thereby decreasing the internal resistance of the corrosion cell, or
by acting as hygroscopic species to form solutions at a humidity below that in equilibrium
with the saturated solution; i.e. decrease the critical humidity.

On the other hand, due to the large surface area (51 m2g™)*? and porous structure of
many corrosion products (e.g. rust), the adsorption of SO, has been shown to considerably
increase, which may be attributed to the increased amount of electrolyte present in the
more porous corrosion products“?. It was also shown that the soluble component of the
corrosion product significantly accelerated the reaction SO, - SO> ©?. In addition, the
corrosion products may affect the cathodic reduction processes of the atmospheric

corrosion. Evans®? postulated that FeOOH in the rust may be reduced to produce Fe,O,
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as an alternative cathodic reduction reaction in atmospheric corrosion when the surface is
covered by thicker water films. Stratmann also pointed out that the oxygen reduction
reaction can take place at the oxide/electrolyte interface as the rust layer behaves like a
large surface area cathode™.

In the case of mild steels (including weathering steels), the corrosion products formed
on steel surfaces always provide more or less protection in the long term exposure to the
environment. This can be proven by many observations in long term exposure
experiments“**® that corrosion rates decrease with increase in the time of exposure. Thus,
a sharp decrease in corrosion rates generally occurs in the initial 3 to 5 years of exposure,
indicating the time required for the establishment of relatively stable systems composed

of the metal substrate and the corrosion products.
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CHAPTER 2 LITERATURE REVIEW

2.1 SO, Effect on the Atmospheric Corrosion of Iron

2.1.1. SO, as a Corrosion Stimulator

Significant effects of sulphur dioxide on atmospheric corrosion have long been known.
The extensive work of Hudson"*” in several parts of the world has shown that
atmospheric corrosion is most rapid in places where the sulphur dioxide content of the
atmosphere is high. Schikorr™ has also shown that in a given locality, rusting is more
rapid at seasons of the year when the sulphur dioxide is highest. Vernon®® was the first
worker to show the serious corrosion-accelerating effect of sulphur dioxide in conjunction
with humidity. It was shown that in comparatively dry air with a relative humidity of less
than 70 %, very little rusting occurred whether the atmosphere was polluted or not.
However, in atmospheres containing some sulphur dioxide, there was a pronounced
increase in the rate of rusting when the relative humidity exceeded 80 %. In the case of
weathering steels which normally exhibit higher corrosion-resistant properties than that of
carbon steels, their corrosion resistances are also sensitively affected by the content of
sulphur dioxide present in the atmosphere. In a recent study by Cermakova®®, et al,
atmospheric exposures of weathering steels were carried out for five years to determine
the corrosion behaviour of these steels in specific industrial atmospheres. The results have
shown that the corrosion rates of weathering steels were proportional to the amount of
sulphur dioxide presented, although their absolute corrosion rates were less than those of

comparative carbon steels. In this investigation, a maximum level of SO, in the
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atmosphere (or critical SO, level e.g. 90 mg/m?/day annual average value) was also
specified, under which weathering steels may be used without protective coatings. When
weathering steels are used without protection in atmospheres exceeding this limit of SO,
pollution, consideration must be given to the service life of the structure. Similar results
were obtained by Haynie, et al*®, who studied effects of air pollutants (SO,, NO, and O;)
on the corrosion behaviour of weathering steel and galvanized steel, using controlled
environment exposure chambers. In this work, attention was paid to the direct and
synergistic effect of relative humidity, sulphur dioxide, nitrogen dioxide, and ozone in a
programmed dew/light cycle. The low level and high level concentrations of SO, used in
the chamber were 79 ug/m* (0.03 ppm) and 1310 pg/m® (0.50 ppm) respectively. The
results showed that the concentration of SO, was a major factor in accelerating the
corrosion rates of weathering steel and galvanized steel. For weathering steel, sulphur
dioxide, relative humidity, and interaction between the two were the important corrosion
rate factors. For galvanized steel, only the direct effect of sulphur dioxide and relative
humidity were important. The remainder of the fifteen possible direct and synergistic
effects were statistically insignificant. This result is indeed in agreement with the viewpoint
that the sulphur dioxide and relative humidity are two very important factors determining

the corrosion behaviour of materials.

2.1.2 Dry and Wet Deposition on Metal Surface

Before discussing dry and wet deposition, it must be mentioned that due to increasingly
heavier pollution worldwide which led to the acidification of rain, rivers and lakes, a

relatively detailed study of acid rain began in the 1970’s with the OECD (Organization for
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Economic Co-operation and Development) programme®-®, Since then, extensive work
has been carried out internationally to study the formation of acid rain and its effects,
including the corrosion of materials. Therefore, more comprehensive information is
available now in books®" and proceedings®>-*®, about the emission, dispersion and
deposition of pollutants (SO, and NO,), and the chemistry of deposition. Undoubtedly,
these data are also valuable for the study of atmospheric corrosion because a better
understanding of atmospheric corrosion depends on fully understanding the atmosphere and
the corrosion processes respectively. For example, it has been shown, that with respect to
corrosion, the conventional classification of climates into marine, inland, industrial, etc.,
types is not sufficient. More accurate specification should include the actual chemical
component in the atmosphere, as well as humidity and other factors®®. This is because
pollutants (SO, and others) emitted from the source can transport for hundreds of
kilometres before being deposited®?. The mechanisms of transport and deposition of
pollutants are more complex than expected and not fully understood yet.

Two principal mechanisms are responsible for transporting sulphur dioxide and other
pollutants to surfaces, dry deposition and wet deposition, respectively.

Dry deposition refers to transport of pollutants between and during precipitation events.
Particles may deposit by sedimentation, inertial impaction, interception, diffusion, or a
combination of these mechanisms. Gases generally deposit by diffusion from the
atmosphere onto surfaces, with subsequent adsorption or chemical reactions. Some species
present as gases and partially oxidized aerosols are also deposited by dry deposition.

Wet deposition refers to scavenging during precipitation, and may include in-cloud
processes as well as uptake of pollutants by falling raindrops and snowflakes. For

particles, wet deposition often involves scavenging during formation of cloud condensation
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nuclei or ice nuclei. Collection of particles, as polluted air masses sweep through clouds,
may also be important. For wet deposition of gases, diffusion to cloud droplets or ice
crystals, with subsequent chemical reactions, is an important process. Oxidized materials
e.g. SO, NO,™, are more soluble and are deposited during rain episodes.

Generally, in areas nearer to pollution sources, dry deposition dominates, but with
progressive oxidation downwind more soluble constituents are formed, so that in the areas
far from the pollution sources wet deposition becomes important. At any site, however,
both local and distance sources will contribute to deposition.

From the perspective of atmospheric corrosion, the most interested pollutant in the air
is SO,, which can be deposited onto metal surfaces by both dry and wet deposition. It was
reported that dry deposition of sulphur dioxide is a significant factor in the central part
of central Europe, and is responsible for the removal of about 50 % of the total emissions,
while about 30 % of the total sulphur emission is removal by precipitation scavenging®®.

Dry deposition is a process that is still not fully understood. The dry deposition fluxes
for a specific species are expressed with the dry deposition velocity V, (cm/sec.). In many
cases, the airborne concentrations (g/cm®) have been measured simultaneously with
deposition rates (g/cm’.sec.), permitting estimation of the dry deposition velocity
(cm/sec.)®®. However, the processes of dry deposition are affected by many factors in
relation to the wind velocity, nature of surfaces, as well as atmospheric conditions. There
is no single agreed-upon method for its measurement.

For wet deposition, the processes may include the atmospheric oxidation of sulphur
dioxide gas to sulphate (or similar reactions of nitric oxide (NO) to nitrate (NOy)), then
dissolution of sulphate (or nitrate) in the rain droplets. Besides this, a small amount of the

gases dissolve directly without reaction in the rain water. However, this is limited by the
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partial pressure of the gas and self-limited by the increasing acidity which results.
Therefore, the chemical composition of rain water always includes the SO, NO;y, NH,*,
Na*, Mg**, CI, etc components. Barrett, et al® reported the concentration of major ions
in "typical’ rain (annual mean) and in cloud, mist and fog water in the U.K. It is clear that
cloud, mist and fog water have significantly higher concentrations of major ions, often by
as much as an order of magnitude. The total concentrations of rain and cloud water,
calculated by the concentrations of anion are 122 pEq/l and 3884 yEq/1 respectively. In
a recent paper, Graedel®” has reviewed the effect of chemical composition (i.e. including
the species H*, NH,*, NO;", SO,*, ClI, HCHO, RCOOH) of the different atmospheric
precipitation forms on atmospheric corrosion. With the chemical concentration and the
typical annual durations of the precipitation forms in four cities in the USA, the
contribution of each precipitation type to annual exposures of materials surfaces to
corrodents was deduced. Among the results of interest were that the nitrate exposure of
surfaces appears to be predominantly due to gaseous deposition (dry deposition), that
materials exposure to the sulphate ion may occur more from dew than from other forms
of precipitation, and that under some circumstances fog, rain and perhaps snow can
contribute substantial fractions of corrodent exposure burdens. Consequently, the amount
of ions produced on the metal surface by wet deposition is equally important, compared
with that by dry deposition, and may be more important if the increased thickness of water
films produced by rain and subsequent evaporation, which increases further the
concentration, are considered.

In summary, SO, and other pollutants can transport to the metal surface by dry
deposition and wet deposition. During dry deposition, gases (SO, or others) diffuse

directly to the metal surface, with subsequent absorption and chemical reaction. The two
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important factors which affect dry deposition concern the airborne concentration and
deposition rate. However, in corrosion research, the main attention is paid to the
relationship between the severity of corrosion and the concentration of airborne pollutant,
e.g. SO,. Clearly, this is not adequate because dry deposition is significantly affected,
beside the concentration of pollutants, by the natural of the surface, humidity, geographical
condition and wind speed etc. Therefore, a comparatively detailed knowledge of the
atmosphere in relation to the emission, transportation, deposition of pollutants and
chemistry of rain, obtained from the research of environmental science, is valuable for
studies of atmospheric corrosion. For wet deposition, it must be born in mind that with
changes in pollution of the air (although the level of SO, in the air was reduced during last
decade, the level of NO, was increased at the same time), the rain water can contain a
quantity of ions, and serves as the dilute electrolyte on the metal surface. This trend will

continue and may change the causes of atmospheric corrosion significantly.

2.1.3 Initial Stage of SO, Reaction on the Metal Surface

In this section, the emphasize will be focused on the adsorption process of SO, on the
metal surfaces, which belongs to the dry deposition process as discussed previously.

In the work by Spedding®®, the adsorption by aluminium of sulphur dioxide at
atmospheric concentrations has been investigated using S-35 sulphur dioxide. It has been
shown that in all cases the amount of SO, absorbed by the Al increased linearly with time.
The important result was that the uptake of SO, was always linear and strongly dependent
on humidity. Generally, the amount of SO, adsorbed increased with increasing relative

humidity. However, it was found that the velocity of deposition of SO, (cm.s™) obtained
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remained relatively constant in the range 50-90 % R.H. and increased very rapidly in the
range 90-100 %. This suggested that there was a close relationship between SO, sorption
by an Al surface and the amount of water on that surface. It is likely that this relationship
reflected the ease of access of SO, to the surface water which, below 90 % R.H., was
probably confined to capillary pores in the surface oxide layer. Above 90 % R.H. an
increasing coverage of the surface with a water film would allow the increasing SO, uptake
observed. It was also found that much of the SO, (60 %) absorbed in the range 50-53 %
R.H. was physically adsorbed and released to the surrounding air when the SO,
concentration is decreased. The fraction of absorbed sulphur dioxide desorbed when the
partial pressure of sulphur dioxide was reduced was found to increase with decreasing
humidity.

In the investigation by Sydberger and Vannerberg®?, the effect of the relative humidity
and the corrosion products on the rate of adsorption of sulphur dioxide on metal surface
was also studied using an S-35 isotope. The experiments were performed with 0.10 ppm
SO, at relative humidity between 50 and 98 percent. The adsorption of SO, on polished
iron, zinc, copper and aluminium samples have been compared with those of pre-exposed
samples of these metals. For different polished metal samples, it was shown that, at 90
percent relative humidity, the initial adsorption rate was relatively high on the zinc and
copper but decreases with increasing time, finally approaching a constant value. The
aluminium sample always showed a markedly lower adsorption rate. For iron, during the
first hour of exposure, the adsorption rate is low, but after about 1 hour, the adsorption
rate increases rapidly, finally approaching a high constant value. In regard to the effect of
relative humidity on the adsorption of SO,, it was found that for all metals tested (Fe, Cu,

Al, Zn), the adsorption rate is markedly dependent on the humidity, namely, the
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adsorption rate increases with increase of the relative humidity, although the adsorption
behaviours for respective metals are different. In the case of polished iron, the initial
adsorption rate decreases at all humidities and approaches zero at humidities < 80 %.
However, at humidities exceeding 90 % the rate of adsorption soon increases rapidly. This
phenomenon may be related to the critical humidity. For polished aluminium, an extremely
low adsorption was shown; even at a relative humidity of 98 %, only a small fraction of
the sulphur dioxide molecules impinging on the aluminium surface were adsorbed. In this
work, the significant effect of corrosion products on the adsorption of SO, was also
observed. It was shown that at the same relative humidity, the adsorption rate of SO, on
corroded iron was significantly higher than that on polished iron. On the other hand, the
adsorption behaviour of SO, on rusted samples was also different from that on polished
samples, indicated by the different shape of the adsorption rate-time curves in the
respective cases. The high adsorption rate on iron with corrosion products was explained
by a rapid oxidation of adsorbed sulphur dioxide due to the catalytic effect of the corrosion
products of iron®?. Conversely, copper, aluminium, and their corrosion products exhibited
a high resistance to the adsorption of SO,. Consequently, from this work, it is clear that
the adsorption of SO, is affected by the humidity, corrosion products, and the kind of
metal.

In later work by Duncan and Spedding®, a similar result as discussed previously®”
was obtained concerning the effect of relative humidity on adsorption of sulphur dioxide
on to metal surfaces. However, in this paper there is definite evidence for desorption from
zinc and apparently irregular desorption of SO, from iron.

However, the distribution of SO, adsorbed on the metal surfaces is not uniform.

Duncan and co-workers®® reported that most of the SO, was adsorbed in specific areas
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up to 0.5 mm in diameter on the iron surface. It was claimed that no differences in the
physical structure of the surface of the iron samples could be detected by electron
microscopy. No surface heterogeneities were found on these surfaces. For the formation
of the discrete areas of adsorption of SO,, Duncan, et al attributed it to the differential
adsorption onto different types of oxide surface.

The observed evidence of effects of relative humidity and corrosion products formed
on the adsorption of SO, on the metal surfaces, as discussed above, can be explained by
two models, one being based on traditional theories of reaction in an electrolyte solution
at the surface and other based on specific adsorption of the SO, at the solution/metal oxide
interface. Those two models have been discussed in detail in a review by Duncan and

Spedding®. In the following sections, both models are to be examined briefly.

2.1.3.1 Surface Electrolyte Solution Reaction (SESR) Model

This model assumes that there exists an electrolyte layer on the metal surfaces exposed
to the atmosphere. This electrolyte layer can be formed directly by precipitation (e.g. rain,
fog, snow, etc) or by condensation of atmospheric moisture at high relative humidity.
Indeed, there are many reported values in relation to the thickness of electrolyte layer
formed on the metal surfaces by different mechanisms, as discussed in section 1.5.4%%323¢
3_ Also in section 1.5, a relatively detailed discussion can be found about the various
factors affecting the formation of electrolyte layers on the metal surface. Undoubtedly, the
values and observations reported previously in the literature support this model.

The assumption which is most easily subjected to criticism in this model is that the

reactions taking place in the electrolyte layer present on the surface are those occur in an
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ordinary bulk solution, with the exception that there is now a constant and homogeneous

oxygen concentration throughout the solution.

2.1.3.2 Specific Adsorption Site (SAS) Model

The basic assumption of this model is that there is a number of particular sites on a
metal surface exposed to the atmosphere. Chemisorption can occur only at these sites, and
reactions which occur at the surface also at these available sites. Because there is only a
limited number of such sites, the surface may become saturated by blocking of all sites by
chemisorbed molecules. When this occurs, sites on the surface can be freed for further
adsorption only by reaction of the adsorbed species. Those favourable sites for adsorption
of SO,, which have still not been defined, are supposed to be related to the different types
of oxides or oxyhydroxides with favourable geometric and/or chemical properties for
sulphate formation, or to the cracking of the oxide layer, exposing the base metal, or at
inclusions or trace impurities in the oxide film.

However, in reality it is not appropriate to rule out one model and prefer the other
because it is difficult to distinguish the effect of these two models. The best model, as
Duncan and Spedding pointed out®, may be one which combines the characteristics of
both the SAS and SESR models.

It can be imagined that at very beginning of condensation, the water film should be
formed at the specific areas, like the situations discussed in the section 1.4. It is unlikely
that a very uniform thin water film covers the whole area of the surface. Thus, this
specific adsorbed water film itself can lead to the subsequent specific adsorption of SO,

due to the dissolution of SO, in water as explained in the SESR model. However, with
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subsequent chemical reactions involving the water, SO, and metal in this specific area, the
corrosion products formed change the properties of the water film significantly. On the
one hand, the hygroscopic properties of corrosion products formed in the water film will
adsorb more water by lowering the critical humidity. This, in turn, leads to more
adsorption of SO, as in the SESR model. On the other hand, the corrosion products
(oxides or oxyhydroxides) formed in so limited volume of water may adsorb the SO,
directly from the air as described in the SAS model. Thus, the adsorption of SO, may
increase rapidly due to the greater surface area of corrosion product, e.g. rust, or to the
catalytic action of the corrosion product ion e.g. Fe(IIl) for the reaction SO, - SO,%. In
addition, the oxidative reaction of SO, by O, to from the SO (SO, + O, + 2e —» S0%)
ion needs electrons, either coming from the oxidation of ferrous; 2Fe** - 2Fe** +2e or
from dissolution of iron; Fe - Fe** + 2e 9, The existence of the water film on metal
surfaces facilitates this electrochemical reaction, increasing the transformation of SO, to
SO.*, hence increasing the adsorption ability of SO, of the metal surface by both models.
Therefore, this positive feed back system (water film — adsorption of SO, -» corrosion
reactions —> corrosion products -> more water adsorption - more adsorption of SO, - more
...... ) makes it difficult to distinguish the SESR and SAS models from the real situation.

Finally, a mention must be made of the sulphate nests observed and reported by many
workers'**®_ One of the reasons for the formation of sulphate nests may be related to
the initially specific adsorption of the water film, as discussed above. It may be likely that
with the evaporation of dilute water film which is already initially formed at specific areas,
the concentration of electrolyte film is increased and finally, when nearly dry, a number
of concentrated water clusters are formed on specific areas of the surface. Under these

water clusters, corrosion is easily initiated due to the high concentration of the solution.
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When the corrosion proceeds, the sulphate nests are formed.

2.1.4 Electrolytes for Simulating Atmospheric Corrosion

One of the important considerations in utilizing laboratory experiments, especially with
thin layer electrolyte electrochemical methods for the study of atmospheric corrosion, is
the choice of the type and the concentration of the electrolyte used.

With regard to the effect of SO, in air on atmospheric corrosion, it is suggested that
S0, is rapidly oxidized by oxygen to form SO,*, following primary adsorption of SO, and
O,. The accelerating effect of sulphur dioxide is not due to the amount of gas dissolved
in the electrolyte or the acidification of the electrolyte, but involves the sulphate ions
formed by conversion of sulphur dioxide!'?. Therefore, for the simplest case, the Na,SO,
solutions are often used in laboratory experiments to simulate atmospheric
corrosion®'4414,

However, as to the concentration of the electrolyte chosen to represent the real situation
of atmospheric corrosion, the more detailed consideration must be given, concerning the
mechanisms of adsorption of SO, on the surfaces, reactions of SO, with metal or oxygen
on the surfaces, and the formation of water film on the surfaces. In normal conditions, at
least three possibilities must be considered:

First, the SO, gas may dissolve in a water film condensed on the surface of a material
by the mechanism as described in the SESR model in the section 2.1.3.1. The
concentration of the gas in the water film is governed by Henry’s law, which describes the
equilibrium of the gaseous and the aqueous phases. Although the solubility of SO, in water

is relatively high (16.2 g SO,/100 g H,0), Graedel® reports relatively low surface water
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layer concentrations (8.0x10? to 0.35 peq/l) resulting from sulphur dioxide dissolution.
In the real situation, much higher concentrations of sulphur oxyanions in the water film
might be expected due to the fact that much of the SO, dissolved in the water film may
be converted to the SO,> by the reactions reported above.

Secondly, the wet deposition of pollutants on the metal surface as described in section
2.1.2 must be considered. The compositions of precipitation have been variously reported
in many papers and books®*'%? Here, cited in Table 2.1, is the composition of the
solution which is used in UMIST as an artificial acid rain simulating the acid rain
occurrence in the Manchester area. It contains Na,SO,, NaCl, NH,Cl, etc, and its

equivalent concentration is about 4x10* M.

Table 2.1 The Chemical Composition of the Artificial Acid Rain in Manchester Area*

Nitric acid 15.75 (mg/h)
Sulphuric acid 31.85 (mg/l)
Ammonium sulphate 46.20 (mg/1)
Sodium sulphate 31.95 (mg/1)
Sodium chloride 84.83 (mg/1)
Sodium nitrate 21.25 (mg/l)

(* N.B. This solution is 10 times the average concentration of chemicals in rain falling in

the Manchester area)

Thirdly, the evaporation of the water layer initially formed by precipitation on the
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metal surface will significantly change the concentration of electrolyte on the surface,
although the initial concentration of the precipitation is relatively low.

Finally, from the typical values for deposition of SO, on to metal surfaces, listed in the
Table 1 of the paper®™, a gross estimation of concentration of SO, in the water film can
be made by calculation. For instance, the adsorbed SO, on the iron surface at 90 % R.H.
is about 23x10° pg mm?. It can be calculated that the concentration of SO, in the
electrolyte layer (1 um thick) on an iron surface is approximately 3.59x10° M, while a
very high concentration (about 0.75 M) of SO, in the electrolyte layer on aluminium
surface was obtained®, using 75x10° pg.mm? adsorbed. This higher concentration
obtained by the calculation may be due to estimates of a much thinner electrolyte layer,
although this was not mentioned in the original paper®.

In the experiment by Justo and Ferreira®, FeSO#7H,0 solution with concentration
of 3.1x10*, 7.8x10* and 1.2x10> M was used as experimental electrolytes for the study
of atmospheric corrosion. It was claimed that these concentrations correspond respectively
to concentrations of 20, 50, 75 pgm?® of SO, in the air. However, there was no more
detailed explanation for this choice of the concentration of electrolytes in the original
paper.

In the recent study by Stratmann et al®, Na,SO, solution with 10% to 1 M
concentration respectively was used to cover the metal surface for the investigation of
electrochemical behaviour under thin film electrolyte conditions.

Therefore, according to the above discussion, it seems to be reasonable to chose a
Na;SO, solution with the concentration range from 10* to 1 M as the experimental

electrolyte for stimulating the atmospheric corrosion processes in laboratory studies.
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2.1.5 Mechanistic Roles of Sulphur Dioxide in the Atmospheric Corrosion of Iron

2.1.5.1 Electrochemical Reduction of Sulphur Dioxide

The mechanism of effect of SO, on the cathodic reaction of the atmospheric corrosion
was proposed by Rosenfeld®®. In the measurements of cathodic polarization curves for
various sulphur dioxide concentrations (0.1 % - 1.0 %) in air on several metals including
iron and aluminium, Rosenfeld found that the cathodic reaction rate was increased with
increasing sulphur dioxide concentration. Therefore, it was thought that sulphur dioxide
was reduced at cathodic sites as a new cathodic depolarizer, due to the greater solubility
of the gas in water than oxygen (about 1300 times more soluble than oxygen) explaining
its stimulating action on the atmospheric corrosion of iron. The most likely scheme of its

reduction was assumed to be:

] ) . @1
2 HSO; +2 H' +2 e~ S,0;” +2 HO

Although the cathodic reaction of sulphur dioxide is thermodynamically feasible, the
problem remains as to whether this process can occur under conditions of atmospheric
exposure, in view of the low concentration of SO, (normally 0.1 - 1 ppm). In Rosenfeld’s
investigation, the SO, concentration (0.1 % to 1 %) was a few thousand times higher than
the practical environment. Subsequently, Koschelev and Klark® have shown that the

electrochemical reduction of sulphur dioxide via the cathodic reaction:

22
280, +2e-~ 8,00 @2

can occur only at high partial pressures of sulphur dioxide in air, i.e. at concentrations of
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0.5 % more.

2.1.5.2 Acid Regeneration Cycle

The Acid Regeneration Cycle was mentioned in the early writing of Vernon®® and later

proposed by Schikorr™® based on observations of naturally occurring corrosion. This

mechanism can be described by the following overall reactions,

2-3
Fe + SO, + O, = FeSO, (2-3)
2-49)
4 FeSO, + 6 H,O + O, = 4 FeOOH + 4 H,SO,
(2-5)

4 HSO, + 4 Fe + 2 O, = 4 FeSO, + 4 H,0

and consisted of three basic steps. First, there was the uptake of sulphur dioxide on the
iron surface, which was affected by the surface conditions. It was found that virtually all
the sulphur dioxide arriving at the rust was adsorbed, and also noted that unrusted iron
adsorbed much less sulphur dioxide than rusty iron surfaces, as qualified by Sydberger et
al®?. The second step was reaction of the adsorbed sulphur dioxide with atmospheric
oxygen and iron to give ferrous sulphate (reaction 2-3). Mayne®®had previously observed
that the oxidation of sulphur dioxide to sulphuric acid was catalysed by rust. Thirdly,
oxidation of ferrous sulphate and hydrolysis lead to formation of hydroxides as the chief
component of rust and reliberation of sulphuric acid (reaction 2-4). Thus, reliberated acid
attacks iron to give fresh ferrous sulphate (reaction 2-5), which, by oxidation and

hydrolysis, produces yet more acid-and so on. However, it should be bornein mind that
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hydrolysis will not necessarily liberate all the acid; some may become insoluble as basic

ferric sulphate, or may be leached out from the rust by rain.

2.1.5.3 The Theory of "Sulphate Nest"

The presence of sulphate nests in rusts formed on steel in atmospheres polluted with
sulphur dioxide has been recognized for a long time. Tanner®”, studying the atmospheric
corrosion of steel exposed at different localities in Britain for several years, found crystals
of FeSO4H,0 in shallow pits. Schwarz® claimed that the FeSO,, formed as a result of
the sulphur dioxide content of the atmosphere, was present in the rust at the metal surface
as a non-uniform accumulation of finely divided crystals that form a "nest". The growth
of such a "nest” was accelerated by moisture. Ross and Callaghan®, studying the rust
formed by exposing mild steel sheets in the atmosphere in Manchester, considered that the
formation of sulphate nests was a later stage of the atmospheric corrosion, before this stage
a more band-like distribution of sulphate being likely. Evans™ suggested that during
electrochemical rusting sulphate ions are driven towards the anodic portions of the
corroding surface by the potential gradient. The influence of the potential would be such
as to overcome the tendency for sulphate to diffuse outwards under the concentration
gradient.

A relatively detailed illustration of the "sulphate nest” mechanism of atmospheric
corrosion of iron can be found in the book®® and the paper’? by Barton, et al. The main
features of this theory are that after adsorption of SO, on metal surfaces, sulphate formed
by the reaction of adsorbed SO, exists in the form of a nest in the rust, the primary reason

for the formation of the nest remaining unknown”". The difficulty of dissolving sulphate
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from rust® and the stability of FeSO, nests seem to be related to the presence of
membranes covering the single nests acting as a kind of "reservoir” of soluble SO,> ions.
In the course of the corrosion process this membrane cracks periodically and releases a
drop of concentrated FeSQ, solution or even a solid crystal, which originates a new centre
of corrosion. For example, after steel samples with rust containing known amounts of
sulphate (labelled with S**) were leached with distilled water until no sulphate was detected
in the leachant, the samples were then transferred to a humid atmosphere (96% R.H., 25
°C) for 14 days, no new sulphate or sulphur dioxide being added during this period.
Thereafter the dissolution was repeated and a similar leaching-out characteristic of the
system was found. This confirms that during the second corrosion period new sulphate had
come from the nests .only, mainly in consequence of the periodic cracking of the
membranes around the sulphate nests.

However, in a recent paper by Graedel and Frankenthal™, it was suggested that the
scenario (description of "sulphate nests”) is only an overview and not a complete
mechanistic description, because (i) the mechanism cannot explain the finding®®™™® that
steel exposed initially during the winter tends to corrode more rapidly than does steel
initially exposed in the summer, and (ii) no analytical evidence exists for the constraining
hydroxide "membranes”. One can do no better at present than acknowledge that corrosion
is spatially heterogeneous, that sulphur tends to concentrate at specific sites, and that the
details of the interaction between the chemistry of rusting and the physics of rust layer

morphological change cannot yet be specified.
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2.2 An Anodic Dissolution Mechanism for the Atmospheric Corrosion of Iron

Although the total atmospheric corrosion process of iron is related to the combination
of cathodic, anodic, and resistance polarization processes caused by the thin film
electrolytes, the single anodic dissolution process, which is usually investigated in bulk
electrolytes by traditional electrochemical methods, is pertinent to the understanding of
atmospheric corrosion of iron.

In the investigation by Florianovich, et al”®, the mechanism of the anodic dissolution
of iron in acid solution was studied. The anodic polarization curves were measured for
iron in sulphuric acid solution with sodium sulphate at various pH (0 - 5) and various
sulphate concentrations (10° to 1 N) in the range of potentials corresponding to the active
dissolution of iron. It was shown that at constant electrode potential (- 0.35 V (NHE)), the
anodic dissolution current of iron, log i, linearly depends on pH (at a constant sulphate
activity a,) and log i on the sulphate activity log a, (at pH = const.). This means that both
the OH' ions and SO, ions directly participate in the reaction of iron dissolution.

In order to explain these results, Florianovich, et al postulated a mechanism described
as follows: at first the iron reacts electrochemically with the surface water molecules to
lead to the formation of (FeOH),,, complexes adsorbed on the surface, according to the

reactions

- (2-6)
Fe + HO - Fe(OH™),, + H"

- 2-7
Fe(OH™),,, = (FeOH)_, + e

These reactions are followed by the interaction of (FeOH),y, with the anions of the
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solution,

(FeOH),, + HSO; ~ FeSO, + H,0 + e (2-8)
x 2- - (2-9)
(FeOH),, + SO,” ~ FeSO, + OH + ¢
with subsequent dissociation:
FeSO, = Fe** + SO} (2-10)
" (2-11)

FeSO, + H,0 = FeHSO, + OH"

If reactions (2-6) and (2-7) are assumed to be equilibrium ones, and reactions (2-8) or
(2-9) to be slow, and the HSO,> or SO, anions are designated as A™, then for the rate

of iron dissolution 1 we can write

pch) (2-12)
RT

i = Kag,op a,-exp(

where a is the activity of the relevant particles and B the coefficient of potential effect.

Expressing ag.om.g, ON the basis of (2-6) and (2-7) as

- OF (2-13)
a(F‘OH)” = k”aniexp(—ET—)

and substituting ag.oms from (2-13) into (2-12), we obtain

i 2-14
i = kaylanexpl(1+9)27] @-14)

or
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, OF (2-15)
1 =k + pH + 1 w1+ p)—
og i +p og a + ( B)2.3RT

where: i is the anodic dissolution current
k is the rate constant
a,™ is the activity of SO, or HSO,
8 is the coefficient of potential effect factor
® is the electrode potential
F is the Faraday constant
R is the Molar gas constant
T is the absolute temperature
This proposed mechanism indicates that the anodic dissolution of iron at constant
electrode potential is affected not only by the OH" activity, but also by the SO, activity.
Extensive work®**’® has been done by Barton and Bartonova concerning the
mechanism of atmospheric corrosion of iron. A mechanism of atmospheric corrosion of
steel under the effect of SO,, was proposed by them using the analogy of Florianovich’s

work in bulk solution™. It is described by the following reactions:

(2-16)

Fe + HO ~ Fe(OH"),,, + H”
2-17)

Fe(OH"),,, - Fe(OH),, + e
(2-18)

Fe(OH),,, + SO, - FeSO, + OH™ + e



. (2-19)
FeSO, + H,O -~ FeOOH + SO, +3H" + e

It was assumed that reaction (2-18) and (2-19) are slow, and hence kinetically
significant. The surface concentration of the Fe(OH),,, complex (in reaction (2-16)) and
the course of reaction (2-19) are thus dependent on the water activity in the system. One
should therefore expect a second-order dependence on water activity (i.e. relative
humidity).

In investigations of the rusting kinetics in the presence of varying initial surface
sulphate concentrations, in the form of FeSO,, it was shown that the corrosion process is
affected by the activity of this stimulator, actually by the free sulphate remaining because
of the binding of a certain amount of the sulphate by the rust. Therefore, a critical
sulphate concentration was proposed, above which the faster mechanism described above
by reaction (2-16 to 2-19) was thought to occur.

Below the critical sulphate concentration, the overall reaction (2-20) in a slower rate

will occur:

220
4Fe + O, + 2H,0 ~ 4FeOOH ke

There are several mechanisms for this reaction which have been proposed, most of

which involves the following as initial steps;

- (2-21)
Fe + HO ~ Fe(OH"), , + H'
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_ (2-22)
Fe(OH"),,, ~ Fe(OH),, + e

(2-23)
Fe(OH),, ~ Fe(OH)' + e

If this mechanism were not interrupted it would lead to the formation of a protective
passive layer”.

Therefore, it was claimed that the accelerating effect of sulphur dioxide is not due to
the amount of gas dissolved in the electrolyte or the acidification of the electrolyte, but
involves the sulphate ions formed by conversion of sulphur dioxide. The acidification of
the electrolyte which should result from the reaction (2-19) is probably counteracted by
the buffer capacity of the oxide and hydroxide corrosion products already existing on the

surface, so that it may be regarded as insignificant.

2.3 An Electrochemical Mechanism for the Atmospheric Corrosion of Iron

In this mechanism, first suggested by Evans”™ and later qualified by Evans and
Taylor*® with a detailed quantitative investigation, it was postulated that ferric
oxyhydroxide present in rust, in the presence of ferrous sulphate (formed from dissolved
SO, or sulphate-containing salts present in the electrolyte) could form an electrolyte cell;

Fe | FeSO, | FeOOH
with iron behaving as anode and ferric oxyhydroxide as a cathode.

At certain points the anodic reaction
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) (2-24)
Fe = Fe*" + 2e

would occur, whilst at another point the two electrons would be used up in the cathodic

reduction of the rust to magnetite

’ (2-25)
Fe®' + 8FeOOH + 2e = 3Fe,O, + 4H,0

The magnetite would quickly be re-converted by atmospheric oxygen to rust

22
3Fe,0, + 0.750, + 4.5H,0 = 9FeOOH (2-26)

but now there are nine molecules of FeOOH instead of only eight - a net gain of one, due
to the entry of one Fe** ion. The amount of Fe** used up is equal to that regenerated by
the anodic reaction.

The following experimental observations support this mechanism:

(1) The cell Fe | FeSO, solution | Fe,O; (on a copper substrate) can generate a current
which dies away when the whole of the orange-brown ferric rust has been converted to
black ferrous-ferric matter™.

(2) In the experiment weighted pieces of unrusted iron were covered with filter paper
soaked in ferrous sulphate solution (10 M), on which rested iron carrying rust on both
sides. When the two iron specimens were joined through a milliammeter, initially, the
current was high, but fell off with time, as the brown rust on the lower side of the upper
specimen was supposedly reduced to magnetite. When the specimen was turned upside
down so that a fresh supply of ferric rust was available; the current was again initially
high, but soon decayed. Further inversions restored the current, since the magnetite

formed in the first cycle had been re-oxidised to ferric rust by atmospheric oxygen. It was
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also found that the milliampere-hours were roughly equivalent to the weight-loss of the
lower specimen in the sense of Faraday’s law”.

(3) Once ferrous sulphate has appeared, the presence of sulphur dioxide in the gas-
phase is not needed for rusting®-’®. Thus the specimens moved after 4 hours in moist air
containing SO, to moist air without SO, give practically the same performance as those left
in the original atmosphere with SO,; but the specimens from which ferrous sulphate has
been removed by a day in water suffer practically no rusting, behaving more like
specimens exposed from the outset to moist air free from sulphur dioxide.

Correlating this mechanism with the real situation of the atmospheric corrosion of iron,
Evans and Taylor proposed that when iron was exposed outdoors in a position where it
remained covered with liquid during precipitation, and then dried up, the brown rust
would probably be reduced to black magnetite under rain and then during the succeeding
dry period the black would be re-oxidized to brown rust. Thus the two stages of the
process will occur alternatively.

For indoor conditions, it was claimed that the ferrous irons formed from anodic
dissolution were immediately oxidised to magnetite which, since air was present, also
instantaneously re-oxidized to ferric oxyhydroxide. This resulted in the iron ions being
formed at one place and removed at another, so the solid produced was not protective,
explaining why rusting continued at a nearly constant rate.

However, by carefully analyzing this mechanism, it can be found that after one cycle,
the net reactions are only related to the reduction of oxygen in the air and the anodic
dissolution of iron, while the magnetite takes part in the reactions just as a catalyst.
Therefore, the questions arise as to if it is possible for Fe;0, to be re-oxidised to FeEOOH

by the oxygen in the air; which reaction is faster between the direct reduction of oxygen
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on the iron surface and the reduction of FeOOH to Fe;O, which is subsequently re-
oxidized by the oxygen. With regard to these questions, Evans and Taylor*® pointed out
that doubtless a perfect magnetite crystal does resist oxidation in damp air, but newly
formed magnetite (produced, for instance, by the action of alkali on a solution containing
Fe?* and Fe**) soon loses its magnetism and changes it colour when exposed to water with
access of air. It was also suggested that the cathodic reduction of ferric to ferroso-ferric
material proceeds more rapidly than the cathodic reduction of oxygen®.

As proposed by Evans“>™, the electrochemical reduction of rust on steel acts as an
important cathodic reaction an