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A. INTRODUCTION

Atmospheric corrosion can be defined as the corrosion of materials exposed to the air and its
pollutants, rather than immersed in a liquid [I]. Atmospheric corrosion can further be classified into
dry, damp, and wet categories. This chapter deals only with the damp, and wet cases, associated with
corrosion in the presence of microscopic, "invisible" electrolyte (or moisture) films and visible
electrolyte layers on the surface, respectively. The former thin moisture films are created at a certain
critical humidity level, while the latter are associated with dew, ocean spray, rain water, water
splashing, and so on.

B. TYPES OFATMOSPHERES

Atmospheric corrosion severity tends to vary significantly in different locations and, historically, it
has been customary to classify environments as rural, urban, industrial, marine, or combinations of
these. These types of atmosphere have been described as follows [2]:

Rural—This category is generally the least corrosive and normally does not contain chemical
pollutants, but does contain organic and inorganic particulates. The principal corrodents are
moisture, oxygen and to a lesser extent carbon dioxide. Arid or tropical types represent
special extreme cases in the rural category.

Urban—Similar to the rural type in that there is little industrial activity. Additional
contaminants are of the SO* and NO* variety, from motor vehicle and domestic fuel
emissions.

Industrial—These atmospheres are associated with heavy industrial manufacturing facilities and
can contain concentrations of sulfur dioxide, chlorides, phosphates, and nitrates.

Marine—Fine wind swept chloride particles, deposited on surfaces, characterize this type of
atmosphere. Marine atmospheres are usually highly corrosive, and the corrosivity tends to be
significantly dependent on wind direction, wind speed, and distance from the coast.
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FIGURE 1. Corrosivity map of North America.

C. CORROSIVITY MAPS

Maps have been produced for a number of geographic regions, illustrating the macroscopic
variations in atmospheric corrosivity. Such a map of North America is presented in Figure 1, based
on the corrosion of automobile bodies (mainly due to chloride effects). The high corrosion rates in
the Gulf Coast and Florida can be attributed to the corrosive marine environment. In the North
Eastern regions, deicing salts applied to road surfaces in winter are primarily responsible for the high
corrosion rates. More detailed maps of smaller regions and cities have also been produced [3, 4] by
exposing test specimens in a grid pattern. An example of such a detailed corrosion "contour" map is
presented in Figure 2. The relatively high corrosivity associated with the eastern shoreline and
industrial centers should be noted in this figure. Such maps can be useful for the planning, design and
maintenance management of infrastructure in the area of interest.

1. Macro and Micro Environments

While certain environments may be ranked according to various generalized corrosivity classi-
fications on the "macro" level, specific information about atmospheric corrosivity and corrosion
rates is often required on the "micro" level. The following are examples where an atmospheric
corrosion risk assessment may be required on a small, local scale:

Aircraft and aerospace operational centers (atmospheric corrosion monitors have been employed
at air bases and on aircraft carriers; the Kennedy Space Center in Florida from where the
Space Shuttle is launched has extensive atmospheric corrosion monitoring facilities).

Electronic components in the process control room of a petrochemical plant (commercial
atmospheric corrosion monitors are available for monitoring the air quality and corrosion risk
in indoor environments).

A monument or statue, such as the Statue of Liberty (this statue has recently been the subject of
a major corrosion investigation and refurbishment).

Corrosion Areas



FIGURE 2. Atmospheric corrosivity map of Greater Newcastle region of New South Wales (Australia), with
corrosivity contours representing corrosion rates in micrometers per year for a standard low-alloy copper bearing
steel. (Courtesy of George A. King, CSIRO Building, Construction and Engineering.)



Valuable historic items on display in the indoor atmosphere of a museum (museums do indeed
monitor the risk of atmospheric degradation of materials and take precautions against it).

The roof of a computer warehouse, close to the ocean and subjected to local on-shore winds (the
risk of corrosion damage and leaks to such roofs is a very real one and can lead to extensive
damage to the warehouse contents).

In all these cases, atmospheric corrosion damage could have disastrous consequences and
generalized corrosivity data on the macroscopic scale is of little or no value.

D. SIGNIFICANCE AND COSTS OF ATMOSPHERIC CORROSION

By its very nature, atmospheric corrosion has been reported to account for more failures in terms of
cost and tonnage than any other environment [I]. Consequently, it must be considered to be a major
contributor to the overall costs of corrosion, which have been estimated to be in the range of 2-4% of
GNP for several countries.

An important domain of atmospheric corrosion is the degradation of infrastructure. Bridges,
commercial and residential buildings, electrical power distribution systems, rail system components,
utility poles, communication systems and marine structures are relevant examples. Atmospheric
corrosion damage has played a major role in the degradation of two well-known landmarks, the
Golden Gate Bridge [5] and the Statue of Liberty in the United States [6]. The significant costs of
atmospheric corrosion have been highlighted and documented in these two case studies.

A further topical example of atmospheric corrosion costs concerns aircraft, many of which are
stationed and operate in hostile environments. The risk and costs of corrosion are particularly high in
aging aircraft. The total annual corrosion costs in the U.S. aircraft industry have been estimated at
several billion dollars [7]. The importance of the atmospheric corrosion risk to aging commercial
aircraft came to the public's attention in the so-called Aloha Incident of 1988, in which an aircraft
operating in a corrosive environment lost a large section of its fuselage in flight.

Atmospheric corrosion is also a major cost factor in the operation of military aircraft. Corrosion
exposure tests on board aircraft carriers have shown that this environment tends to be the most
corrosive of all the atmospheric types [8], with the combination of humidity, temperature, salt spray,
and sulfur dioxide form carrier stack gases and aircraft exhausts causing these highly corrosive
conditions. Air bases located in marine environments and maritime patrol and search and rescue
aircraft also deserve special mention in the context of costly atmospheric corrosion problems. It is
no longer uncommon for military aircraft corrosion maintenance hours to exceed flight hours, as
highlighted in Table 1 [9].

E. THEORYOFATMOSPHERICCORROSION

1. Thin-Film Electrolyte and Electrochemical Reactions

A fundamental requirement for electrochemical corrosion processes is the presence of an electrolyte.
Thin-film "invisible" electrolytes tend to form on metallic surfaces under atmospheric exposure

TABLE 1. Summary of Royal Air Force Corrosion Rectification Costs April 1989-March 1992 a

Aircraft Type

VClO
Tornado
Sea King

Total Person
Hours Invested

622,868
199,971
67,504

Average Annual
Cost/ Aircraft (Ib)

282,120
8,887

35,527

Maintenance Hours
per Flying Hours

14.75 : 1
1.28:1
2.75:1

a See [9].



conditions, after a certain critical humidity level is reached. In the case of a completely
uncontaminated atmosphere, at a constant temperature, a perfectly clean metal surface would not be
expected to undergo corrosion damage at a relative humidity below 100%. However, in practice, due
to the presence of hygroscopic surface species, impurities in the atmosphere and small temperature
gradients between the atmosphere and metallic surfaces, a microscopic surface electrolyte tends to
form at significantly lower humidity levels. For iron, a critical humidity of 60% has been reported
[1O]. The critical humidity level is not a constant. It depends on the corroding material, the tendency
of corrosion products and surface deposits to absorb moisture, and the presence of atmospheric
pollutants.

In the presence of thin-film electrolytes, atmospheric corrosion proceeds by balancing anodic and
cathodic reactions. The anodic oxidation reaction involves the dissolution of the metal, while the
cathodic reaction is often assumed to be the oxygen reduction reaction [U]. These reactions are
illustrated schematically in Figure 3. It should be noted that corrosive contaminant concentrations
can reach relatively high values in the thin electrolyte films, especially under conditions of alternate
wetting and drying. Oxygen from the atmosphere is also readily supplied to the electrolyte, under
thin-film corrosion conditions.

2. A Closer Look at the Cathodic and Anodic Half-Cell Reactions in Atmospheric
Corrosion [12]

2.1. The Cathodic Process If it is assumed that the surface electrolyte in extremely thin layers is
neutral or only slightly acidic, then the reaction

2H++2*T -+H2

can be ignored for atmospheric corrosion of most metals and alloys. Exceptions to this assumption
would include corrosive attack under coatings (such as filiform corrosion) and other crevice
corrosion conditions. The reduction of atmospheric oxygen is the most important reaction in which

Atmosphere

Oxygen transport from the
atmosphere into the
surface electrolyte

Thin-Film Electrolyte

Metal ions entering
the solution

Anodic Reaction:

Cathodic Reaction:

Electron transfer

Corroding metal/alloy

FIGURE 3. Mechanism of atmospheric corrosion (simplified for a "theoretical" clean surface).



electrons are taken up. For atmospheric corrosion in near-neutral electrolyte solution, the following
oxygen reduction reaction is the most likely

O2 + 2H2O + 4e~ ->4OH~

Two reaction steps may actually be involved [12], with hydrogen peroxide as an intermediate
species, according to

O2 + 2H2O + 2e~ -> H2O2 + 2OH~

H2O2 + 2 e~ ̂  2 OH~

If oxygen diffuses from the atmosphere through the electrolyte film to the metal surface, a diffusion
limited current density should arguably apply. It has been shown that a diffusion transport
mechanism for oxygen is only applicable to an electrolyte layer thickness of approximately 30 um
and under strictly isothermal conditions. In thicker layers and nonisothermal conditions convective
effects are dominant, which increase the limiting current density to higher values than predicted by
simplified diffusion equations [12]. The predicted limiting current density of oxygen reduction in an
electrolyte layer thickness of 30 um significantly exceeds practical observations of average
atmospheric corrosion rates. On this basis, it can be argued that the overall rates of atmospheric
corrosion are not likely to be controlled by the cathodic oxygen reduction process but rather by the
anodic reaction(s).

The research of Stratmann and Streckel [13] on iron and iron-copper alloys showed that
atmospheric corrosion kinetics are highly complex. These researchers measured fluctuations in
atmospheric corrosion rates, rather than considering average rates. Remarkably high corrosion rates
for iron (up to 1 mA/cm2) were observed as transients during the drying period of the surfaces. Such
high corrosion rates can be rationalized on the basis of accelerated oxygen reduction, as the
electrolyte thickness is reduced in the drying phase. Interestingly, however, the high corrosion rate
transients were only observed in the wet to dry transitions, not in the dry to wet cases. These
fundamentally important results indicate that the oxygen reduction rate is not only a function of the
electrolyte film but also the composition of surface oxide layers that varies from wet to dry
conditions. It was shown that the corrosion rate during the important surface drying phase is
determined by three competing reactions [13]: (i) acceleration of oxygen reduction in the early
drying stage, (ii) surface passivation with drying, and (iii) deceleration of oxygen reduction in the
last drying stage. Copper additions to iron were shown to reduce the rate of oxygen reduction (at low
alloying levels) and enhance surface passivation (at high alloying levels).

2.2. The Anodic Process The following simplified oxidation reaction represents the anodic half-
cell for atmospheric corrosion:

M -> Mn+ + ne~

The formation of corrosion products (metal oxides and hydroxides), the solubility of corrosion
products in the surface electrolyte, and the formation of passive films affect the overall rate of the
anodic metal dissolution process and cause deviations from simple rate equations assuming
activation control. Passive films distinguish themselves from corrosion products, in the sense that the
former tend to be more tightly adherent, are of lower thickness and provide a higher degree of
protection from corrosive attack. Atmospheric corrosive attack on a surface protected by a passive
film tends to be of a localized nature. Surface pitting in aluminum and stainless alloys is an example
of such attack. Relatively complex reaction sequences have been proposed for the corrosion product
formation and breakdown processes to explain observed atmospheric corrosion rates for different
classes of metals.



FIGURE 4. Parameters affecting atmospheric corrosion rates from basic mechanistic considerations.

From the above basic mechanistic considerations, the parameters shown in Figure 4 all have an
influence on the rate of atmospheric corrosion, taking place within in the microenvironment of the
metallic surface and thin-film electrolyte.

F. IMPORTANT VARIABLES IN ATMOSPHERIC CORROSION

1. Time of Wetness

From the above theory, it should be apparent that the time of wetness of the corroding surface is a
key parameter, directly determining the duration of the electrochemical corrosion processes. This
variable is a complex one, since all the means of formation and evaporation of an electrolytic
solution on a metal surface must be considered.

The time of wetness is obviously strongly dependent on the critical relative humidity. Apart from
the primary critical humidity, associated with clean surfaces, secondary and even tertiary critical
humidity levels may be defined, where the corrosion rate increases abruptly [U]. Hygroscopic
corrosion products and capillary condensation of moisture in corrosion products are thought to
account for these, respectively. A capillary condensation mechanism may also account for
electrolyte formation in microscopic surface cracks and the metal surface/dust particle interface.
Other sources of surface electrolyte include chemical condensation (by chlorides, sulfates, and
carbonates), adsorbed molecular water layers, and direct moisture precipitation (ocean spray, dew,
and rain) [U]. The effects of rain on atmospheric corrosion damage are somewhat ambiguous. While
providing electrolyte for corrosion reactions, rain can act in a beneficial manner by "washing away"
or diluting harmful corrosive surface species.

2. Sulfur Dioxide

Sulfur dioxide (802), a product of the combustion of sulfur containing fossil fuels, plays an
important role in atmospheric corrosion in urban and industrial type atmospheres. It is adsorbed on
metal surfaces, has a high solubility in water and tends to form sulfuric acid in the presence of
surface moisture films. SuIfate ions are formed in the surface moisture layer, by the oxidation of
sulfur dioxide according to [12]

SO2 + O2 + 2 e~ ->SO4~

The required electrons are thought to originate from the anodic dissolution reaction and, in the case
of iron, from the oxidation of ferrous to ferric ions. For iron, it is the formation of sulfate ions that is
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considered to be the main corrosion accelerating effect from sulfur dioxide. The presence of these
sulfate ions ultimately leads to the formation of iron sulfate (FeSCW. Iron sulfate is known to be a
corrosion product component in industrial atmospheres and is mainly found in layers at the metal
surface. The iron sulfate is hydrolyzed by the reaction:

FeSO4 + H2O -> FeOOH + SO4
1' + 3H+ + e~

The corrosion stimulating sulfate ions are reliberated by this reaction, leading to an autocatalytic
type of attack on iron [11, 12]. The acidification of the electrolyte could arguably also lead to
accelerated corrosion rates but this effect is likely to be of secondary importance due to buffering
effects of hydroxide and oxide corrosion products. In nonferrous materials such as zinc, sulfate ions
also stimulate corrosion but the autocatalytic corrosion mechanism is not established.

3. Chlorides

Atmospheric salinity distinctly increases atmospheric corrosion rates. Apart from the enhanced
surface electrolyte formation by hygroscopic salts such as NaCl and MgCl2, direct participation of
chloride ions in the electrochemical corrosion reactions is also likely [12]. In ferrous metals, chloride
anions are known to compete with hydroxyl ions for combining with ferrous cations produced in the
anodic reaction. In the case of hydroxyl ions, stable species tend to be produced. In contrast, iron-
chloride complexes tend to be unstable (soluble), resulting in further stimulation of corrosive attack. On
this basis, metals such as zinc and copper, whose chloride salts tend to be less soluble than those of iron,
should be less prone to chloride induced corrosion damage [12], consistent with practical experience.

4. Other Atmospheric Contaminants

Hydrogen sulfide, hydrogen chloride, and chlorine present in the atmosphere can intensify
atmospheric corrosion damage, but they represent special cases of atmospheric corrosion, invariably
related to industrial emissions in specific microclimates [12]. Hydrogen sulfide is known to be
extremely corrosive to most metals/alloys and the corrosive effects of gaseous chlorine and
hydrogen chloride in the presence of moisture tend to be stronger than those of "chloride salt"
anions, due to the acidic character of the former species [12].

Nitrogen compounds, in the form of NOx, als° tend to accelerate atmospheric attack. The NOx
emission, largely from combustion processes, has been reported to have increased relative to SO2

levels [14]. However, measured deposition rates of these nitrogen compounds have been significantly
lower than for SO2 [14], which probably accounts for the generally lower importance assigned to
these.

The deposition of solid matter from the atmosphere can have a significant effect on atmospheric
corrosion rates, particularly in the initial stages. Such deposits can stimulate atmospheric attack by
three mechanisms:

1. Reduction in the critical humidity levels by hygroscopic action.
2. The provision of anions stimulating metal dissolution.
3. Microgalvanic effects by deposits more noble than the corroding metal (carbonaceous

deposits deserve special mention in this context).

5. Temperature

The effect of temperature on atmospheric corrosion rates is complex in nature. An increase in
temperature will tend to stimulate corrosive attack by increasing the rate of electrochemical reactions
and diffusion processes. For a constant humidity, an increase in temperature would lead to a higher
corrosion rate. Raising the temperature will, however, generally lead to a decrease in relative



humidity and more rapid evaporation of surface electrolyte. By reducing the time of wetness in this
manner, the overall corrosion rate would tend to diminish.

For closed-air spaces, such as indoor atmospheres, it has been pointed out that the increase in
relative humidity associated with a drop in temperature has an overriding effect on corrosion rate
[15]. This implies that in air conditioning, a decrease in temperature requires additional dehumi-
dification, to avoid accelerated atmospheric corrosion damage.

At temperatures below freezing, where the electrolyte film solidifies, electrochemical corrosion
activity will drop to negligible levels in the absence of chloride contamination. The very low-
atmospheric corrosion rates reported in extremely cold climates are consistent with this effect [16].
Somewhat unexpectedly, relatively high corrosion rates have been measured in some coastal cold
climates under the influence of salt deposition [17]. The well-known depression of the freezing point
by salt may account for these results.

G. ATMOSPHEMC CORROSIVITYAND CORROSION RATES

The nature and rate of atmospheric corrosive attack is dependent on the composition and properties
of the thin-film surface electrolyte. These, in turn, are largely affected by time of wetness and the
type and concentration of gaseous and particulate pollutants in the atmosphere.

The classification of atmospheric corrosivity is important for specifying suitable materials and
corrosion protection measures at the design stage and for asset maintenance management to ensure
adequate service life. Two fundamental approaches to atmospheric corrosivity classification have
been proposed [18], as shown in Figure 5. These two approaches of environmental classification can
be used in a complementary manner, to derive relationships between atmospheric corrosion rates and
the dominant atmospheric variables. Ultimately, the value of atmospheric corrosivity classifications
is enhanced if they are linked to estimates of actual corrosion rates of different metals/alloys.

Atmospheric Environment

Specimen exposure testsAtmospheric data

Data evaluation Corrosion measurements

Corrosivity Classification

Corrosivity Rate Guidelines

Materials Selection and Corrosion Control Measures

FIGURE 5. Two fundamental approaches to atmospheric corrosivity classification.



TABLE 2. Corrosivity Categories for Aluminum at the T3 Time of Wetness Level, as a Function of the
Sulfur Dioxide and Chloride Deposition Categories a

Chloride/Sulfur Dioxide Category * SO,S 1 b S2b S3b

PO,P1 C3 C3 or C4 C4
P2 C3 C4 C4orC5
P3 C3orC4 C4 or C5 C5

a Adapted from [18].
b Pollution category (sulfur dioxide) = P, S = salinity category (chloride), corrosivity category = C.

1. The ISO Methodology

A comprehensive corrosivity classification system has been developed by the International Standards
Organization (ISO) [18, 19]. Verification and evolution of this system is on-going through the largest
ever exposure program, undertaken on a world wide basis [19]. The ISO corrosivity classification
from atmospheric parameters is based on the simplifying assumption that the corrosivity is
determined by the time of wetness and the levels of corrosive impurities. Only two types of corrosive
impurities are considered, namely, sulfur dioxide and chloride. The time of wetness can be
estimated, by determining the number of hours in a given time interval, when the relative humidity
(RH) exceeds 80% and the temperature exceeds O0C. The methods for determining atmospheric
sulfur dioxide and chloride levels are described more fully in [18] and [2O].

After the classification of time of wetness, sulfur dioxide, and chloride levels into their respective
categories, the corrosion classification of the atmosphere can be determined using the appropriate
charts in [18]. A section of such a chart for aluminum and the 73 time of wetness category is shown
in Table 2.

Different corrosivity classifications are applicable to the different types of material. Once the
corrosion class has been established, the rate of corrosion of the different materials can be estimated
using the ISO guidelines. Table 3 [17] shows a listing of 12-month corrosion rates for aluminum
(assuming uniform corrosion), at the different corrosivity categories.

The establishment of corrosion rates is complicated by the fact that these are not linear with time
and tend to be higher early in the exposure period. For this reason, initial rates after one year and
stabilized longer-term rates have been included for the different metals in the ISO methodology.

In situations where the time of wetness and pollution levels cannot be determined conveniently,
another approach based on the exposure of standardized coupons over a one-year period is available
for classifying the atmospheric corrosivity [21]. Simple weight loss measurements determine the
corrosivity categories [19].

Although the ISO methodology represents a rational approach to corrosivity classification, there
are several inherent limitations [18, 19]. The atmospheric parameters determining the corrosivity
classification do not include the effects of potentially important corrosive pollutants /impurities such
as NO*, sulfides, chlorine gas, acid rain and fumes, deicing salts, and so on, which could be present in
the general atmosphere or be associated with operational microclimates. Temperature is also not

TABLE 3. Corrosion Rates after 1 Year of Exposure Predicted
for Different Corrosivity Classes a

Corrosion Category

Cl
C2
C3
C4
C5

Aluminum (g/m2 year)

Negligible
<0.6

0.6-2
2-5
5-10

a Adapted from [18].



included as a variable but could be a major contributing factor to the high corrosion rates in tropical
marine atmospheres. Only four standardized materials are covered. The methodology does not
provide for localized corrosion mechanisms such as pitting, crevice corrosion, stress corrosion
cracking or intergranular corrosion. The effects of variables such as exposure angle and sheltering
cannot be predicted.

Dean [22] has reported on a U.S. verification study of the ISO methodology. This study was
conducted over a 4-year time period at five exposure sites and with four alloys (steel, copper, zinc,
and aluminum). Environmental data was used to obtain the ISO corrosivity classes and these
estimates were then compared to the corrosion classes obtained by direct coupon measurement.
Overall, agreement was found in 58% of cases studied. In 22% of the cases, the estimated corrosion
class was lower than measured and in 20% of cases it was higher [22]. It was also noted that the
selected atmospheric variables (time of wetness, temperature, chloride deposition, sulfur dioxide
deposition, and exposure time) accounted for a major portion of the variation in the corrosion data,
with the exception of aluminum.

King and Duncan [17] presented additional limitations of the ISO corrosivity categories, based
mainly on corrosion data pertaining to carbon steel and zinc, outside of the United States. The
following issues were raised that could account for deviations from the ISO corrosivity predictions:

The time of wetness definition is an oversimplification, especially in tropical and temperate
marine environments.

Corrosion damage may continue at temperatures below O0C, in the presence of chlorides.
It may be appropriate to subdivide the ISO C2 corrosivity category further, as a wide range of

corrosion rates for steel and zinc are represented by it.

It is apparent that the ISO 9223 methodology should be viewed as a broad guideline to corrosivity
prediction, rather than a technique that will always provide highly accurate design data. Further
development and refinements in the ISO procedures are to be expected as the worldwide database
matures with time.

2. Corrosivity Classification According to the PACER LIME Algorithm [23]

An environmental corrosivity scale based on atmospheric parameters has been developed by
Summitt and Fink [23]. This classification scheme was developed for the USAF for maintenance
management of structural aircraft systems, but wider applications are possible. A corrosion damage
algorithm (CDA) was proposed as a guide for anticipating the extent of corrosion damage and for
planning the personnel complement and time required to effect aircraft repairs. This classification
was developed primarily for uncoated aluminum, steel, titanium, and magnesium aircraft alloys
exposed to the external atmosphere at ground level.

The CDA algorithm [23] is presented in Figure 6 and first considers distance to salt water, leading
either to the very severe AA rating or a consideration of moisture factors. After the moisture factors,
pollutant concentrations are compared with values of so-called Working Environmental Corrosion
Standards (WECS). The WECS values were adopted from the 50th percentile median of a study [24]
aimed at determining ranges of environmental parameters in the United States and represent
"average of averages." For example, if any of the three pollutants (sulfur dioxide, total suspended
particles, or ozone levels) exceed the WECS values, in combination with a high moisture factor, the
severe A rating is obtained.

3. Atmospheric Corrosion Rates as a Function of Time

As already pointed out, atmospheric corrosion penetration usually is not linear with time. The build
up of corrosion products often tends to reduce the corrosion rate over time, as illustrated in [25].
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FIGURE 6. PACER LIME aircraft CDA [23].

Pourbaix [26] described the so-called linear bilogarithmic law for atmospheric corrosion, to
model atmospheric corrosion damage as a function of time. This law was shown to be applicable for
different types of atmospheres (rural, marine, and industrial) and for a variety of alloys such as
carbon steels, weathering steels, galvanized steels, and aluminized steels [26]. This mathematical
model has also been applied more recently in a comprehensive exposure program [22]. Note,
however, that not all alloy/environment combinations will follow this law.

According to the linear bilogarithmic law,

logio(p)= A + BlOg10(O

where p is the corrosion penetration and t is the exposure time.
It follows that the mean corrosion rate can be expressed by

logio(p/0=A+ (*-!) 1Og10(O
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and the instantaneous corrosion rate by

1Og10WpM) = A + 1Og10(B) + (B - 1) 1Og10(O

According to this law, the atmospheric behavior of a certain material at a certain location can be
defined by the two parameters A and B. The initial corrosion rate (say during the first year of
exposure) is described by A, while B or (B — 1) is a measure of the long-term decrease in corrosion
rate. When B = 0.5, the law of corrosion penetration increase is parabolic, with diffusion through the
corrosion product layers as the rate controlling step. At B values appreciably < 0.5, the corrosion
products show protective, passivating characteristics. Higher B values, >0.5, are indicative of
nonprotective corrosion products. Loosely adherent, flaky rust layers are an example of this case.

A listing of A and B parameter values for different metals after a total exposure period of four
years at the U.S. Army Tropic Test Center in Panama (a highly corrosive marine site) is presented in
Table 4, together with correlation coefficients showing the "fit" of this model to actual measured
corrosion rates. With the future availability of further sample sets, greater confidence can be placed
in these numerical parameters.

An important aspect of the linear bilogarithmic law is that it facilitates the prediction of corrosion
damage in the long term, from shorter exposure tests. In Pourbaix's opinion [26], extrapolation may be
valid for up to 20-30 years. In such long-term tests, changes in the environment may affect the corrosion
rates more significantly, rather than a fundamental deviation from the linear bilogarithmic law.

4. The Direct Measurement of Atmospheric Corrosion

Atmospheric corrosion damage has to be assessed by direct measurement, if no preexisting
correlations between atmospheric corrosion rates and atmospheric parameters are available. Such
correlations and even data on basic atmospheric parameters rarely exist for specific micro-
environments, necessitating direct measurement of the atmospheric corrosivity and corrosion rates.

4.1. Corrosion Specimens The simplest form of direct atmospheric corrosion measurement is by
specimen (coupon) exposures. Subsequent to the exposure, the specimens can be subjected to
weight loss measurements, pit density and depth measurements, and also visual and microscopic
examination for evaluation purposes. Rat panels exposed on exposure racks are a common coupon-
type device for atmospheric corrosivity measurements. Various other specimen configuration have
been used, including stressed U-bend or C-ring specimens for SCC studies. The main draw back
associated with conventional specimen measurements is that extremely long exposure times are
usually required to obtain meaningful data, even on a comparative basis only. It is not uncommon
for such programs to run for 20 years or longer.

Two variations of the basic coupon specimen deserve special mention, which can facilitate more
rapid material /corrosivity evaluations. The first is the use of a helical coil of material, as, for
example, adopted in the ISO 9226 methodology [21]. The high surface area/ weight ratio offered by

TABLE 4. Linear Bilogarithmic Parameters for a Marine Atmosphere"*

Material

Aluminum (plate specimen)
Aluminum (helix specimen)
Copper (plate specimen)
Copper (helix specimen)
Zinc (plate specimen)
Steel (helix specimen)

A

- 0.234
0.128
0.751
1.03
1.301
2.441

B

0.755
0.667
0.776
0.555
0.890
1.49

Correlation Coefficient (R2)

0.996
0.837
0.917
0.913
/
0.967

a Corrosion rate expressed as micrometers per year, time as years.
b Adapted from [22].



FIGURE 7. CLIMAX atmospheric corrosion test specimens at the Royal Military College, Kingston, Canada.
These devices clearly indicated microenvironmental differences in corrosivity at this site and also significant
seasonal variations in corrosivity.

the helix configuration provides for higher sensitivity compared with a panel coupon. The use of
bimetallic specimens in which a helical wire is wrapped around a coarsely threaded bolt can provide
additional sensitivity and forms the basis of the CLIMAT test [27] (see Fig. 7). For aluminum wires,
it was established that copper and steel bolts provide the highest sensitivity in industrial- and marine-
type environments, respectively. Exposure times can be conveniently reduced to 3 months for
atmospheric corrosivity classification with the CLIMAT specimen configuration [27]. It has been
possible to detect significant seasonal corrosivity fluctuations with the CLIMAT devices, which
would not have been possible with other, less sensitive, coupon-type testing. The atmospheric
corrosivity indexes are determined as the percentage mass loss of the CLIMAT aluminum wires and a
subjective severity classification has been assigned for industrial and marine type atmospheres, as
shown in Table 5.

4.2. Electrochemical Atmospheric Corrosion Sensors These sensors are based on the principle
of electrochemical current and/or potential measurements and facilitate the measurement of
atmospheric corrosion damage in real time and in a highly sensitive manner. These sensors could be
regarded as an "instrumented coupon."

There are special requirements for the construction of atmospheric corrosion sensors. For the
measurement of corrosion currents and potentials, separate (electrically isolated) sensor elements are
required. Fundamentally, the metallic sensor elements must be extremely closely spaced under the
thin-film electrolyte conditions, under which ionic current flow is restricted. The sensor elements
may be of the same or different materials. Atmospheric corrosion sensors based on galvanic currents
flowing between bimetallic sensing elements have been developed [28,29]. It has been shown that
such sensors do not only indicate the presence of condensate films (time of wetness) but that the
magnitude of the galvanic current also reflects the change in relative corrosivity induced by different
corrosive species in the atmosphere.



TABLE 5. Severity Classification for CLEVfAT Testing"

Industrial Corrosion Index (ICI)

0-1
1-2
2-4
4-7

>7

Marine Corrosion Index (MCI)
0-2
2-5
5-10

10-20
>20

Classification

Negligible
Moderate
Moderately severe
Severe
Very severe

Classification
Negligible
Moderate
Modeartely severe
Severe
Very Severe

Examples

Rural and suburban areas
Urban residential areas
Urban industrialized areas
Industrialized areas
Heavily industrialized areas

Examples
Average habitable area
Seaside
Seaside and exposed
Very exposed
Very exposed, wind swept, and sand swept

"Adapted from [27].

Electrochemical noise (EN) measurements can be performed on sensing elements of the same
material. In these measurements, naturally occurring fluctuations in corrosion potential and current
between the probe elements are recorded. Higher fluctuations are generally associated with higher
electrochemical corrosion activity and localized corrosion processes involving the breakdown and
repair of passive films tend to display characteristic noise "signatures."

Other electrochemical techniques such as linear polarization resistance (LPR) and electro-
chemical impedance spectroscopy (EIS) can be used for atmospheric corrosion sensing. These
measurements rely on small "artificial" electronic perturbations in the form of a dc or ac signal
being applied to selected sensor elements and the measurement of a resulting electrochemical signal
response.

4.3. Alternative Technologies for Atmospheric Corrosion Sensing The quartz crystal micro-
balance (QCM) is an example of a piezoelectric crystal whose frequency response to mass changes
can be used for corrosion monitoring. Under the application of an alternating electrical field, a
quartz sample can be made to oscillate at a certain resonance frequency. A metallic corrosion sensor
element can be bonded to the quartz sample. Mass gains, associated with corrosion product buildup,
induce a decrease in resonance frequency [3O]. A characteristic feature of the QCM is exceptional
sensitivity to mass changes, with a mass resolution of ~ 10ng/cm2 having been reported [3O].

The QCM technology is used on a commercial basis for indoor atmospheric corrosivity
monitoring, based on the approach of the Instrument Society of America (ISA) S7 1.01 -1985
standard [31]. This standard represents an approach to assessing the indoor atmospheric corrosivity

TABLE 6. Indoor Environmental Corrosivity Classification Based On ISA 871.01-1985^

Copper Oxide Film Thickness (A)

0-300

300-1000

1000-2000

2000 +

ISA Classification

Gl

G2

G3

GX

Severity

Mild

Moderate

Harsh

Severe

Effects

Corrosion is not a factor in
equipment reliability

Corrosion may be a factor
in equipment reliability

High probability of
corrosive attack

Only specially designed
and packaged equipment
is expected to survive

a See [31].
b Based on a 30 day exposure period.



toward process control equipment and uses the thickness of built up copper oxides as a measure of
atmospheric corrosivity (Table 6). The use of QCM technology with a copper sensing pad plated
onto the quartz disk represents one approach to measuring the thickness of copper oxides.

Fiber optic technology is a relative newcomer to the field of atmospheric corrosion sensing
but such optoelectronic products should increasingly appear as offshoots to the fiber optic
telecommunication revolution. Several generic advantages of fiber optic sensing systems have been
cited, including the passive nature of such systems, immunity to electromagnetic interference, light
weight, small size (the analogy to a human hair is often used), large bandwidth, mechanical
ruggedness, high sensitivity and ease of multiplexing [32]. Atmospheric corrosion could, for
example, be sensed with a metallic mirror sensing element [33]. Corrosion processes on a metallic
sensing element produces reflectivity changes serve as the basis for corrosion detection in this
device. Other indirect means of measuring corrosion damage with fiber optics are through strain
measurements and the detection of certain chemical species and moisture.
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