
55

Environments

2.1 Atmospheric Corrosion 58

2.1.1 Types of atmospheres and environments 58

2.1.2 Theory of atmospheric corrosion 61

The cathodic process 62

The anodic process 63

Important practical variables in atmospheric corrosion 66

2.1.3 Atmospheric corrosivity and corrosion rates 69

The ISO methodology 69

Corrosivity classification according to PACER LIME algorithm 78

Direct measurement of atmospheric corrosion and corrosivity 81

2.1.4 Atmospheric corrosion rates as a function of time 84

2.2 Natural Waters 85

2.2.1 Water constituents and pollutants 87

Carbon dioxide and calcium carbonate 92

Dissolved mineral salts 93

Hardness 94

pH of water 96

Organic matter 96

Priority pollutants 97

2.2.2 Essentials of ion exchange 99

Synthesis 100

Physical and chemical structure of resins 101

Selectivity of resins 103

Kinetics 103

Types of ion-exchange resins 104

2.2.3 Saturation and scaling indices 105

The Langelier saturation index 106

Ryznar stability index 108

Puckorius scaling index 108

Larson-Skold index 109

Chapter

2

0765162_Ch02_Roberge  9/1/99 4:01  Page 55



Stiff-Davis index 110

Oddo-Tomson index 110

Momentary excess (precipitation to equilibrium) 110

Interpreting the indices 111

2.2.4 Ion association model 112

Optimizing storage conditions for low-level nuclear waste 114

Limiting halite deposition in a wet high-temperature gas well 115

Identifying acceptable operating range for ozonated 
cooling systems 117

Optimizing calcium phosphate scale inhibitor dosage 
in a high-TDS cooling system 122

2.2.5 Software systems 123

Scaling of cooling water 124

Scaling of deep well water 126

2.3 Seawater 129

2.3.1 Introduction 129

Salinity 129

Other ions 131

Precipitation of inorganic compounds from seawater 131

Oxygen 133

Organic compounds 135

Polluted seawater 136

Brackish coastal water 137

2.3.2 Corrosion resistance of materials in seawater 138

Carbon steel 139

Stainless steels 140

Nickel-based alloys 140

Copper-based alloys 140

Effect of flow velocity 140

Effect of temperature 141

2.4 Corrosion in Soils 142

2.4.1 Introduction 142

2.4.2 Soil classification systems 142

2.4.3 Soil parameters affecting corrosivity 143

Water 143

Degree of aeration 143

pH 143

Soil resistivity 146

Redox potential 146

Chlorides 146

Sulfates 147

Microbiologically influenced corrosion 147

2.4.4 Soil corrosivity classifications 148

2.4.5 Corrosion characteristics of selected metals and alloys 151

Ferrous alloys 151

Nonferrous metals and alloys 151

Reinforced concrete 153

2.4.6 Summary 154

56 Chapter Two

0765162_Ch02_Roberge  9/1/99 4:01  Page 56



2.5 Reinforced Concrete 154

2.5.1 Introduction 154

2.5.2 Concrete as a structural material 155

2.5.3 Corrosion damage in reinforced concrete 156

Mehta’s holistic model of concrete degradation 156

Corrosion mechanisms 159

Chloride-induced rebar corrosion 159

Carbonation-induced corrosion 165

2.5.4 Remedial measures 166

Alternative deicing methods 166

Cathodic protection 168

Electrochemical chloride extraction 170

Re-alkalization 171

Repair techniques 173

Epoxy-coated reinforcing steel 175

Stainless steel rebar 175

Galvanized rebars 177

Corrosion inhibitors 178

Concrete cover and mix design 178

2.5.5 Condition assessment of reinforced concrete structures 180

Electrochemical corrosion measurements 182

Chloride content 183

Petrographic examination 184

Permeability tests 184

2.5.6 Life prediction for corroding reinforced concrete 

structures 184

2.5.7 Other forms of concrete degradation 186

Alkali-aggregate reaction 186

Freeze-thaw damage 187

Sulfate attack 187

2.6 Microbes and Biofouling 187

2.6.1 Basics of microbiology and MIC 187

Classification of microorganisms 190

Bacteria commonly associated with MIC 191

Effect of operating conditions on MIC 195

Identification of microbial problems 197

2.6.2 Biofouling 200

Nature of biofilm 201

Biofilm formation 202

Marine biofouling 205

Problems associated with biofilms 206

2.6.3 Biofilm control 208

Introduction

A practical example: ozone treatment for cooling towers 215

References 216

Environments 57

0765162_Ch02_Roberge  9/1/99 4:01  Page 57



2.1 Atmospheric Corrosion

Atmospheric corrosion can be defined as the corrosion of materials
exposed to air and its pollutants, rather than immersed in a liquid.
Atmospheric corrosion can further be classified into dry, damp, and
wet categories. This chapter deals only with the damp and wet cases,
which are respectively associated with corrosion in the presence of
microscopic electrolyte (or “moisture”) films and visible electrolyte lay-
ers on the surface. The damp moisture films are created at a certain
critical humidity level (largely by the adsorption of water molecules),
while the wet films are associated with dew, ocean spray, rainwater,
and other forms of water splashing.

By its very nature, atmospheric corrosion has been reported to
account for more failures in terms of cost and tonnage than any other
factor. A case study of costly atmospheric corrosion damage on the
Statue of Liberty is presented in Galvanic Corrosion in Sec. 5.2.1.
Atmospheric corrosion damage involving aircraft is presently receiv-
ing much attention. An example of the serious consequences of aircraft
corrosion damage is also described in Chap. 5, in Crevice Corrosion in
Sec. 5.2.1. The risk and costs of corrosion are particularly high in aging
aircraft. In one of the few detailed aircraft corrosion cost analyses that
have been performed, it has been estimated that the direct costs alone
of corrosion in U.S. Air Force aircraft exceeded $0.7 billion (FY 1990
dollars), with the oldest aircraft types accounting for approximately
half the cost.1 Similar figures are expected for U.S. Navy aircraft. The
total annual costs in the U.S. aircraft industry have been estimated at
around $4 billion. It is no longer uncommon for aircraft corrosion
maintenance hours to be greater than flight hours.

2.1.1 Types of atmospheres and
environments

The severity of atmospheric corrosion tends to vary significantly among
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 type of atmosphere 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 carbon dioxide. Arid and tropical types are
special extreme cases in the rural category.

■ Urban. This type of atmosphere is similar to the rural type in that
there is little industrial activity. Additional contaminants are of the
SOx and NOx variety, from motor vehicle and domestic fuel emissions.

58 Chapter Two
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■ Industrial. These atmospheres are associated with heavy industri-
al processing facilities and can contain concentrations of sulfur diox-
ide, chlorides, phosphates, and nitrates.

■ Marine. Fine windswept chloride particles that get deposited on
surfaces characterize this type of atmosphere. Marine atmospheres
are usually highly corrosive, and the corrosivity tends to be signifi-
cantly dependent on wind direction, wind speed, and distance from
the coast. It should be noted that an equivalently corrosive environ-
ment is created by the use of deicing salts on the roads of many cold
regions of the planet.

Maps have been produced for numerous geographic regions, illus-
trating the macroscopic variations in atmospheric corrosivity. Such a
map of North America is presented in Fig. 2.1, based on the corrosion
of automobile bodies.3 A similar map of South Africa is shown in Fig.
2.2, schematically representing 20 years of atmospheric exposure test-
ing.4 The coastal regions, extending some 4 to 5 km inland, tend to
have the most corrosive atmospheres because of the effect of
windswept chlorides. High humidity levels tend to exacerbate the
detrimental effects of such chlorides. The effects of rainfall tend to be
more ambiguous. Arguably, rain provides the moisture necessary for
corrosion reactions, but on the other hand it tends to have a cleansing
effect by washing away or diluting corrosive surface species.

Environments 59

Figure 2.1 Geographical representation of car corrosion severity in North America.
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The high corrosion rates along the Gulf Coast and in Florida in Fig.
2.1 can be attributed to the corrosive marine environment. In the
northeastern regions, deicing salts applied to road surfaces in winter
are primarily responsible for the high corrosion rates. While accelerat-
ed laboratory testing can be satisfactory for evaluating the corrosion
resistance of new materials and coatings, the automobile proving
grounds are definitively the primary means for testing completed sys-
tems. Proving grounds are, in effect, large laboratories. But the proving
ground test contents and procedures can differ sharply among manu-
facturers. Because each test is expressly different, each brings different
results, and in this type of test, proper interpretation of the test results
is the key to successful testing. For many years, bare steel coupons
were attached to different vehicles in the northeastern United States
and Canada, then periodically removed and measured for metal loss.
The data from these coupons were used to target the corrosion test
objectives to metal loss and to determine the localities with the most
severe corrosion for captive fleet testing and future survey evaluations.

While it is generally important to rank macro-level environments
according to a normalized corrosivity classification, specific informa-
tion about atmospheric corrosivity and corrosion rates is often
required on the micro level. For example, a corrosion risk assessment
may be required for a military aircraft operating out of a specific air
base environment. One such requirement resulted in a report of the

60 Chapter Two
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corrosion rates of several aluminum alloys after long-term exposure to
different types of outdoor environments, shown in Fig. 2.3, ranging
from relatively benign rural to aggressive industrial and marine envi-
ronments.5 For the sake of completeness, the results obtained from
another valid source of information were added to Fig. 2.3. These
results were compiled by the International Standards Organization
(ISO) Technical Committee (TC) 156, Corrosion.6

2.1.2 Theory of atmospheric corrosion

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 conditions after
a certain critical humidity level is reached. It has been shown that for
iron, the critical humidity is 60 percent in an atmosphere free of sulfur
dioxide. The critical humidity level is not constant and 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 pro-
ceeds by balancing anodic and cathodic reactions. The anodic oxidation
reaction involves the dissolution of the metal, while the cathodic reac-
tion is often assumed to be the oxygen reduction reaction. For iron,
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these reactions are illustrated schematically in Fig. 2.4. 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.

The cathodic process. If it is assumed that the surface electrolyte in
extremely thin layers is neutral or even slightly acidic, then the hydro-
gen production reaction [Eq. (2.1)] can be ignored for atmospheric cor-
rosion of most metals and alloys.

2H� � 2e� → H2 (2.1)

Exceptions to this assumption would include corrosive attack under
coatings, when the production of hydrogen can cause blistering of the
coating, and other crevice corrosion conditions. The reduction of
atmospheric oxygen is one of the most important reactions in which
electrons are consumed. In the presence of gaseous air pollutants, oth-
er reduction reactions involving ozone and sulfur and nitrogen species
have to be considered.7 For atmospheric corrosion in near-neutral elec-
trolyte solution, the oxygen reduction reaction is applicable [Eq. (2.2)].

O2 � 2H2O � 4e� → 4OH� (2.2)

62 Chapter Two
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Two reaction steps may actually be involved, with hydrogen perox-
ide as an intermediate, in accordance with Eqs. (2.3) and (2.4).

O2 � 2H2O � 2e� → H2O2 � 2OH� (2.3)

H2O2 � 2e� → 2OH� (2.4)

If oxygen from the atmosphere diffuses through the electrolyte film
to the metal surface, a diffusion-limited current density should apply.
It has been shown that a diffusion transport mechanism for oxygen is
applicable only to an electrolyte-layer thickness of approximately 30
�m and under strictly isothermal conditions.8 The predicted theoretical
limiting current density of oxygen reduction in an electrolyte-layer
thickness of 30 �m significantly exceeds practical observations of
atmospheric corrosion rates. It can be argued, therefore, that the over-
all rates of atmospheric corrosion are likely to be controlled not by the
cathodic oxygen reduction process, but rather by the anodic reaction(s).

The anodic process. Equation (2.5) represents the generalized anodic
reaction that corresponds to the rate-determining step of atmospheric
corrosion.

M → Mn� � ne� (2.5)

The formation of corrosion products, the solubility of corrosion prod-
ucts in the surface electrolyte, and the formation of passive films affect
the overall rate of the anodic metal dissolution process and cause devi-
ations from simple rate equations. Passive films distinguish them-
selves from corrosion products, in the sense that these films 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 local-
ized nature. Surface pitting and stress corrosion cracking in aluminum
and stainless alloys are examples 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.
Fundamentally, kinetic modeling rather than equilibrium assessments
appears to be appropriate for the dynamic conditions of alternate wet-
ting and drying of surfaces corroding in the atmosphere. A framework
for treating atmospheric corrosion phenomena on a theoretical basis,
based on six different regimes, has been presented by Graedel9 (Fig.
2.5). The regimes in this so-called GILDES-type model are the gaseous
region (G), the gas-to-liquid interface (I), the surface liquid (L), the
deposition layer (D), the electrodic layer (E), and the corroding solid (S).
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For the gaseous-layer effects, such as entrainment and detrainment
of species across the liquid interface, chemical transformations in the
gas phase, the effects of solar radiation on photosensitive atmospheric
reactions, and temperature effects on the gas phase, reaction kinetics
are important. In the interface regime, the transfer of molecules into
the liquid layer prior to their chemical interaction in the liquid layer
is studied. Not only does the liquid regime “receive” species from the
gas phase, but species from the liquid are also volatilized into the gas
phase. Important variables in the liquid regime include the aqueous
film thickness and its effect on the concentration of species, chemical
transformations in the liquid, and reactions involving metal ions orig-
inating from the electrochemical corrosion reactions.

In the deposition zone, corrosion products will accumulate, following
their nucleation on the substrate. The corrosion products formed under
thin-film atmospheric conditions are closely related to the formation of
naturally occurring minerals. Over long periods of time, the most ther-
modynamically stable species will tend to dominate. The nature of cor-
rosion products found on different metals exposed to the atmosphere is
shown in Fig. 2.6. The solution known as the “inner electrolyte” can be
trapped inside or under the corrosion products formed. The deposited
corrosion product layers can thus be viewed as membranes, with vary-
ing degrees of resistance to ionic transport. Passivating films tend to
represent strong barriers to ionic transport.
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Any corroding surface has a complex charge distribution, producing
in the adjacent electrolyte a microscopic layer with chemical and phys-
ical properties that differ from those of the nominal electrolyte. This
electrodic regime influences the overall reaction kinetics in atmospheric
corrosion processes. In the solid regime, the detailed mechanistic steps
(sequences) in the dissolution of the solid and their kinetic character-
istics are relevant.

Specialized knowledge from different scientific fields is required in
order to formulate mathematically the transition and transformation
processes in these regimes:9

■ Gaseous layer. Atmospheric chemistry
■ Interface layer. Mass transport engineering and interface science
■ Liquid layer. Freshwater, marine, and brine chemistry
■ Deposition layer. Colloid chemistry and mineralogy
■ Electrodic layer. Electrochemistry
■ Solid layer. Solid-state chemistry

Important practical variables in atmospheric corrosion
Time of wetness. From the above theory, it should be apparent that the
time of wetness (presence of electrolyte on the corroding surface) is a
key parameter, directly determining the duration of the electrochemi-
cal 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, associat-
ed with clean surfaces, secondary and even tertiary critical humidity
levels may be created by hygroscopic corrosion products and capillary
condensation of moisture in corrosion products, respectively. A capil-
lary condensation mechanism may also account for electrolyte forma-
tion in microscopic surface cracks and the metal surface–dust particle
interface. Other sources of surface electrolyte include chemical con-
densation (by chlorides, sulfates, and carbonates), adsorbed molecu-
lar water layers, and direct moisture precipitation (ocean spray, dew,
rain). The effects of rain on atmospheric corrosion damage are some-
what ambiguous. While providing electrolyte for corrosion reactions,
rain can act in a beneficial manner by washing away or diluting
harmful corrosive surface species.

Sulfur dioxide. Sulfur dioxide, a product of the combustion of sulfur-
containing fossil fuels, plays an important role in atmospheric corro-
sion in urban and industrial atmospheres. It is adsorbed on metal

66 Chapter Two
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surfaces, has a high solubility in water, and tends to form sulfuric
acid in the presence of surface moisture films. Sulfate ions are formed
in the surface moisture layer by the oxidation of sulfur dioxide in
accordance with Eq. (2.6).

SO2 � O2 � 2e� → SO4
2� (2.6)

The required electrons are thought to originate from the anodic disso-
lution reaction and from the oxidation of ferrous to ferric ions. It is the
formation of sulfate ions that is considered to be the main corrosion-
accelerating effect from sulfur dioxide. For iron and steel, the presence of
these sulfate ions ultimately leads to the formation of iron sulfate
(FeSO4). Iron sulfate is known to be a corrosion product component in
industrial atmospheres and is mainly found in layers at the metal sur-
face. The iron sulfate is hydrolyzed by the reaction expressed by Eq. (2.7).

FeSO4 � 2H2O → FeOOH � SO4
2� � 3H� � e� (2.7)

The corrosion-stimulating sulfate ions are liberated by this reac-
tion, leading to an autocatalytic type of attack on iron.8–10 The acidifi-
cation of the electrolyte could arguably also lead to accelerated
corrosion rates, but this effect is likely to be of secondary importance
because of the buffering effects of hydroxide and oxide corrosion prod-
ucts. In nonferrous materials such as zinc, sulfate ions also stimulate
corrosion, but the autocatalytic corrosion mechanism is not easily
established. Corroding zinc tends to be covered by stable zinc oxides
and hydroxides, and this protective covering is only gradually
destroyed at its interface with the atmosphere. In moderately corro-
sive atmospheres, sulfates present in zinc corrosion products tend to
be bound relatively strongly, with limited water solubility. At very
high levels of sulfur dioxide, dissolution of protective layers and the
formation of more soluble corrosion products is associated with higher
corrosion rates.

Chlorides. Atmospheric salinity distinctly increases atmospheric corro-
sion rates. Apart from the enhanced surface electrolyte formation by
hygroscopic salts such as NaCl and MgCl2, direct participation of chlo-
ride ions in the electrochemical corrosion reactions is also likely. In fer-
rous metals, chloride anions are known to compete with hydroxyl ions
to combine with ferrous cations produced in the anodic reaction. In the
case of hydroxyl ions, stable passivating species tend to be produced. In
contrast, iron-chloride complexes tend to be unstable (soluble), result-
ing 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,8 and this is consistent with practical experience.
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Other atmospheric contaminants. Hydrogen sulfide, hydrogen chloride, and
chlorine present in the atmosphere can intensify atmospheric corro-
sion damage, but they represent special cases of atmospheric corrosion
that are invariably related to industrial emissions in specific microcli-
mates. Hydrogen sulfide is known to be extremely corrosive to most
metals/alloys, and the corrosive effects of gaseous chlorine and hydro-
gen chloride in the presence of moisture tend to be stronger than those
of “chloride salt” anions because of the acidic character of the former
species.8

Nitrogen compounds, in the form of NOx, also tend to accelerate
atmospheric attack. NOx emission, largely from combustion processes,
has been reported to have increased relative to SO2 levels. However,
measured deposition rates of these nitrogen compounds have been sig-
nificantly lower than those for SO2, which probably accounts for the
generally lower importance assigned to these.

Until recently, the effects of ozone (O3) had been largely neglected in
atmospheric corrosion research. It has been reported that the presence
of ozone in the atmosphere may lead to an increase in the sulfur diox-
ide deposition rate. While the accelerating effect of ozone on zinc cor-
rosion appears to be very limited, both aluminum and copper have
been noted to undergo distinctly accelerated attack in its presence.7

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

■ Reduction in the critical humidity levels by hygroscopic action
■ The provision of anions, stimulating metal dissolution
■ Microgalvanic effects by deposits more noble than the corroding metal;

carbonaceous deposits deserve special mention in this context.

Temperature. The effect of temperature on atmospheric corrosion rates is
also quite complex. An increase in temperature will tend to stimulate
corrosive attack by increasing the rate of electrochemical reactions and
diffusion processes. For a constant humidity level, an increase in tem-
perature 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. When the time of wetness
is reduced in this manner, the overall corrosion rate tends to diminish.

For closed air spaces, such as indoor atmospheres, it has been point-
ed out that the increase in relative humidity associated with a drop in
temperature has an overriding effect on corrosion rate.11 This implies
that simple air conditioning that decreases the temperature without
additional dehumidification will accelerate atmospheric corrosion
damage. At temperatures below freezing, where the electrolyte film

68 Chapter Two
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solidifies, electrochemical corrosion activity will drop to negligible lev-
els. The very low atmospheric corrosion rates reported in extremely
cold climates are consistent with this effect.

2.1.3 Atmospheric corrosivity and
corrosion rates

The nature and rate of atmospheric corrosive attack are dependent on
the composition and properties of the thin-film surface electrolyte.
Time of wetness and the type and concentration of gaseous and partic-
ulate pollutants in the atmosphere largely affect these in turn. The
classification of atmospheric corrosivity is important for specifying suit-
able materials and corrosion protection measures at the design stage
and for asset maintenance management to ensure adequate service life.
Two fundamental approaches to classifying atmospheric corrosivity
have been followed, as shown in Fig. 2.7. These two approaches to envi-
ronmental classification can be used in a complementary manner to
derive relationships between atmospheric corrosion rates and the dom-
inant atmospheric variables. Ultimately, the value of atmospheric cor-
rosivity classifications is enhanced if they are linked to estimates of
actual corrosion rates of different metals or alloys.

The ISO methodology. A comprehensive corrosivity classification sys-
tem has been developed by the International Standards Organization
(ISO). The applicable ISO standards are listed in Table 2.1.
Verification and evolution of this system is ongoing through the largest
exposure program ever, undertaken on a worldwide basis.12

Procedure and limitations. The ISO corrosivity classification from atmo-
spheric parameters is based on the simplifying assumption that the
time of wetness (TOW) and the levels of corrosive impurities determine
the corrosivity. Only two types of corrosive impurities are considered,
namely, sulfur dioxide and chloride. Practical definitions for all the
variables involved in calculating an ISO corrosivity index follow.

Time of wetness. Units: hours per year (h�year�1) when relative humid-
ity (RH) � 80 percent and t � 0°C

TOW � 10 T1
10 � TOW � 250 T2
250 � TOW � 2500 T3
2500 � TOW � 5500 T4
5500 � TOW T5

Airborne salinity. Units: chloride deposition rate (mg�m�2�day�1)

S � 60 S1
60 � S � 300 S2
300 � S S3

Environments 69
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Figure 2.7 Two fundamental approaches to classifying atmospheric corrosivity.

TABLE 2.1 List of ISO Standards Related to Atmospheric Corrosion

ISO standard Title

ISO 9223 Classification of the Corrosivity of Atmospheres
ISO 9224 Guiding Values for the Corrosivity Categories of Atmospheres
ISO 9225 Aggressivity of Atmospheres—Methods of Measurement of  

Pollution Data
ISO 9226 Corrosivity of Atmospheres—Methods of Determination of

Corrosion Rates of Standard Specimens for the Evaluation of
Corrosivity
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Industrial pollution by SO2. Two types of units are used:

Concentration (�g�m�3), PC

PC � 40 P1
40 � PC � 90 P2
90 � PC P3

Deposition rate (mg�m�2�day�1), PD

PD � 35 P1
35 � PD � 80 P2
80 � PD P3

Corrosion rate categories. Two types of corrosion rates are predicted:

Category        Short-term, g�m�2�year�1 Long-term, �m�year�1

C1 CR � 10 CR � 0.1
C2 10 � CR � 200 0.1 � CR � 1.5
C3 200 � CR � 400 1.5 � CR � 6
C4 400 � CR � 650 6 � CR � 20
C5 650 � CR 20 � CR

The TOW categorization is presented in Table 2.2, and the sulfur
dioxide and chloride classifications are presented in Table 2.3. TOW
values can be measured directly with sensors, or the ISO definition of
TOW as the number of hours that the relative humidity exceeds 80
percent and the temperature exceeds 0°C can be used. The methods
for determining atmospheric sulfur dioxide and chloride deposition
rates are described more fully in the relevant standards (Table 2.1).

Following the categorization of the three key variables, the applica-
ble ISO corrosivity category can be determined using the appropriate
ISO chart (Table 2.4). Different corrosivity categories apply to different
types of metal. As the final step in the ISO procedure, the rate of atmo-
spheric corrosion can be estimated for the determined corrosivity cate-
gory. Table 2.5 shows a listing of 12-month corrosion rates for different

Environments 71

TABLE 2.2 ISO 9223 Classification of Time of Wetness

Time of wetness, Time of wetness, Examples of 
Wetness category % hours per year environments

T1 �0.1 �10 Indoor with 
climatic control

T2 0.1–3 10–250 Indoor without 
climatic control

T3 3–30 250–2500 Outdoor in dry, cold 
climates

T4 30–60 2500–5500 Outdoor in other
climates

T5 �60 � 5500 Damp climates
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TABLE 2.3 ISO 9223 Classification of Sulfur Dioxide and Chloride “Pollution”
Levels

Sulfur dioxide 
Sulfur dioxide deposition rate, Chloride Chloride deposition rate,

category mg/m2�day category mg/m2�day

P0 �10 S0 �3
P1 11–35 S1 4–60
P2 36–80 S2 61–300
P3 81–200 S3 301–1500

TABLE 2.4 ISO 9223 Corrosivity Categories of Atmosphere

TOW Cl� SO2 Steel Cu and Zn Al

T1 S0 or S1 P1 1 1 1
P2 1 1 1
P3 1–2 1 1

S2 P1 1 1 2
P2 1 1 2
P3 1–2 1–2 2–3

S3 P1 1–2 1 2
P2 1–2 1–2 2–3
P3 2 2 3

T2 S0 or S1 P1 1 1 1
P2 1–2 1–2 1–2
P3 2 2 3–4

S2 P1 2 1–2 2–3
P2 2–3 2 3–4
P3 3 3 4

S3 P1 3–4 3 4
P2 3–4 3 4
P3 4 3–4 4

T3 S0 or S1 P1 2–3 3 3
P2 3–4 3 3
P3 4 3 3–4

S2 P1 3–4 3 3–4
P2 3–4 3–4 4
P3 4–5 3–4 4–5

S3 P1 4 3–4 4
P2 4–5 4 4–5
P3 5 4 5

T4 S0 or S1 P1 3 3 3
P2 4 3–4 3–4
P3 5 4–5 4–5

S2 P1 4 4 3–4
P2 4 4 4
P3 5 5 5

S3 P1 5 5 5
P2 5 5 5
P3 5 5 5

T5 S0 or S1 P1 3–4 3–4 4
P2 4–5 4–5 4–5
P3 5 5 5

S2 P1 5 5 5
P2 5 5 5
P3 5 5 5

S3 P1 5 5 5
P2 5 5 5
P3 5 5 5
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metals for different corrosivity categories. The establishment of corro-
sion rates is complicated by the fact that these rates are not linear with
time. For this reason, initial rates after 1 year and stabilized longer-
term rates have been included for the different metals in the ISO
methodology.

In situations in which TOW and pollution levels cannot be deter-
mined conveniently, another approach based on the exposure of stan-
dardized coupons over a 1-year period is available for classifying the
atmospheric corrosivity. Simple weight loss measurements are used
for determining the corrosivity categories. The nature of the specimens
used is discussed more fully in a later section of this chapter.

Although the ISO methodology represents a rational approach to cor-
rosivity classification, it has several inherent limitations. The atmos-
pheric parameters determining the corrosivity classification do not
include the effects of potentially important corrosive pollutants or
impurities such as NOx, sulfides, chlorine gas, acid rain and fumes,
deicing salts, etc., which could be present in the general atmosphere or
be associated with microclimates. Temperature is also not included as
a variable, although it could be a major contributing factor to the high
corrosion rates in tropical marine atmospheres. Only four standardized
pure metals have been used in the ISO testing program. The method-
ology does not provide for localized corrosion mechanisms such as pit-
ting, crevice corrosion, stress corrosion cracking, or intergranular
corrosion. The effects of variables such as exposure angle and shelter-
ing cannot be predicted, and the effects of corrosive microenvironments
and geometrical conditions in actual structures are not accounted for.

Dean13 has reported on a U.S. verification study of the ISO method-
ology. This study was conducted over a 4-year time period at five expo-
sure sites and with four materials (steel, copper, zinc, and aluminum).
Environmental data were 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 percent of the cases studied. In 22 percent of the 
cases the estimated corrosion class was lower than the measured, and
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TABLE 2.5 ISO 9223 Corrosion Rates after One Year of Exposure Predicted
for Different Corrosivity Classes

Steel, Copper, Aluminum, Zinc, 
Corrosion category g/m2�year g/m2�year g/m2�year g/m2�year

C1 �10 �0.9 Negligible �0.7
C2 11–200 0.9–5 �0.6 0.7–5
C3 201–400 5–12 0.6–2 5–15
C4 401–650 12–25 2–5 15–30
C5 651–1500 25–50 5–10 30–60
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in 20 percent of the cases it was higher. It was also noted that the
selected atmospheric variables (TOW, temperature, chloride deposi-
tion, sulfur dioxide deposition, and exposure time) accounted for a
major portion of the variation in the corrosion data, with the excep-
tion of the data gathered for the corrosion of aluminum. Further
refinements in the ISO procedures are anticipated as the worldwide
database is developed.

ISO corrosivity analysis at two air bases. Use of the ISO methodology can be
illustrated by applying it to a corrosivity assessment performed for two
contrasting air bases: a maritime base in Nova Scotia and an inland
base in Ontario (Fig. 2.8). The motivation for determining atmospher-
ic corrosivity at these locations can be viewed in the context of the ideal-
ized corrosion surveillance strategy shown in Fig. 2.9. Essentially this
scheme revolves around predicting where and when the risk of corro-
sion damage is greatest and tailoring corrosion control efforts accord-
ingly. The principle and importance of linking selected maintenance
and inspection schedules to the prevailing atmospheric corrosivity has
been described in detail elsewhere.14 An underlying consideration in
these recommendations is that military aircraft spend the vast major-
ity of their lifetime on the ground, and most corrosion damage occurs
at ground level.

The ISO TOW parameter could be derived directly from relative
humidity and temperature measurements performed hourly at the
bases. The average daily TOW at the maritime base is shown in Fig.
2.10, together with the corresponding ISO TOW categories, as deter-
mined by the criteria of Table 2.2. The overall TOW profile for the
inland base was remarkably similar.

In the case of the air bases, no directly measured data were avail-
able for the chloride and sulfur dioxide deposition rates. However, data
pertaining to atmospheric sulfur dioxide levels and chloride levels in
precipitation had been recorded at sites in relatively close proximity.
On the basis of these data, the likely ISO chloride and sulfur dioxide
categories for the maritime base were S3 and P0–P1, respectively.
Under these assumptions, the applicable ISO corrosivity ratings are at
the high to very high levels (C4 to C5) for aluminum. Using ISO chlo-
ride and sulfur dioxide categories of S0 and P0–P1, respectively, for the
inland air base, the corrosivity rating for aluminum is at the C3 level.
The step-by-step procedure for determining these categories and the
different corrosion rates predicted for aluminum at the two bases are
shown in Fig. 2.11.

The main implications of the analysis of atmospheric corrosivity at
the maritime air base are that aircraft are at considerable risk of cor-
rosion damage in view of the high corrosivity categories and that the
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Lake Ontario
(fresh water)

Figure 2.8 Geographical location of two Canadian air bases: (a) a maritime
air base on the Bay of Fundy; (b) an inland air base on the shore of Lake
Ontario.
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Figure 2.9 An idealized corrosion surveillance strategy.
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Figure 2.10 Average time of wetness (TOW) at a maritime air base.
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fluctuations in corrosivity with time deserve special attention. Present
“routine” maintenance and inspection schedules and corrosion control
efforts do not take such variations into account.

As a simple example of how corrosion control could be improved by
taking such variations into account, the effects of aircraft dehumidifi-
cation can be considered. It is assumed that dehumidification would
be applied only on a seasonal basis, when the T4 TOW category is
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Maritime Air Base Inland Air Base

Determine ISO TOW categories
from temperature and humidity

data

T4 (summer)
T3 (winter)

T4 (summer)
T3 (winter)

Estimate chloride deposition rates
from atmospheric data and
determine ISO categories

S3 S0

Estimate sulfur dioxide deposition
rates from atmospheric data and

determine ISO categories

P0-P1 P0-P1

Use ISO 9223 to determine
corrosivity categories for aluminum 

C5 (summer)
C4 (winter)

C3
(summer, winter)

Use ISO 9223 to estimate first year
uniform corrosion rates for aluminum

>5g/m  year (summer)  
2-5 g/m2  year (winter)

2 0.6-2 g/m2  year (summer,winter)

Figure 2.11 Detailed procedure for determining the ISO corrosivity categories.
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reached on a monthly average (refer to Fig. 2.10). It is further
assumed that the time of wetness can be reduced to an average T3

level in these critical months by the application of dehumidification
systems. The emphasis in dehumidification should be placed on the
nighttime, on the basis of Fig. 2.12. The projected cumulative corro-
sion rates of aluminum with and without this simple measure, based
on ISO predictions, are shown in Fig. 2.13. The S3 chloride and P1 sul-
fur dioxide categories were utilized in this example, together with the
most conservative 12-month corrosion rates of the applicable ISO cor-
rosivity ratings. The potential benefits of dehumidification, even
when it is applied only in selected time frames, are readily apparent
from this analysis. Aircraft dehumidification is a relatively simple,
practical procedure utilized for aircraft corrosion control in some
countries. Dehumidified air can be circulated through the interior of
the aircraft, or the entire aircraft can be positioned inside a dehu-
midified hangar. It should be noted that the numeric values for uni-
form corrosion rates of aluminum predicted by the ISO analysis are
not directly applicable to actual aircraft, which are usually subject to
localized corrosion damage under coatings or some other form of cor-
rosion prevention measures.

Corrosivity classification according to PACER LIME algorithm. An environ-
mental corrosivity scale based on atmospheric parameters has been
developed by Summitt and Fink.15 This classification scheme was
developed for the USAF for maintenance management of structural air-
craft 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 complete aircraft repairs. This classification was developed
primarily for uncoated aluminum, steel, titanium, and magnesium air-
craft alloys exposed to the external atmosphere at ground level.

The section of the CDA algorithm presented in Fig. 2.14 considers
distance to salt water, leading either to the very severe AA rating or
a consideration of moisture factors. Following the moisture factors,
pollutant concentrations are compared with values of Working
Environmental Corrosion Standards (WECS). The WECS values
were adopted from the 50th percentile median of a study aimed at
determining ranges of environmental parameters in the United
States and represent “averages of averages.” For example, if any of
the three pollutants sulfur dioxide, total suspended particles, or
ozone level exceeds the WECS values, in combination with a high
moisture factor, the severe A rating is obtained. An algorithm for air-
craft washing based on similar corrosivity considerations is presented
in Fig. 2.15.
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Figure 2.12 Relative TOW as a function of time of day for a dry month (February) and a
humid month (August) at a maritime air base.

C
um

ul
at

iv
e 

co
rr

os
io

n 
ra

te
 (g

 m
) 

-2

Month of the year 

With Dehumidification in Critical Months 

No Dehumidification

1
0

0.5

1

1.5

2

2.5

3

3.5

4

2 3 4 5 6 7 8 9 10 11 12

Figure 2.13 Projected cumulative corrosion rates of aluminum with and without dehu-
midification.

0765162_Ch02_Roberge  9/1/99 4:01  Page 79



The environmental corrosivity, predicted from the CDA algorithm, of
six sea patrolling aircraft bases has been compared to the actual cor-
rosion maintenance effort expended on the aircraft at each base.
Considering the simplicity of the algorithms and simplifying assump-
tions in obtaining relevant environmental and maintenance data, the
correlation obtained can be considered to be reasonable.

Further validation of the CDA algorithm approach was sought by
comparison of the predicted corrosivity data to actual coupon expo-
sure results. Despite various experimental difficulties in the expo-
sure program involving various bases, good agreement was reported
between the algorithm rankings and available experimental data.15
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Direct measurement of atmospheric corrosion and corrosivity. Atmospheric
corrosion damage has to be assessed by direct measurement if no preex-
isting correlation between atmospheric corrosion rates and atmospheric
parameters is available. Such a correlation and even data on basic
atmospheric parameters rarely exist for specific microenvironments,
necessitating direct measurement of the atmospheric corrosivity and 
corrosion rates.

Corrosion coupons. The simplest form of direct measurement of atmo-
spheric corrosion is by coupon exposure. Subsequent to their exposure,
the coupons can be subjected to weight loss measurements, pit density
and depth measurements, and other types of examination. Flat panels
exposed on exposure racks are a common coupon-type device for atmo-
spheric corrosivity measurements. Various other specimen configurations
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have been used, including stressed U-bend or C-ring specimens for SCC
studies. The main drawback associated with conventional coupon mea-
surements is that extremely long exposure times are usually required
to obtain meaningful data, even on a relative scale. It is not uncommon
for such programs to run for 20 years or longer.

Two variations of the basic coupon specimens that can facilitate
more rapid material/corrosivity evaluations deserve a special mention.
The first is the use of a helical coil of material, as adopted in the ISO
9226 methodology. The high surface area/weight ratio in the helix con-
figuration gives higher sensitivity than that 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. For aluminum wires, it was established
that copper and steel bolts provide the highest sensitivity in industri-
al and marine environments, respectively.16 Exposure times for atmo-
spheric corrosivity classification can be conveniently reduced to 3
months with the CLIMAT specimen configuration. In the CLIMAT
tests, atmospheric corrosivity indexes are determined as the percent-
age mass loss of the aluminum wires, and a subjective severity classi-
fication has been assigned for industrial and marine atmospheres, as
shown in Table 2.6.

The ability of the CLIMAT devices to detect corrosivity fluctuations
on a microenvironmental scale is apparent from the results presented
in Fig. 2.16. These CLIMAT data were obtained from an exposure pro-
gram on the grounds of the Royal Military College of Canada (RMC).
The distinctly higher corrosivity in winter, associated with proximity
to a road treated with deicing salts, should be noted. Furthermore,
with the CLIMAT devices, it has been possible to detect significant
seasonal corrosivity fluctuations which would not have been detected
with other, less sensitive, coupon-type testing. For example, in the
summer months (in the absence of deicing salts), the corrosivity at 
the RMC test point near the road decreased substantially.

Instrumented corrosion sensors. Electrochemical sensors are based on the
principle of electrochemical current and/or potential measurements
and facilitate the measurement of atmospheric corrosion damage in
real time in a highly sensitive manner. There are special requirements
for the construction of atmospheric corrosion sensors. For the mea-
surement of corrosion currents and potentials, electrically isolated
sensor elements are required. Fundamentally, the metallic sensor ele-
ments must be extremely closely spaced under the thin-film electrolyte
conditions, in which ionic current flow is restricted. Electrochemical
techniques utilized to measure atmospheric corrosion processes
include zero resistance ammetry (ZRA), electrochemical noise (EN),
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TABLE 2.6 Severity Classification for CLIMAT Testing

Industrial corrosion index (ICI) Classification Examples

0–1 Negligible Rural and suburban areas
1–2 Moderate Urban residential areas
2–4 Moderately severe Urban industrialized areas
4–7 Severe Industrialized areas
�7 Very severe Heavily industrialized areas

Marine corrosion index (MCI) Classification Examples

0–2 Negligible Average habitable area
2–5 Moderate Seaside
5–10 Moderately severe Seaside and exposed

10–20 Severe Very exposed
�20 Very severe Very exposed, windswept and 

sandswept

Winter

C

B

A

A - Adjacent to road (HWY 2)
B - Roof of laboratory building
C - Shoreline, Pt. Frederick

Lake Ontario

(fresh water)

A

BC

% Mass loss

2

4

6

2

4

6

A CB

% Mass loss

Summer

Measurement Points

Figure 2.16 Positions and results obtained with CLIMAT corrosion monitoring devices
at three locations on the Royal Military College campus.
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linear polarization resistance (LPR), and electrochemical impedance
spectroscopy (EIS).

The quartz crystal microbalance (QCM) is an example of a piezoelec-
tric crystal whose frequency response to mass changes can be used for
atmospheric corrosion measurements. In this technique, a metallic cor-
rosion sensor element is bonded to the quartz sample. Mass gains asso-
ciated with corrosion product buildup induce a decrease in resonance
frequency. A characteristic feature of the QCM is exceptional sensitivity
to mass changes, with a mass resolution of around 10 ng/cm2. The clas-
sification of indoor corrosivity, based on the approach of the Instrument
Society of America (ISA) S71.01-1985 standard and the use of a copper
sensing element and QCM technology, is presented in Table 2.7.

Other technologies that have been used for atmospheric corrosion
sensing include electrical resistance (ER) sensors and more recently
fiber-optic sensing systems. Additional information may be found on
this topic in Chap. 6, Corrosion Maintenance Through Inspection and
Monitoring.

2.1.4 Atmospheric corrosion rates as a
function of time

As already pointed out, atmospheric corrosion penetration usually is
not linear with time. The buildup of corrosion products often tends to
reduce the corrosion rate over time. Pourbaix17 utilized the so-called
linear bilogarithmic law for atmospheric corrosion, to describe atmo-
spheric corrosion damage as a function of time on a mathematical
basis. This law was shown to be applicable to different types of atmo-
spheres (rural, marine, industrial) and for a variety of alloys, such as
carbon steels, weathering steels, galvanized steels, and aluminized
steels. This mathematical model has also been applied more recently
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TABLE 2.7 Environmental Corrosivity Classification Based on ISA S71.01-1985

Copper oxide film 
thickness, angstroms* ISA classification Severity Effects

0–300 G1 Mild Corrosion is not a factor in 
equipment reliability

300–1000 G2 Moderate Corrosion may be a factor in
equipment reliability

1000–2000 G3 Harsh High probability of corrosive
attack

2000� GX Severe Only specially designed and
packaged equipment is  
expected to survive

*Based on a 30-day exposure period.
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in a comprehensive exposure program.13 It should be noted, however,
that not all alloy/environment combinations would follow this law.

According to the linear bilogarithmic law expressed in Eq. (2.8),

p 	 AtB or log10 p 	 A′ � B log10 t (2.8)

where p is the corrosion penetration and t is the exposure time. It follows
that the mean corrosion rate can be expressed by Eq. (2.9),

p/t 	 AtB � 1 or log10 (p/t) 	 A′ � (B � 1) log10 t (2.9)

and the instantaneous corrosion rate by Eq. (2.10),

dp/dt 	 ABtB � 1 or log10 (dp/dt) 	 A′ � B′ � (B � 1) log10 t
(2.10)

According to the linear bilogarithmic law, the atmospheric behavior
of a specific material at a specific location can be defined by the two
parameters A and B. The initial corrosion rate, observed during the
first year of exposure, is described by A, while B is a measure of 
the long-term decrease in corrosion rate. When B equals 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 smaller than 0.5, the corrosion products show protective,
passivating characteristics. Higher B values, greater than 0.5, are
indicative of nonprotective corrosion products. Loosely adherent, flaky
rust layers are an example of this case.

An important aspect of the linear bilogarithmic law is that it facili-
tates the prediction of long-term corrosion damage from short exposure
tests. According to Pourbaix,17 this extrapolation is valid for up to 20 to
30 years. A caveat of long-term tests is that changes in the environment
may affect the corrosion rates more significantly than a fundamental
deviation from the linear bilogarithmic law.

2.2 Natural Waters

Abundant supplies of fresh water are essential to industrial develop-
ment. Enormous quantities are required for cooling of products and
equipment, for process needs, for boiler feed, and for sanitary and
potable water. It was estimated in 1980 that the water requirements
for industry in the United States approximated 525 billion liters per
day. A substantial quantity of this water was reused. The intake of
“new” water was estimated to be about 140 billion liters daily.18 If this
water were pure and contained no contaminants, there would be little
need for water conditioning or water treatment.
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