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3.1 Iron and Steel

Introduction

Bare iron and steel are liable to rust in most environments but the extent of
the corrosion depends upon a number of factors, the most important of
which are the composition and surface condition of the metal, the corrosive
medium itself and the local conditions.

With regard to the effect of composition, ferrous metals fall into three
broad categories:

1. The ordinary cast irons, wrought irons and steels, to which no alloying
elements are added, and which are vulnerable to corrosion.

2. Low-alloy steels, which contain about ,2-3% of alloying elements,
commonly copper, chromium and nickel. These steels still rust, but
under certain conditions in the atmosphere, the rust formed becomes
adherent and protective so that the corrosion rate becomes several
times less rapid than with the ordinary steels mentioned above. These
steels are often termed weathering steels.

3. Stainless steels, which contain high percentages of alloying elements,
e.g. 18% chromium, 8% nickel and 3% molybdenum. Steels of this
type are practically non-corrodible in appropriate circumstances.

The discussion that follows will be concerned mainly with materials in
the first of these categories. Moreover, since the corrosion of cast iron is
discussed elsewhere (see Section 3.6), and since little wrought iron is pro-
duced nowadays, the subject matter will virtually resolve itself into the cor-
rosion of ordinary carbon steels, as used in mass for general purposes. The
corrosion of low-alloy steels and that of stainless steels are considered in
Sections 3.2 and 3.3 respectively.

The treatment will begin with a brief consideration of the mechanism of
rusting and of the influence of variations in the steel itself. It will be com-
pleted by short surveys of present knowledge of the rusting of ordinary mild
steel in the three natural media: air, water and soil.

Mechanism of Rusting

In pure dry air at normal temperatures a thin protective oxide film forms on
the surface of polished mild steel. Unlike that formed on stainless steels it
is not protective in the presence of electrolytes and usually breaks down in
air, water and soil. The anodic reaction is:



Fe -> Fe2+ + 2e~

In de-aerated solutions, the cathodic reaction is

2H+ + 2e~ -> H2

This occurs fairly rapidly in acids but very slowly in alkaline and neutral
solutions. In the presence of oxygen the following reaction occurs in slightly
alkaline and neutral solutions:

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

This is the common form of cathodic reaction in most environments. The
OH" ions react with Fe2+ ions to form ferrous hydroxide:

Fe2+ -h2OH~ -+Fe(OH)2

This is oxidised to ferric hydroxide Fe(OH)3, which is a simple form of
rust. The final product is the familiar reddish brown rust Fe2O3 -H2O, of
which there are a number of varieties, the most common being the a form
(goethite) and the y form (lepidocrocite). In situations where the supply of
oxygen is restricted, Fe3O4 (magnetite) or 7 Fe2O3 may be formed.

This is a simplified treatment but it serves to illustrate the electrochemical
nature of rusting and the essential parts played by moisture and oxygen. The
kinetics of the process are influenced by a number of factors, which will be
discussed later. Although the presence of oxygen is usually essential, severe
corrosion may occur under anaerobic conditions in the presence of sulphate-
reducing bacteria (Desulphovibrio desulphuricans) which are present in soils
and water. The anodic reaction is the same, i.e. the formation of ferrous
ions. The cathodic reaction is complex but it results in the reduction of
inorganic sulphates to sulphides and the eventual formation of rust and fer-
rous sulphide (FeS).

Effect of Variations in the Steel

Ordinary steels are essentially alloys of iron and carbon with small additions
of elements such as manganese and silicon added to provide the requisite
mechanical properties. The steels are manufactured from a mixture of pig
iron and scrap, which is treated in the molten state to remove excess carbon
and other impurities. The steel may be continuously cast into strands or cast
into individual ingots. The final product is then produced by rolling, drawing
or forging. During hot rolling and forging the steel surface is oxidised by the
air and the scale produced, usually termed millscale, may have an important
influence on the corrosion of the steel, as will be discussed later.

The structure of millscale consists of three superimposed layers of iron
oxides in progressively higher states of oxidation from the metal side out-
wards, viz. ferrous oxide (FeO) on the inside, magnetite (Fe3O4) in the
middle and ferric oxide (Fe2O3) on the outside. The relative portions of the
three oxides vary with the rolling temperatures. A typical millscale on
9.5 mm mild steel plate would be about 50 ̂ m thick, and contain approx-
imately 10% FeO, 20% Fe3O4 and 10% Fe2O3.



If millscale was perfectly adherent, continuous and impermeable, it would
form a good protective coating, but in practice millscale soon cracks and
flakes off in places. In air, the presence of millscale on the steel may reduce
the corrosion rate over comparatively short periods, but over longer periods
the rate tends to rise. In water, severe pitting of the steel may occur if large
amounts of millscale are present on the surface.

Generally, the process of manufacture has no appreciable effect on the
corrosion characteristics of steel. Slight variations in composition that
inevitably occur from batch to batch in steels of the same quality have little
effect with the exception of copper, the effect of which is discussed more fully
in Section 3.2.

Briefly, the addition of about O • 2% of copper results in a two to three-fold
reduction in the corrosion rate in air compared with a copper-free steel1'2.

Variations in the other elements in ordinary steels affect the corrosion rate
to a marginal degree, the tendency being for the rate to decrease with increas-
ing content of carbon, manganese and silicon. For example, in the open air
a steel containing O-2°7o of silicon rusts about 10% less rapidly than an other-
wise similar steel containing 0-02% of silicon.

Wrought iron, which has been replaced by mild steel, contained appre-
ciable quantities of slag and corroded at a rate about 30% less than mild steel
when exposed in air. However, artificially produced Aston-Byers iron cor-
rodes at about the same rate as mild steel.

The corrosion rates of wrought iron and mild steel when immersed in sea-
water or buried in soil are not significantly different when the copper contents
are similar.

Investigations of the effects on corrosion of mechanical working of steels
indicate some influence on pitting but little on general corrosion.

Sea-water immersion tests were carried out to determine the effects of roll-
ing direction and tensile stress on the corrosion of a steel containing O-14C,
0-47Mn and 0-04Si41. Specimens were cut from plates parallel to and
perpendicular to the rolling direction. There was little difference in general
corrosion performance, although pitting was worse on the plate cut parallel
to rolling. Under anaerobic conditions in harbour sediments the effects on
pitting were more marked.

A study of pitting on the internal surfaces of radiators has shown the
incidence of pitting to be related to the state of deformation in tension of the
steels. The pitting increased with the degree of deformation42.

Rusting in Air

Controlling Factors

The rusting of bare steel in the atmosphere is controlled by the climatic con-
ditions at the exposure site. The main factors are the availability of moisture,
and the extent to which the air is polluted, but other less important ones, such
as temperature, must also be considered. (See also Section 2.2.)

Moisture: the critical humidity Moisture can reach a steel surface directly
in liquid form as a result of precipitation processes, i.e. rain and dew, but



RELATIVE HUMIDITY (%)

Fig. 3.1 Effect of relative humidity and atmospheric pollution on the rusting of iron (after
Vernon3)

The presence of moisture on steel above the critical humidity but below
the saturation point may be caused by an adsorption mechanism or by the
presence of particles of deliquescent salts on the surface. Once rusting has
begun, the composition of the rust already formed will influence the rela-
tive humidity at which further rusting will occur, because rusts formed in
polluted atmospheres contain hygroscopic salts. The method by which mois-
ture reaches the surface is probably less important, however, than the length
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the water vapour that is always present in air can also, under certain condi-
tions, cause steel to rust at relative humidities well below saturation.

This important fact was first demonstrated by Vernon3 in a series of
classical experiments, some of which are summarised graphically in Fig. 3.1.
He showed that rusting is minimal in pure air of less than 100% relative
humidity but that in the presence of minute concentrations of impurities,
such as sulphur dioxide, serious rusting can occur without visible precipita-
tion of moisture once the relative humidity of the air rises above a critical
and comparatively low value. This value depends to some extent upon the
nature of the atmospheric pollution, but, when sulphur dioxide is present,
it is in the region of 70-80%. Below the critical humidity, rusting is inappre-
ciable, even in polluted air.
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* The specimens were of ingot iron and were exposed for one year.
tThe salt content of the air was determined by exposing wet cloths, and is
expressed as mg NaCl d ~ ' (100 cm 2) ~ '.

In most districts, however, sulphur dioxide and dust particles are the
main corrosive pollutants. It has been demonstrated that there is a direct
relationship between sulphur dioxide in the atmosphere and the corrosion
of steel exposed to it (see Fig. 3.2). In a series of tests carried out in the
Sheffield area, sulphur dioxide accounted for about 50% of the variations in
corrosion rate at the different sites6.

Various methods can be used to determine the concentration of sul-
phur dioxide in the vicinity of steel test specimens. They all provide suitable
information on the relationship between sulphur dioxide and corrosion.
However, the actual amount of sulphur dioxide in contact with the steel
surface is more important than the concentration, as shown in the work
reported by Walton et al.43

The significance of the amount of sulphur dioxide rather than the con-
centration has been demonstrated by other workers who have studied the
effects of atmospheric flow rate. An increase in steel corrosion with increase
in atmospheric flow rate at a constant volume concentration of sulphur

Distance from
surf

50yd
200yd
400yd

1 300yd
25 miles

Salt content
of air t

11-1
3-1
0-8
0-2

Rate of rusting
(mm/y)

0-950
0-380
0-055
0-040
0-048

of time during which the steel remains wet. Estimates of the amount of water
(in gm2) on the surface have been made45. These indicate that the presence
of water is the critical factor not the total amount as shown below.

Critical relative humidity 0-01
100% relative humidity 1

Covered by dew 10
Wet from rain 100

Pollution Although humidity plays a vital part, the impurities in the air
are decisive in determining the rate of rusting in atmospheres of the requi-
site humidity; in their absence rusting is not serious even in highly humid air.
The most important impurity in industrial atmospheres is sulphur dioxide,
although chlorides and ammonium salt4 also may have an effect. Generally,
near the coast chlorides have the most pronounced effect. In the presence of
chlorides, rusting can continue at humidities as low as 40%5. As a rule, the
chloride concentration in the air falls off rapidly with distance inland, but
steel rusts at almost incredible rates on surf beaches in the tropics where it
is exposed to a continuous spray of sea salts in the surf. This is shown by the
results of some tests made in Nigeria that are given in Table 3.1.

Table 3.1 Effect of sea salts on the rate of rusting*
(Tests made in Nigeria on behalf of BISRA by the former

Tropical Testing Establishment, Ministry of Supply)

Mal



Sulphur dioxide (units)
Fig. 3.2 Relationship between sulphur dioxide and corrosion (after Chandler and Kilcullen 6).

Note that 1 unit is the average daily reading in /xg of SO2 per m3 of air

dioxide has been observed44. The effect of flow has also been shown by
comparisons of measurements of sulphur dioxide using the lead dioxide
method, where the amount of SO2 in the air measured over comparatively
small areas was influenced by the siting of the 'candle'.

Sulphur dioxide in the air originates from the combustion of fuel and
influences rusting in a number of ways. For example, Russian workers con-
sider that it acts as a cathodic depolariser7, which is far more effective than
dissolved oxygen in stimulating the corrosion rate. However, it is the series
of anodic reactions culminating in the formation of ferrous sulphate that are
generally considered to be of particular importance. Sulphur dioxide in the
air is oxidised to sulphur trioxide, which reacts with moisture to form
sulphuric acid, and this in turn reacts with the steel to form ferrous sulphate.
Examination of rust films formed in industrial atmospheres have shown
that 5% or more of the rust is present in the form of iron sulphates8 and
FeSO4-4H2O has been identified in shallow pits9.

Workers who have studied atmospheric corrosion processes are generally
agreed that the loss of iron as a sulphate accounts in only a small measure
for the effects of sulphur dioxide10"13. There is not complete agreement on
the detailed mechanism but once ferrous sulphate has been formed it is able
to promote further rusting. This has been demonstrated by allowing steel to
rust in an atmosphere containing sulphur dioxide and then transferring it to
a clean atmosphere, where the corrosion is continued at an enhanced rate,
at least for a time14.

There is a cyclic variation in the amount of sulphate found in rust formed
on steel exposed at different times of the year (Fig. 3.3), and the amount
depends on the month of the year rather than on the period of exposure, at
least for periods of up to two years8. Consequently, the month of exposure
will have an important influence on the corrosion rate up to a year or so
(see Table 3.2). In one test, specimens exposed for two months from
September corroded at O -035HImXy compared with 0.0136mm/y for
specimens exposed from May, and the amount of rust formed on steel
follows this cyclic pattern over periods of up to two years and possibly for
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longer periods. However, the rust retained on steel is a surprisingly small
proportion of the total rust formed, e.g. over a period of one year only about
one-tenth of all the rust produced was actually retained on the steel.

The effects of ammonium contamination have been studied and some
workers consider that it has a significant influence on the corrosion of
steel15'16.

Dust particles also play an important role (Fig. 3.1). They act as nuclei for
the initial corrosion attack and as some particles are hygroscopic their
presence tends to increase the periods of wetness of the steel surface.

Temperature Although ambient temperature would be expected to have
an influence on the rate of rusting, its effect is not clearly defined despite
the efforts of workers to establish a relationship17'18. It has an effect on rela-
tive humidity and consequently an indirect effect on corrosion. However,
fluctuations in temperature may be more important than average tempera-
tures because they influence condensation and the rate of drying of moisture
in contact with steel.

Rates of rusting in different climates Some representative figures to show
how the rate of rusting of bare steel in the open air varies in different parts

Month test begun

January
March
May
July
September
November

Rate of rusting
(mm/y)

0-081
0-064
0-076
0-070
0-094
0-089

Table 3.2 Variations in rate of rusting of steel
exposed at different months of the year

Fig. 3.3 Sulphate in adherent rust on
steel exposed at Battersea in January

(after Chandler and Stanners8)
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The results follow the expected pattern, the highest rate being that
observed on a surf beach at Lagos. The magnitude of this rate (O-6 mm/y)
will be better appreciated by the statement that an ingot iron specimen as
above, 3-2mm thick, would be completely destroyed by rusting from both
sides in about 2j years. As previously stated, rusting in Great Britain is
roughly proportional to the atmospheric pollution; in accordance with this,
industrial sites are several times more corrosive than rural, suburban or
marine ones.

The low rates of rusting observed at Khartoum, Abisko, Delhi, Basrah
and Singapore are primarily associated with the absence of serious pollution.
Moreover, at most of them the relative humidity is low, e.g. at Khartoum
the relative humidity lies below the critical value for rusting throughout the
whole year.

Despite these results it should not be assumed that corrosion rates of steel
will necessarily be low in all comparatively non-polluted desert environ-
ments. In regions such as the Arabian Gulf, considerable variations in corro-
sion rates may occur between inland and coastal sites. This arises not only

Type of atmosphere Site Corrosion rate
(mm/y)

Great Britain

Rural or suburban

Marine

Industrial

Godalming
Llanwrtyd Wells
Teddington
Brixham
Calshot
Motherwell
Woolwich
Sheffield
Frodingham
Derby

0-048
0-069
0-070
0-053
0-079
0-095
0-102
0-135
0-160
0-170

Overseas

Rural or suburban

Marine

Marine/industrial
Industrial
Marine, surf beach

Khartoum
Abisko, North Sweden
Delhi
Basrah
State College, Pa, U.S.A.
Berlin-Dahlem
Singapore
Apapa, Nigeria
Sandy Hook, N.J., U.S.A.
Congella, South Africa
Pittsburgh, Pa, U.S.A.
Lagos

0-003
0-005
0-008
0-015
0-043
0-053
0-015
0-028
0-084
0-114
0-108
0-615

of the world are given in Table 3.3. They relate to 100 x 50 x 3.2mm
(4in x 2in x | in) pieces of ingot iron freely exposed in a vertical position for
one year.

Table 3.3 Rates of rusting of mild steel outdoors in diiferent climates
(BISRA)



from the salt content of the air but also from sand which is blown on to the
steel. Although temperatures are high during the day, condensation may
occur at night. The moisture produced can react with the salt to provide cor-
rosive conditions.

The effects of different types of sand on the corrosion of mild steel have
been studied in the laboratory46. It was concluded that fine sand has a
higher salt content and is more corrosive than coarse sand within the partical
size range < O-25-2-4 mm.

In a survey of atmospheric corrosion in the Canadian arctic and sub-arctic
regions rates, as low as 2-5ptm/y were recorded at inland sites49. Within
1 km of the sea, rates of 21-34/xm/y were measured.

Effect of the exposure conditions The absolute values for the rate of rusting
given in Table 3.3 would be affected by the mass of the specimen itself and
by other factors such as the orientation of the steel, the climatic conditions
prevailing at the time of exposure, and the duration of exposure.

The orientation of the steel influences the rate of rusting through its effect
on the amounts of moisture and pollutants that can reach the surface. The
groundward side of a horizontal surface is protected from rain but it is also
shielded from the drying action of the sun and often of the wind, so that dew
tends to remain in contact with the steel there for longer periods; moreover,
harmful solid particles and soluble salts are not leached away. Consequently,
the groundward side may corrode more rapidly than the skyward side. The
same considerations apply to steel exposed obliquely. The relative corrosion
of the opposite faces of a vertical steel plate will largely depend on the direc-
tion of the prevailing wind.

In agreement with these considerations, the results of tests at Derby19

have shown that specimens exposed at 45° corroded 10-20% more than
vertical specimens, and that 54% of the total loss was on the underside. In
American tests20 on specimens exposed at 30° to the horizontal, 62% of the
loss was on the underside.

This influence of the sheltering and the orientation of steel on the corro-
sion rate has been further demonstrated in tests carried out 228 m from the
sea at Kure Beach, North Carolina47. In these tests the corrosion rates over
a 4-year period varied by a factor of five depending on the orientation and
degree of sheltering. Generally, the east-facing specimens exposed at 30°
from the horizontal corroded at the highest rate and west-facing specimens
exposed at the same angle at the lowest rate.

The influence of height above the ground on the corrosion of steel has been
demonstrated in two series of American tests. In tests carried out at Cape
Kennedy48, specimens exposed at 9-1 m above the ground and 55 m from
the sea corroded at just over a third of the rate of those at ground level.
Increasing the height of exposure to 18-2 m resulted in a slightly lower rate
of corrosion.

Tests at Kure Beach47 approximately 24m from the sea showed a similar
reduction at elevations of about 44 m but an increase in corrosion at levels
up to 7-6 m. Clearly the relationship between height of exposure and corro-
sion is influenced by the topography of the site. In the same series of tests
carried out 244 m from the sea, the corrosion rate was about half that at
ground level for steel exposed at higher elevations.



Effect of mass The rate of rusting of steel in the atmosphere is affected to
some extent by the mass of the part concerned, because this determines the
speed at which the surface temperature adjusts itself to fluctuations in the
ambient temperature, the amount of condensation during humid periods,
and the time during which dew or rain remains in contact with the steel. For
example, in a test over 12 months at the National Chemical Laboratory
under sheltered conditions outdoors, thick steel plates rusted more than thin
ones as is shown below.

Plate thickness (mm) 55 28 12-5 5
Average general penetration (mm) 0-038 0-033 O • 031 0-030

Evidently, therefore, correct design can play an important part in reducing
the corrosion of steel structures through lessening the danger of local attack
due to mass metal effects and condensation.

Effect of surface condition As previously noted, millscale on steel may
decrease the corrosion rate over short periods. However, over longer periods
the surface condition is not usually a determining factor as can be seen from
Table 3.4 which shows the results of 5-year tests at Sheffield.

Table 3.4 Effect of the surface condition at the
time of exposure on the atmospheric corrosion
of mild steel (BISRA) (5 years outdoor exposure

at Sheffield)

Surface
condition

As-rolled
Pickled
Sandblasted
Machined
Polished

A verage penetration
(mm)

0-545
0-545
0-532
0-534
0-532

SHEFFIELD

LLANWRTYD WELLS

TEST DURATION (years)

Fig. 3.4 Rusting of mild steel (O-02% Cu) in the open air at Sheffield and Llanwrtyd Wells
(after Reference 2)

AV
ER

AG
EG

EN
ER

AL
PE

NE
TR

AT
lO

N 
(m

m)



It is important to know whether the rate of rusting of steel outdoors
increases, remains constant or decreases with increasing duration of
exposure. The position over a long period is adequately illustrated by the
curves drawn in Fig. 3.4 showing the results of tests carried out for 15
years in a rural environment at Llanwrtyd Wells and in an industrial
atmosphere at Sheffield2. At both sites the rate of rusting fell consider-
ably after the first year or two, but then remained fairly constant for the
rest of the test period. In actual figures the average rate of rusting in mm/y
over the first two years was 0-058 for Llanwrtyd Wells and 0-118 for
Sheffield; the corresponding rates over the last 10 years were 0-015 and
0-025, respectively.

Similar observations have been made in the United States, where a marked
decrease in the rate of rusting has generally been observed after the early
stages. For example, in one test, the total corrosion over the first two years
was about O - 1 mm but the additional corrosion during the next 10 years was
only about O-06 mm. These are slow rates of rusting, however, and it is
possible that the rust formed was more protective than usual, because of the
relatively non-aggressive test environment.

The corrosion curves in Fig. 3.4 were obtained some years ago. Corro-
sion is markedly influenced by the pattern of pollution, which is changing in
the United Kingdom, and consequently the long-term corrosion rates may
change. There is some evidence based on more recent tests to indicate that
in many industrial environments the corrosion rate of steel over periods of
15 years will drop to a greater extent than is shown in Fig. 3.4.

It should be made clear that all the rates of rusting in the atmosphere just
quoted, relate to average general penetration and take no account of pitting.
Serious pitting of steel exposed to atmospheric corrosion is uncommon on
simple test plates, but it may be necessary to allow for this in some practical
cases, where local attack may be occasioned by faulty design and other
factors.

Rusting indoors and in enclosed spaces Although much of what has been
written above is of general application, the experimental data apply speci-
fically to exposure outdoors. The conditions of exposure indoors are some-
what different, because the steel is not exposed to rain and direct sunlight.
Rusting depends on the condensation of moisture, which may evaporate
from the surface much more slowly under enclosed conditions than out-
doors; moreover, the rust tends to remain on the surface and may build up
in time to a thick scaly layer.

The rates of rusting vary so much with the particular conditions of
exposure that it is difficult to generalise, but useful information regarding
rusting in enclosed spaces will be found in papers by Holzworth, Thompson
and Boegehold21 and by Stanners22.

The first three authors were concerned with the rusting of motorcar
bodies. They found that the rusts formed on steel under sheltered and
exposed conditions, respectively, differed markedly in chemical composi-
tion, structure and protective properties. The second paper gives the results
of exposure tests in many different indoor atmospheres, from which the
following representative rates of rusting over one year are taken.



Rusting in Water

Introduction

The corrosion of steel by natural and industrial waters is a complicated
and many-sided phenomenon, which cannot be dealt with completely within
the narrow compass available here. The difficulty arises from the fact that,
of the three main considerations involved— the composition and surface
condition of the steel, the quality of the water, and the operating conditions
—the last is generally the most important. Moreover, in industry the
operating conditions vary widely, and many of them need individual study.
Consequently, all that will be attempted here is to state a few general facts
and principles. For more detailed treatment the reader is referred to the
recognised textbooks such as those of Evans10, Hasse23 and Butler and
Ison24. A brochure published by the Iron and Steel Institute19 may also
prove helpful.

Effect of the Metal Composition

All ordinary ferrous structural materials, mild steels, low-alloy steels and
wrought irons corrode at virtually the same rate when totally immersed in
natural waters. Wrought iron may be slightly more resistant than mild steel;
in a test in sea-water at Gosport, Scottish wrought-iron specimens lost about
15% less weight after 12 months immersion than specimens of ordinary mild
steel. As shown in Table 3.5, the process of manufacture and the composi-
tion of mild steel do not affect its corrosion rate appreciably25.

Although small copper additions generally have no influence on the corro-
sion rate of steel immersed in water, under certain boiler conditions small
amounts of copper of up to O- 3% may have a marked effect on reducing the
depth of pitting. This is attributed to the catalytic action of metallic copper
on the formation of a protective layer of magnetite which diverts the attack
sideways producing general rather than pitting corrosion23.

Generally, over 3% of alloying additions such as chromium are necessary
to obtain any marked improvement in the corrosion-resistance of steel in
waters.

Type of atmosphere

Domestic kitchens and
bathrooms

Laundry
Bleach house
Sulphuric acid plant
Paper mill
Locomotive shed
Steelworks* pickling plant

Rate of rusting
(mm/y)

0-0025-0-010
0-0075
0-043
0-048
0-068
0-080

>0.45



* The copper contents of the steels, which were supplied through the courtesy of !'Office Technique pour !'Utilisation de I'Acier
(France), varied from 0-03 to 0-11%. The killed steels contained about 0-04% Al and O- \% Si.

Effect of the Surface Condition

The surface condition of the steel at the time of exposure is of great impor-
tance however. This is because many natural waters are good electrolytes,
so that there is ample opportunity for electrolytic corrosion when steel is
permanently in contact with them. The presence of millscale on the surface
is more dangerous, for example, when steel is immersed in sea-water than
when it is exposed to air, for the galvanic cell formed by millscale and bare
steel can operate much more freely under the former conditions. This may
lead to rapid pitting; pits up to 1-25 mm deep were found on as-rolled steel
specimens after six months immersion in sea-water at Gosport26.

It follows that for many practical purposes where steel is exposed to water
without a protective coating —boiler tubes are a good example —it is desira-
ble to remove millscale before putting the parts into use.

Effects of Welds

Serious pitting may occur in the area of welds, particularly in sea-water.
Corrosion rates of up to 10 mm/y have been reported in weld joints of
ice-breakers. The severe corrosion has been attributed to galvanic effects
between the weld metal and the steel plate. The use of more noble electrodes
for welding are reported to overcome this problem27.

Effect of the Water Composition

Saline and acid waters are particularly aggressive to mild steel, so the com-
position of the water is clearly important in determining the rate of rusting
of steel exposed to it. Some of the main factors here are the nature and

Type of steel*

1. Basic Bessemer, rimming
Ordinary
High phosphorus
High phosphorus and sulphur

2. Open-hearth, rimming
Ordinary
From haematite pig

3. Open-hearth, killed
Ordinary
From haematite pig

4. Open-hearth, killed
Ordinary
From haematite pig

Analysis (%)

C

0-05
0-03
0-03

0-13
0-06

0-10
0-11

0-22
0-21

Mn

0-64
0-31
0-30

0-33
0-32

0-35
0-34

0-71
0-58

P

0-06
0-14
0-10

0-03
0-01

0-03
0-01

0-03
0-02

S

0-02
0-04
0-07

0-03
0-03

0-02
0-03

0-03
0-03

A verage general
penetration (mm/y)

0-143
0-143
0-148

0-143
0-140

0-140
0-136

0-143
0-158

Table 3.5 Rates of rusting of mild steels in sea-water (BISRA)
(total immersion for 203 days at Plymouth)



amount of the dissolved solids, which influence the electrical conductivity,
pH value and hardness of the water, the carbon dioxide and oxygen contents,
and the presence of organic matter.

Dissolved solids The effect of dissolved solids is complex. The presence of
inorganic salts, notably of chlorides and sulphates, should promote corro-
sion, because they increase the conductivity of the water, thereby facilitat-
ing the electrochemical rusting process; moreover, chlorides at least may be
detrimental to the development of protective films (see below). Alkaline
waters tend to be less aggressive than acid or neutral waters, and rusting can
be repressed entirely by making the water strongly alkaline. Unfortunately,
at pH values just insufficient to give complete passivation, there is a grave
danger of severe pitting, even though the total corrosion is reduced, and this
for many purposes is a greater evil.

The most important property of the dissolved solids in fresh waters is
whether or not they are such as to lead to the deposition of a protective
film on the steel that will impede rusting. This is determined mainly by the
amount of carbon dioxide dissolved in the water, so that the equilibrium
between calcium carbonate, calcium bicarbonate and carbon dioxide, which
has been studied by Tillmans and Heublein28 and others, is of fundamental
significance. Since hard waters are more likely to deposit a protective
calcareous scale than soft waters, they tend as a class to be less aggressive
than these; indeed, soft waters can often be rendered less corrosive by the
simple expedient of treating them with lime (Section 2.3).

Dissolved gases Oxygen and carbon dioxide are the most important dis-
solved gases in water. Oxygen is an effective cathodic depolariser and the
cathodic reaction in water is generally oxygen reduction (see Sections 1.4
and 9.1). At ordinary temperatures in neutral or near neutral water, dis-
solved oxygen is necessary for any appreciable corrosion of steel. Increasing
the oxygen concentration results in an acceleration of the corrosion of steel
up to a certain concentration but beyond this the rate of corrosion is reduced.
In slowly-moving distilled water, it has been found29 that the critical con-
centration is 12m/l. This value increases with temperature and in the
presence of certain dissolved salts; it decreases with high velocities.

Carbon dioxide affects the acidity of the water and, as already noted,
influences the formation of protective carbonate scales.

Presence of organic matter Another important factor is that most natural
waters are far from being sterile. They contain greater or lesser amounts of
organic matter, both living and dead. Some of the dead organic matter, e.g.
peat residues, may render the water corrosive by making it acid, but in most
cases the living organisms probably exert the greater influence. In natural
sea-water fouling occurs, and in fresh waters algae may grow. Moreover,
there are a number of strains of bacteria, such as the sulphate-reducing
bacteria (see Section 2.6), that can influence the rusting process under
immersed conditions.

Effect of the operating conditions The operating conditions have an impor-
tant influence. Generally the factors involved are complex; they include
temperature, rate of flow, design features and stray currents.



The temperature of the water affects the rate of rusting in several ways.
First, the corrosion process shares the general tendency of chemical reactions
to increase in speed with rising temperature. More important, however, are
the effects of temperature on the nature and solubility of the corrosion pro-
ducts. For example, a rise in temperature will often throw down a carbonate
scale; moreover, it increases the rate of diffusion of oxygen through water
but decreases the solubility of this gas. Some of these effects are conflict-
ing, with the result that under certain laboratory conditions at least the rate
of rusting/temperature curve for steel immersed in water passes through a
maximum before the boiling point is reached - at about 8O0C in experiments
made by Friend30.

The rate of water flow is also most important. This determines the supply
of oxygen to the rusting surface, and may remove corrosion products that
would otherwise stifle further rusting. A plentiful oxygen supply to the
cathodic areas will stimulate corrosion, but so may smaller supplies at a slow
rate of flow, if this leads to the formation of differential aeration cells (see
Section 1.6).

At sufficiently high rates of flow in natural waters enough oxygen may
reach the surface to cause partial passivity, in which case the corrosion rate
may decrease31. In sea-water, owing to the high concentration of chloride
ions, the corrosion rate increases with velocity. In one series of tests, corro-
sion under static conditions was 0-125mm/y, 0-50mm/y at 5 ft/s and
0-83mm/y at 15 ft/s.

Design must also be considered. Sharp changes in the direction of flow,
as in a badly designed water box, may lead to severe local damage by imp-
ingement attack. Severe galvanic corrosion can result from the injudicious
juxtaposition of steel with non-ferrous metals, such as copper or bronze.
Even when the ferrous and non-ferrous metals are not in direct contact,
local corrosion cells can be set up round small particles of non-ferrous metal
that have been dissolved by the water and redeposited on to the steel. Corro-
sion cells can also be formed when steel is in contact with solutions of
different saline contents; for example, 'long line' currents have been observed
in a lock gate that was in contact with a layer of fresh river water flowing
out over a layer of sea-water.

Rates of rusting in natural waters It will be evident from the preceding
remarks that the results of laboratory experiments or field tests on corrosion
by natural waters can be applied to practical cases only with considerable
reserve. Yet the reader may well wish to gain some general idea of the rates
of rusting involved. For this purpose a few representative experimental
results are given in Table 3.6; they apply to ordinary low-carbon structural
steel tested under the conditions stated. The figures are for the average
general penetration over the whole test areas. As an indication of the rate of
pitting, it may be noted that in the sea-water tests of the Institution of Civil
Engineers32 the maximum depth of pitting for descaled mild steel after 15
years immersion was about 2-3 mm; when the steel had been immersed in
the as-rolled condition with its millscale, a figure as high as 7-6mm was
observed. Under half tide immersion conditions the corrosion rate of steel
may be increased by a factor of 2 to 5 compared with the results for total
immersion quoted above.



Rusting in Soil

Introduction

The practical importance of soil corrosion to Great Britain was well brought
out some years ago by a report of a Departmental Committee of the Ministry
of Health35 which will repay study. It is even more difficult to generalise
about this problem than about rusting in water. With regard to the bare
metals, the problem is of little more than academic interest, because in good
practice iron and steel are not buried in corrosive soils without an adequate
protective coating, often supplemented by an effective scheme of cathodic
protection. The operating conditions are again of extreme importance, e.g.
corrosive long-line currents may originate where sections of a pipeline run
through adjacent dissimilar soils, or, more frequently, stray currents from
adjacent electrical installations may enter the pipe; in both cases severe
corrosion damage may be caused where the currents leave the pipe. The
presence of stones, tree roots or attack by rodents may perforate the protec-
tive coating.

Although all these complicating factors cannot be reproduced in small-
scale tests, it will be of value to summarise the main knowledge that has been
gained from long-period burial trials conducted in the United States36 and
in Great Britain37. The subject will be considered under two heads: effect of
metal composition and effect of the soil.

Effect of the Metal Composition

The corrosion of iron and steel in soil is generally electrochemical in charac-
ter but the conditions are such that the corrosion products usually remain in
contact with the metal. Moreover, the rate of oxygen supply is often low in
comparison with that in air or in water. This is probably the main reason

Table 3.6 Rates of rusting of mild steel in natural waters
(total immersion)

Type of
water

Sea-water

Fresh water

River water

Test authority

Institution of
Civil Engineers32

BISRA33

Institution of
Givil Engineers32

Office Technique
pour !'Utilisation
de 1'Acier34

Test site

Halifax, Nova Scotia
Plymouth

Emsworth

Plymouth:
fresh-water reservoir

La Cadene:
granite bed,
very pure water
Dole:
highly calcareous water

Test
dura-
tion

(years)

15
15

5

15

5

5

A verage
general

penetration
(mm/y)

0-108
0-065

0-065

0-043

0-068

0-010



why, considered broadly, there are no major differences in the general corro-
sion rates of ordinary steels and cast irons when buried in most types of soil.
These rates of general attack are comparatively low, say 0-038 mm/y over
a 10-year period for burial in a clay soil, as compared with O-1-0-13 mm/y
for complete exposure outdoors in an industrial atmosphere.

Local corrosion or pitting is more important for practical purposes than
the rate of general corrosion, and may proceed 10 times or so more rapidly
than this. Inasmuch as certain types of cast iron are liable to suffer graphitic
corrosion*, whereas steel does not, steel might theoretically be expected
to show to some advantage when used for buried pipelines. In practice,
however, a cast-iron pipe has to be of stouter wall than a steel pipe for equal
strength, and it is doubtful whether any distinction between the rust resis-
tance of the two materials in the soil is justified.

It is also doubtful whether the surface condition of the bare metal at the
time of burial has much significance. Some authorities consider that the
casting skin on cast iron is protective, but the evidence on this point is con-
flicting. On the other hand, it is desirable to remove the millscale from steel
when, as is usual, a protective coating is applied. If the millscale was left on,
it might cause the coating to spall.

The effect of stray currents arising from a d.c. source or from cathodic
protection of an adjacent structure are considered in Sections 11.5 and 11.6.

Effect of the Soil

Soils vary greatly in corrosiveness, and the type of soil affects the corrosion
rate much more than any variation in the ferrous material or in its method
of manufacture. Although it is difficult to assess the corrosiveness of a partic-
ular soil beforehand, much useful information can be obtained from a well-
conducted soil survey on the site.

In general, dry, sandy or calcareous soils, with a high electrical resistance,
are the least corrosive. At the other end of the scale are the heavy clays and
the highly saline soils, whose electrical conductivity is high. The depth of the
water table is also important; much depends on whether the buried iron or
steel is permanently above or below this, or even more perhaps on whether
it is alternately 'wet' or 'dry'. The variation in corrosion rate with depth of
burial is illustrated by the results given in Table 3.7, which also serve to
indicate the rates of average general penetration in typical British soils. It will
be noted that the depth of burial had no consistent effect, which is not sur-
prising since the average depth of the water table and the seasonal fluctua-
tions in this varied from one site to another.

The maximum general corrosion rate reported in tests carried out by the
U.S. National Bureau of Standards36'38 is 0-068 mm/y, the maximum rates
obtained in tests carried out in the United Kingdom by BISRA39 and the
National Physical Laboratory40 are O-035 mm/y and O-050 mm/y. How-
ever, the pitting rate was much greater, maximum pits of 0-25 mm/y have
been reported from American and O-30 mm/y from British tests.

* Graphitic corrosion is associated with the presence of graphite flakes in the iron matrix, and
results in the local replacement of iron by 'plugs' of graphite and corrosion products.



Bacterial activity often plays a major part in determining the corrosion
of buried steel. This is particularly so in waterlogged clays and similar soils,
where no atmospheric oxygen is present as such. If these soils contain
sulphates, e.g. gypsum and the necessary traces of nutrients, corrosion can
occur under anaerobic conditions in the presence of sulphate-reducing
bacteria. One of the final products is iron sulphide, and the presence of this
is characteristic of attack by sulphate-reducing bacteria, which are fre-
quently present (see Section 2.6).

Effect of the Duration of Burial

Finally, it should be added that the extensive field tests made in the United
States38 indicate that buried steel rusts less and less rapidly as time goes
on, both as regards general attack and pitting. This can be illustrated by the
typical results shown in Fig. 3.5. Field tests made in British soils by BISRA
have not, however, exhibited the same tendency; in these rusting has been
roughly proportional to the duration of burial.

K. A. CHANDLER
J. C. HUDSON

Site

Benfleet
Gotham
Pitsea
Rothamsted

Type of
soil

London clay
Keuper marl
Alluvium
Clay with flints

Average general
penetration

(mm/y)

l -37m 0-61m

0-0185 0-0361
0-0132 0-0094
0-0353 0-0284
0-0201 0-0213

Table 3.7 Effect of depth of burial on the rusting of
mild steel flats (BISRA)
(test duration 5 years)

DURATION OF BURIAL (years)

Fig. 3.5 Effect of duration of burial on the corrosion of mild steel (after Romanoff38). Left:
average general penetration deduced from loss in weight, right: deepest pit. Figures are averages

for 16 soils
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3.2 Low-alloy Steels

Physical and Mechanical Properties

The mechanical properties of low- or medium-carbon structural steels can
be improved considerably by small alloy additions. For example, 1% of
chromium will raise the yield point of 0.2% carbon steel from about
280MN/m2 to 390MN/m2. This has led to the development of a range of
so-called 'low-alloy steels' with high tensile properties. A typical example is
grade 817M40 (En 24), which contains 0.4% C, 0.2% Si, 0.6%, Mn, 1.2%,
Cr, 0.3% Mo and 1.5% Ni.

Although, originally at least, the main object was to increase the strength
of the steel, improvements in the mechanical properties of unalloyed steels
have resulted in a considerable overlap in properties between the two classes.
In some cases, though by no means all, low-alloy additions, besides making
further improvements in properties possible, may also enhance resistance to
corrosion. It is to such steels that this chapter specifically refers. As a class
they are by no means uncorrodible but under favourable conditions, such as
when they are freely exposed outdoors, some of them rust several times less
rapidly than unalloyed mild steel. Methods of fabrication differ little in prin-
ciple from those already described. The low-alloy steels specifically designed
to be slow rusting are commonly called weathering steels, and to optimise
this corrosion resistance the alloying elements most commonly used are
chromium, nickel and copper. To maintain rust resistance and uniform
appearance, matching welding rods made from suitable low-alloy steels have
to be used.

Corrosion Behaviour in Aqueous Environments

Theoretical Considerations

The improvement in rust resistance achieved through low-alloy additions
obviously depends on the nature and amounts of the alloying elements —
incidentally their effects are not additive— and to an even greater degree on
the nature of the corrosive environment. To make a broad generalisation,
weathering steels show to maximum advantage when they are freely exposed
to the open air in industrial environments but, even then, their performance



varies with compass orientation, prevailing wind direction and degree of
shelter. This is illustrated in Fig. 3.6, which compares the relative rates of
corrosion of a weathering steel and mild steel at a U.K. industrial location
after nine years exposure1. The greatest rate of corrosion was on panels
facing the north-westerly direction, which is wettest for the longest period
of time. However, this is where the low-alloy steel showed the greatest
advantage such that the corrosion losses over a complete structure become
more uniform.

9 years
exposure

North

North

Fig. 3.6 Corrosion losses of steels exposed vertically, facing different compass directions

Cathodic additions (such as copper and chromium) to low-alloy steels
influence the rate of rusting by raising the potential of the surface to more
noble values so encouraging passivation2. Electrochemical measurements
certainly seem to bear this out and they have been used in attempts to develop
improved compositions3'4.

Initially, a weathering steel appears to rust like mild steel and quickly
assumes a fine, sandy appearance. However, unlike mild steel whose oxide
repeatedly spalls off, the surface rust layer stabilises with time, provided
that the exposure conditions allow the steel to dry out periodically. The rust
then becomes darker, granular and tightly adherent whilst any pores or
cracks become filled with insoluble salts. This protects the underlying steel
by reducing the permeability of the oxide layer to water and air5, both of
which must be present simultaneously at the metal surface for rusting to
continue. Because of the need for intermittent drying to stabilise the oxide
film it is doubtful, from the corrosion aspect, whether the use of weathering
steels is worthwhile where immersion in natural waters, or burial in soil, is
involved.
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The distinguishing feature of the behaviour of the slow-rusting low-alloy
steels is the formation of this protective rust layer. Corrosion in conditions
where it cannot form is little different from that of unalloyed steel, although
the particular alloying elements present will have some influence on the
actual rate at which corrosion occurs.

Statements of this kind can give only a general idea of the improvements
to be gained by the use of low-alloy steels in the atmosphere, because so
much depends upon the conditions of exposure. In particular, the beneficial
effects observed in the open air do not generally extend to conditions where
the steel is enclosed and sheltered from the rain. Thus, the rates of rusting
of bare steels, exposed for five years in Dove Holes Tunnel, England, were
as follows7:

Copper content of steel (%) 0.02 0.2 0.5
Rate of rusting (mm/y) 0.061 0.060 0.059

As a further example of the ineffectiveness of low-alloy additions in slow-
ing down rusting under sheltered conditions, tests by BISRA in indoor
atmospheres failed to reveal any substantial difference in the rusting of a
chromium-copper steel and of an ordinary mild steel in most of them8. The
test sites covered a wide range of domestic and industrial conditions, from
bathrooms to locomotive sheds.

Corrosion in Natural Environments

In the Atmosphere

The general effect of low-alloy additions on the rusting of structural steel
in the open air is illustrated in Fig. 3.7, which shows the results of tests con-
ducted by BSC for ten years in an industrial district of Sheffield1. Figure

Characteristic Features of Corrosion Behaviour

When low-alloy steels are exposed outdoors, the rust formed on them is
generally darker in colour and much finer in grain than that formed on
ordinary steel. Moreover, the slowing down in rusting rate with time (cf.
Section 3.1, p. 3: 13) seems to be more marked for low-alloy steels than
for ordinary steels. This can be illustrated by the BISRA6 figures given in
Table 3.8.

Table 3.8 Variation of rate of rusting with time (BISRA)6

Steel

Ordinary mild steel
(Cu 0.02%)

Low-ally steel
(Cr 1.0%: Cu 0.6%)

Rate of rusting (mm/y)

A
/5/ and 2nd years

0.129

0.077

B
6th to 15th year

0.094

0.025

Ratio,
B/A

0.73

0.33



D u r a t i o n of exposure (years)

Fig. 3.8 Effect of low-alloy additions on the corrosion of steel outdoors (after Edwards9)

3.8 refers to similar trials of nine years duration at Rotherham9. Similar
curves based on American tests10, reproduced in Fig. 3.9, show substan-
tially the same features. The American specimens were exposed obliquely,
so that the rates of rusting of the skyward and groundward faces differed;
the figures given are averages for both. The fact that the rates of rusting are
markedly slower in the American than in the British tests is mainly due to
differences in the corrosiveness of the test atmospheres.

Mild steel

Copper steel

Low-alloy
(Cr-Cu-P) steel

Test exposure (years)

Fig. 3.7 Effect of low-alloy additions on the corrosion of steel outdoors1
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Duration of exposure (years)

Fig. 3.9 Effect of low-alloy additions on the corrosion of steel outdoors at Kearny, N. J. (after
Larrabee and Coburn10)

The effects of the various alloying elements are not additive. Bearing this
in mind, the practical effect of individual elements can be summarised as
follows.

1. Copper additions up to about 0.4% give a marked improvement, but
further additions make little difference.

2. Phosphorus, at least when combined with copper, is also highly bene-
ficial. However, in practice, levels above about 0.10% adversely affect
mechanical properties.

3. Chromium, in fractional percentages, has a significant influence on
corrosion rates. While it appears to be beneficial, some conflicting
results have been reported and its contribution to the reduced corrosion
of complex low-alloy steels containing copper and phosphorus is not
large.

4. Nickel, while reducing corrosion rates a little, is not as important in its
effect as the aforementioned elements.

5. Manganese may have a particular value in chloride-contaminated
environments, but its contribution is little understood.

6. Silicon is in a similar position to manganese, with conflicting evidence
as to its value.

7. Molybdenum has been little used in low-alloy steels, but may be as
effective as copper and is worthy of further study.

The effects of these and other alloying additions and of their combinations
have been extensively reviewed11 (over 180 references). The data in Table
3.9 are not consistent but give some indication of the extent of the variations
that can occur.
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Mild steel
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Alloying elements, % * and rusting rates"\

Rusting
rate

Si
Rusting

rate
PRusting

rate
NiRusting

rateMoRusting
rate

MnRusting
rateCu

Rusting
rate

CrA1 Rusting
rate

Basis steel
composition

W

Tests at Kearny, N.J.10J

049

100

76

92

0-61

0-53

0-56

0-50

26

59

0-10

0-10

44

64

1-0

1-0

21

52

69

77

0-24

0-21

0-24

0-21

100

91

1-3

1-3

0-01-0-02 Cu
O -25-0 -40 Mn
^0-Ol P, ^0-10Si

0-01-0-02 Cu
O -25-0 -40 Mn
0-06 P, 0-2Si

0-05 Cu
O -25-0 -40 Mn
^0-Ol P, ^0-10Si

0-05 Cu
O -25-0 -40 Mn
0-06 P, 0-2Si

Tests at Sheffield 12§

930-81870-16

303-1600-55791-852

72

0-23

0-23

38

67

2-6

1-01-6 72

0-01-0-02 Cu
0-5 -0-6 Mn
0-02-0-06 P
0-1 -0-2 Si

0-06Cu
0-5 Mn

0-05-0-06 P
0-2Si

* Total amount, including that in basis steel. tTaking the rate of rusting of the unalloyed basis as 100. {Duration of test 15-5 years. §Average values for 1, 2 and 5 years.

Table 3.9 Effect of individual low-alloy additions on the rate of rusting of low-carbon steels in the open air



Immersed

The main elements that alter the rate of rusting of low-alloy steels when
immersed in natural waters are aluminium, copper, chromium, molybde-
num and nickel, but other additions, e.g. manganese, silicon, phosphorus
and sulphur, may have minor roles. The action of some alloying elements
can be beneficial, neutral or detrimental, depending upon whether localised
or uniform corrosion is being considered and whether the steel is fully,
partially or intermittently immersed. After a large programme of collabo-
rative work between a number of research laboratories in Europe, Table
3.10 was drawn up to summarise the findings12. In using the table to select
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t = exposure time
* No SCC has been observed for Rpo.2< 850 MPa

materials for partial immersion, a further complicating factor is that for
unprotected steel the corrosion rates are always highest, irrespective of steel
or water composition, at the water lines, especially in tidal and wave condi-
tions. This is illustrated in the diagram on p 3:29, which shows the average
variation in corrosion depth of steel piles that were measured in a survey of
U.K. ports and harbours13.

From a consideration of Table 3.10, a copper-phosphorus steel might
be chosen for its resistance to corrosion in the critical tidal and splash zone.
However, the variation of corrosion resistance is much greater than the
difference between various alloy steels so it is improbable that low-alloy
steels will corrode more slowly than mild steel in most practical environ-
ments. This conclusion is supported by Forgeson etal. who concluded from
extensive tests in fresh and salt waters of the Panama Canal Zone that: 'Pro-
prietary low-alloy steels were not in general more resistant to underwater
corrosion than the mild unalloyed carbon steel'14.

Underground

In tests by BISRA, made over three years in a heavy clay soil at Binfield,
additions of chromium and copper had no beneficial effect on the rusting of
buried mild steel, as is shown in the following figures15:

Alloying elements (%) Nil Cu 0.5 Cr 1.0 Cr 0.6, Cu 0.5
Rate of rusting (mm/y) 0.026 0.033 0.031 0.026

The apparent differences have little significance since the experimental error
was in the region of 10%.

Additional evidence is available from tests made by the National Bureau
of Standards on ten varieties of steel, which were buried in 15 typical
American soils from 1937 to 195016. The results showed that, with few

Corrosion
type

Uniform
corrosion

Local
corrosion*
(esp. pitting)

Environment

Immersion

Tidal and
splash zone

Marine
atmosphere

Immersion

Tidal and
splash zone

Favourable

Mn
Si
Al

Mo (t > 4 yrs)
Cr (t ^ 4 yrs)

P

P, Si, Mn,
Cu, Cr, Ni
(Mo, V, Ti)

Cu

Neutral

Ni

Cu, Cr, Ni

Cu, Cr

Ni

Unfavourable

P
S
Cu

Mo (/ ^ 4 yrs)
Cr (t > 4 yrs)

Ni

Cr

Table 3.10 Effect of alloying elements on marine corrosion resistance



D u r a t i o n o f b u r i a l ( y e a r s )

Fig. 3.10 Effect of chromium content on the corrosion of buried steel (after Romanoff16)

exceptions, the corrosion of low-alloy steels containing coppers nickel and
molybdenum in various combinations did not differ by more than 20%, from
that of ordinary carbon steel. Additions of 2 or 5% of chromium did increase
the corrosion resistance, however, as is indicated in Fig. 3.10*.

Applications in Industry

Most structural steelwork that is exposed to the atmosphere is given a pro-
tective coating of some kind. If this coating is continuously maintained in
perfect condition, so that no rusting of the steel takes place, there is no
advantage from the corrosion aspect in using a low-alloy steel instead of mild
steel. If, on the other hand, it is probable that the protective coating will
be damaged or allowed to deteriorate, the use of a low-alloy steel should
be considered. The more compact rust film formed on these steels will be less
likely to cause the coating adjacent to the corroded areas to spall off, and the
rate at which breakdown of the coating spreads will be reduced. Several
investigators have reported better performance and durability of painting
schemes on low-alloy steels than on ordinary steel. For example, Copson and
Larrabee have written17: 'Both field tests and service experience have shown
that paint coatings are more durable on high-strength low-alloy steels than
on carbon steel or on copper steel. Any rust which forms at breaks or
holidays or underneath the paint film is less voluminous on the low-alloy
steels. Owing to the smaller volume of rust there is less rupturing of the paint
film and, hence, less moisture reaches the steel to promote further corrosion.'

* The points shown in these graphs have been calculated by the present authors from the original
data: they are averages for the three soils Nos. 58, 63 and 64 in the American paper. There
were only single samples of carbon steel and of 2% Cr steel, but there were three 5% Cr steels,
the results of which have been averaged. Some of the chromium steels also contained about
0.5<7o Mo.
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In conformity with this, low-alloy steels could be used with advantage for
such purposes as the production of agricultural machinery, on which the
coating is liable to get knocked about, and which is frequently left in the open
fields for long periods.

Other obvious applications of low-alloy steels are for roofing sheets, wire
ropes and chain-link fencing. The advantages here, though appreciable, are
not so great as would appear at first sight, because a high proportion of such
products is at least galvanised, if not plastic-coated as well, and the effect of
the low-alloy additions begins to operate only after the zinc coating has
failed.

Weathering steels have also been used for the bodies of railway wagons
in many countries including America, Japan, South Africa and the U.K.
The results of trials on coal gondolas in service on an American railroad18

indicate that sheets made from a commercial low-alloy steel (0.14% P,
0.02% S, 0.8% Si, 0.4% Cu, 1.0% Cr) would last one-and-a-half to twice
as long as copper steel (0.3% Cu) sheets, if undue local attack at laps and
ledges (due to the accumulation of wet coal dust) was prevented*. Similar
results have been obtained in England. In a service trial19 of 15 years dura-
tion on floor-plates of coal wagons, three low-alloy steels were found to give
about 50% greater life expectancy than mild steel. The three steels contained
0.35% Cu, 0.44% Cu with 1.34% Mn, and 0.33% Cr with 0.90% Cu. There
was no significant difference in performance between them.

In another service trial20 on the Western Region of British Rail, sleepers
of copper steel (Cu 0.5%) were found to lose up to 50% less weight by rusting
than ordinary steel sleepers when laid in the open track. In agreement with
what has been stated above, there was, however, little difference between the
performances of the two types of sleepers when they were laid inside the
Severn Tunnel.

However, the most widespread use of weathering steels in the U.K., and
elsewhere, has been for buildings and bridges, especially where maintenance
painting is particularly difficult, dangerous, inconvenient or expensive21.
Bridges over land, rivers, railways, roads and estuaries fall into this cate-
gory, although in the last two cases care should be taken with respect to
airborne salinity. Road bridges can be affected by salt-laden atmospheres
or water, produced as a consequence of winter ice and snow clearing with
deicing salt and grit. The chloride can be in the form of an airborne spray
thrown up by passing vehicles or as a result of leaks in the bridge deck. In
the presence of salt-water many materials, including steel, paint, reinforced
concrete, aluminium, etc., deteriorate at an accelerated rate. Weathering
steels are no exception, and higher than normal corrosion rates should be
expected if they are exposed to saline waters or frequent spraying with salt.
The important criterion is design. Many bridges have been built successfully
from weathering steels but at the design stage it is important to consider the
possible effects of road salt in order to obtain the maximum maintenance-
free life.

"This proviso draws attention to the fact already mentioned that the enhanced corrosion
resistance of low-alloy steels is not usually obtained in wet conditions. Presumably the copper
steel sheets, in turn would have outlasted sheets of ordinary steel.



In order to obtain a uniform colour, it is essential to remove all mill-scale
and residual grease or oil stains, preferably by blasting. The detailing of all
sections should be such as to avoid pockets, crevices and any location which
will collect and retain moisture and dirt for long periods. Any such locations,
as well as faying surfaces, should be painted for corrosion protection. The
paint requirements for weathering steels are exactly the same as for carbon
steel and the slow rusting nature of the weathering steel will result in all paint
systems having an extended life before maintenance is required.

An important aspect of design is to predict the lines of run-off of surface
water. This is because the water will contain minute particles of brown rust,
especially in the pre-stabilisation period, that will stain some surfaces. Matt,
porous surfaces stain particularly easily and run-off should not be over con-
crete, stucco, galvanised steel, unglazed brick or stone.

J. C. HUDSON
J. F. STANNERS
R. A. E. HOOPER
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