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7.1 Environments

Introduction

The terms 'hot corrosion' or 'dry corrosion'* are normally taken to apply to
the reactions taking place between metals and gases at temperatures above
10O0C; i.e. temperatures at which the presence of liquid water is unusual.
The obvious cases of wet corrosion at temperatures above 10O0C, i.e. in
pressurised boilers or autoclaves, are not considered here. In practice, of
course, common metals and alloys used at temperatures above normal do
not suffer appreciable attack in the atmosphere until the temperature is
considerably above 10O0C. Thus iron and low-alloy steels form only the thin-
nest of interference oxide films at about 20O0C, copper shows the first
evidence of tarnishing at about 18O0C, and while aluminium forms a thin
oxide film at room temperature, the rate of growth is extremely slow even
near the melting point.

Consideration will also be given to attack arising from contact with solids
such as refractories, and with molten materials such as salts, glasses, and
lower-melting-point metals and alloys. On a fundamental basis, the dis-
tinction between some of these latter reactions and normal-temperature
aqueous corrosion is not always clear, since galvanic effects may be of
significance in both cases, but for practical purposes a distinction can be
made on the basis of the temperature involved.

A few cases occur in which hot-corrosion and wet corrosion are inter-
dependent, the wet corrosion arising from the condensation of liquids
generated during a period at elevated temperatures. The formation of con-
densates of hydrobromic acid in engines burning anti-knock fuels containing
ethylene dibromide is important in this context. Such cases are properly
considered as aqueous corrosion.

Most hot-corrosion phenomena of practical significance are controlled by
the kinetics of the reactions proceeding, rather than by the thermodynamic
stability of the reactants or products involved. It must, however, be borne
in mind that reaction rates determined under simplified laboratory con-
ditions are frequently inapplicable to the more complicated conditions ex-
perienced in practice. Factors of major importance in this context are stress
and thermal cycling.

"The terms 'wet' and 'dry* in relation to corrosion are discussed in Section 1.1.



Stress This can be of importance in two ways. An effect analogous to
aqueous stress corrosion, in which attack is accelerated at grain boundaries,
may be produced; this is particularly noticeable and very well known in cases
of attack by other molten metals. Stress may also accelerate general attack
when the metal is suffering progressive deformation, as in creep or fatigue;
the mechanical properties of the metal and of the scale may differ sufficiently
from one another for the scale to crack periodically as deformation of the
metal increases, and thus produce corresponding increases in the rate of
corrosive attack. Gulbransen and Andrew1 have reported effects of this
nature on the rate of oxidation of nickel-chromium alloys, although the test
specimens were cooled to normal temperature for the strain to be imposed.
It was shown that the magnitude of the change in the rate of oxidation
depended critically on the silicon content of the alloy. Abnormal oxidation
effects during high-temperature fatigue tests on Nimonic alloys have been
described by Betteridge2, accelerated oxidation occurring at the point of
fatigue cracking.

Thermal cycling This can lead to cracking and flaking of scale layers,
either by stresses due to differential expansion of scale and underlying metal,
or by dimensional changes associated with phase changes in the metal or in
the scale. The latter phenomenon has proved particularly troublesome in
efforts to produce a protective scale on molybdenum-base alloys3. Scale
flaking, whatever the cause, leads to acceleration of the corrosion rate.
Although some laboratory tests simulate the effects of thermal cycling it
must be remembered that the size and shape of test sample is significant.
Bruce and Hancock4 have developed a vibrational technique for studying
the onset of scale cracking during oxidation and have used it to study the
behaviour of scales on nickel and iron in the temperature range 570-1 00O0C.

The more fundamental aspects of the oxidation of metals have been fully
described in Chapter 1, and by Kubaschewski and Hopkins5, while practical
considerations, particularly in relation to commercially important alloys,
have been dealt with by Hessenbruch6.

Air and Oxygen

Although corrosion by oxidation in air is undoubtedly the type of attack of
greatest practical importance it is remarkable that relatively few cases are
entirely free from the complications arising from contamination of the re-
acting atmosphere. Except in the case of heating by electrical means, con-
tamination arises from the combustion products, in gaseous, liquid or solid
form, while with electrical heating the oxidation is often complicated by the
presence of fumes or vapour arising from the materials being processed.

Perhaps the closest approach to pure oxidation in everyday conditions
arises in domestic electric heating appliances where the elements are exposed
to the air. At some points the elements are necessarily in contact with sup-
porting refractories, and if these are not of adequate purity, accelerated
corrosion leading to early failure can occur. In a similar way the sheathed
radiant-type elements of electric cookers usually fail owing to the corrosive
effects of contaminants such as animal fats or salts from spilled liquids.



Wires for these applications are commonly assessed by a standardised test
such as that described in ASTM B76-81, which involves electrical heating
for periods of 2 min to a temperature of 1 1770C (or other temperature
depending on the composition of the wire) until failure by burn-out occurs.
The test is a satisfactory comparative one which simulates service conditions
apart from the acceleration resulting from the considerably increased tem-
perature, but it is not suitable for the determination of basic data. Accurate
setting of temperature and its maintenance at a uniform level along the length
of a wire are difficult. Furthermore, the steep temperature gradient from the
wire into the surrounding cool atmosphere produces disturbances due to
thermal diffusion effects. These are of particular importance in the case of
wires giving rise to volatile oxides (such as nickel-chromium wires forming
chromic anhydride) since the heavy oxide molecules are rapidly removed by
thermal action from the vicinity of the wire. This phenomenon is probably
responsible for the fact that the appearance of an electrically heated wire,
particularly in relation to scale adhesion, is frequently different from that of
a wire heated in a furnace under similar conditions.

In the case of alloys having one constituent considerably more reactive to
oxygen than the others, conditions of temperature, pressure and atmosphere
may be selected in which the reactive element is preferentially oxidised. Price
and Thomas7 used this technique to develop films of the oxides of beryllium,
aluminium, etc. on silver-base alloys, and thereby to confer improved tarnish
resistance on these alloys. If conditions are so selected that the inward diffu-
sion of oxygen is faster than outward diffusion of the reactive element,
the oxide will be formed as small dispersed particles beneath the surface of
the alloy. The phenomenon is known as internal oxidation and is of quite
common occurrence, usually in association with a continuous surface layer
of oxides of the major constituents of the alloy.

Kubaschewski and Hopkins5 consider the conditions of the gaseous phase
which influence the rate of corrosion of metals; apart from major variations
of composition, they refer also to the effects of minor impurities, gas
pressure, flow rate and ionisation.

Impurities

The corrosion rate can be influenced considerably by the presence of small
proportions of contaminants, particularly if these are adsorbed on to the
metal surface and thus influence the nature of the initially formed film of
corrosion product. The presence of water vapour in air is, of course, of
greatest practical importance, and marked effects from this cause on the
scaling rate of steel have been reported8; the direction of the observed effect
has not been constant and it is possible that the influence of hydrogen,
formed by dissociation of the water, in decarburising the steel is a factor of
importance. Similarly, it has been reported that humidity influences the life
of nickel-chromium wires for electrical heating elements subjected to the
ASTM life test referred to earlier, a change from dry air to air saturated with
water vapour at normal temperature reducing the life by approximately one-
half9. The nitrogen in air can sometimes play a significant role in corrosion,



particularly in relation to steels containing chromium or aluminium which
have high affinities for nitrogen; even in cases in which the nitrogen does
not enter into the chemical processes of corrosion it may influence the rate of
attack by oxidation, presumably by being adsorbed on to the metal surface.
Thus Kubaschewski and Hopkins5 point out that different reaction rates
result from using on the one hand dry air and on the other pure oxygen at
the equivalent partial pressure of the oxygen in the air.

Pressure

Variation in the pressure of the reacting gas can affect corrosion processes
in two ways. In the cases more usually met with in practice, in which the
corrosion rate is controlled by diffusion processes in the surface film of
corrosion product, the influence of gas pressure on corrosion rate is slight.
If, however, the dissociation pressure of the oxide or of a constituent of the
scale lies within the range involved, the stability of the corrosion product
will be critically dependent on the pressure. The effect of temperature is,
however, far more critical and thus, in practical cases, pressure variations
rarely decide the stability of corrosion products.

Rate of Gas Flow

The rate of flow of the gases over the metal surface is generally of little
significance. In some special cases, however, it has a very marked influence
on the rate of attack, which is high in stagnant atmospheres but low if
adequate ventilation is provided; alloys containing appreciable proportions
of molybdenum show this effect to a marked degree; it is associated with
the volatility of the oxide, MoO3, and its catalytic action in promoting
further oxidation of the alloy.

/on/sat/on

Little effect is exerted by ionisation of the gas phase on corrosion rate.

Steam

Corrosion by essentially pure steam arises principally in connection with
power generating plant. Temperatures up to about 60O0C in association
with pressures up to about 15MN/m2 are involved, although in the most
advanced super-critical installations being planned for the future, temper-
atures of 65O0C and pressures of 40MN/m2 are under consideration. The
highest temperatures occur in the superheater tubes, but it is probable that
the severest corrosion conditions on these components will arise from the
presence of fuel ashes on the outside of the tubes rather than from the steam
on the inside. Perhaps the most critical components in such installations will



be the main steam pipes which are more highly stressed than the superheater
tubes. The corrosion resulting from the action of high-temperature steam
generally leads to the formation of oxides, although hydroxides may be
formed. The reaction depends on the dissociation pressure of the oxide in
relation to the partial pressure of the oxygen in the water vapour.

The importance of the dissociated hydrogen in contributing to the decar-
burisation of carbon steels heated in water vapour has already been
mentioned.

Carbon and Oxides of Carbon

The importance of these agents in leading to hot corrosion has increased
considerably in recent years as a result of the development of graphite-
moderated nuclear reactors using carbon dioxide as coolant. Reaction
between carbon dioxide and the graphite leads to the presence of a small
content of carbon monoxide (which increases with increasing temperature)
in the atmosphere. The formation of oxide films results from the presence of
dissociated oxygen, but at the same time carburisation may occur with steels
or alloys having constituents which form stable carbides. Indeed, carbon
monoxide, sometimes with additions of hydrocarbons, is a very effective gas-
carburising agent for steels, as the partial pressure of the oxygen is insuf-
ficient to lead to oxidation of iron. In the case of materials forming more
stable oxides, e.g. chromium-containing steels or alloys, oxidation may pro-
ceed in parallel with carburisation.

Sulphur-containing Gases

Sulphur-containing atmospheres are of importance mainly in the effect
which they exert when present in small proportions in combustion products,
but studies have been made of the effects of pure sulphur vapour, hydrogen
sulphide and sulphur dioxide on various metals. The effect of pure sulphur
is usually straightforward, leading to the formation of a sulphide film which
may be more or less protective according to its structure and properties.
Some sulphides have low melting points, or form low-melting-point eutectics
with the metal, and in these cases attack is rapid above the critical temper-
ature, usually taking the form of intergranular penetration. For example, in
the nickel-sulphur system a eutectic forms at 6450C, whereas in the iron-
sulphur system the minimum melting point is 9880C. Hence it is normally
found that iron-base alloys are more satisfactory than nickel-base alloys in
sulphurous atmospheres at temperatures within this range. Attack by
hydrogen sulphide bears some similarity to that by sulphur, the hydrogen
having a negligible effect in most cases. Sulphur dioxide, however, frequently
behaves very differently, as the formation of oxide films apparently largely
prevents the absorption of sulphur. Useful details of the effects of hydrogen
sulphide and sulphur dioxide on various metals are provided by Farber and
Ehrenberg10.



Hydrogen

Attack upon metals by hydrogen rarely results in the formation of surface
films of compounds since the gas is usually readily soluble in the metal, with
a high rate of diffusion, and hydrides, if formed, are generally rather
unstable. The effect of hydrogen usually follows from its reducing action on
certain constituents in the alloys; probably the most familiar examples of this
are the decarburisation of steels by the conversion of carbides to volatile
hydrocarbons, and the embrittlement of tough-pitch copper by the reduction
of intergranular oxide. Hydrogen occurs as a major constituent of the
atmosphere in furnaces used for bright annealing or for brazing, and in such
cases the temperatures involved may rise to as high as 1 20O0C. In the
chemical engineering field many processes of synthesis or hydrogenation are
carried out with hydrogen-rich atmospheres at temperatures up to about
60O0C and at pressures rising to 1 000 atm. Much of the understanding of the
attack on steels by hydrogen has been obtained from work on problems
arising in the chemical industry.

Nitrogen

Although nitrogen is the major constituent of air, it plays a minor role in the
scaling of most metals on heating in air, its effect being completely over-
shadowed by that of oxygen. This follows from the fact that the dissociation
pressures of the nitrides of the commoner metals are greater than the partial
pressure of the nitrogen. Chromium, aluminium and some of the less com-
mon metals such as titanium, molybdenum and tungsten, however, form
stable nitrides which can result from heating materials containing these
elements in air. Reaction between nitrogen and metals is of principal impor-
tance, however, in reducing atmospheres, particularly in cases in which
absorption of nitrogen is deliberately sought, i.e. in the surface-hardening
of steels by nitriding. The atmosphere in such cases is anhydrous ammonia,
dissociation of which occurs at the surface of the steel, although only a small
proportion of the resultant nitrogen is absorbed. Materials resistant to
nitrogen and not acting as dissociation catalysts for ammonia are required
as containers for such treatments, and stainless steels of the 18/8 or 25/20
types, or Inconel (76Ni-15Cr-SFe) have been widely used.

Combustion Products

The various gas mixtures arising from the combustion of fuels form the
major group of atmospheres leading to the hot corrosion of metals. Almost
all natural and processed or synthetic fuels consist predominantly of hydro-
carbons, carbohydrates, or more complex carbon compounds, so that the
principal constituents of the combustion products are the oxides of carbon
and water vapour, together with the residual nitrogen from the air. In con-
ditions of incomplete combustion the gases may contain hydrogen, hydro-
carbons and carbon monoxide in appreciable proportions, with only small
proportions of oxygen, while when complete combustion is effected with



excess air these reducing gases will be absent, but there will be larger amounts
of oxygen. An indication of the range of compositions to be encountered is
given by the values quoted for different fuels in Table 7.1 (see References 11
and 12). In most fuels some sulphur-containing compounds are present and
the combustion gases then contain sulphur dioxide, sulphur trioxide or
sometimes hydrogen sulphide. It is thus evident that under ordinary working
conditions it is not uncommon for equipment to be subjected to atmospheres
whose compositions vary from time to time, and this is one factor which can
lead to abnormally accelerated corrosion rates. In particular, when the
atmosphere can vary from oxidising to reducing in character, the equilibrium
constitution of the scale formed on an alloy may change, with resultant
cracking or porosity in the layer. The protective action of a coherent scale
layer is thus much reduced.

A particular type of corrosion observed with nickel-chromium and
nickel-iron-chromium alloys and involving both carburisation and oxi-
dation, takes place at temperatures around 1 00O0C in carbon-containing
atmospheres. The attack, which is termed green-rot (see Section 7.5
(p. 7:129)) on account of the colour of fractured surfaces of the attacked
alloy, occurs particularly in atmospheres of the bright-annealing type when
they are contaminated with carbon-containing gases or vapours, but can also
arise with incompletely burnt hydrocarbon fuels. This type of attack has
been reported to be considerably accelerated by cyclic variations of the
atmosphere from oxidising to reducing.

Ashes

Apart from the direct corrosive action of the gaseous products from burnt
fuels, an important effect frequently arises from the deposition of ashes on
the metal surfaces involved. Ashes normally consist of complex mixtures or
compounds of oxides, the compositions varying very widely and the precise
state of combination being uncertain. Ranges of ash compositions reported
for different samples of fuels of three broad classes are given in Table 7.2 (see

Fuel

Bituminous coal
Anthracite
Lignite, peat, wood
Coke, charcoal
Petroleum products
Coal gas
Blast-furnace gas
Coke-oven gas
Producer gas
Water gas
Oil gas

Waste gases (°/o by vol.)

CO2

17-19
18-19
17-18
19-20
13-14
8-11

22-25
8-10

14-19
13-16
9-11

H2O

4-9
3-4

10-16
1-4

11-14
20-22
0-2

20-22
6-14

15-18
18-22

N2

73-77
77-78
66-72
77-78
73-75
69-71
74-77
70-72
72-76
67-71
68-72

Table 7.1 Composition of waste gases after complete
combustion of fuels



* P. J. Jackson (private communication) considers that present-day compositions of
ashes from British coals would range as follows:

SiO2 AI2O3 CaO MgO Na2O K2O Cl, P2O
25-60 15-40 1-20 0-5 0-2-3 0-2-5 0-5 0-1

References 13, 14, 15 and 16), from which it will be noted that the ranges
are so wide that in any specific case the actual ash analysis must be obtained
before consideration can be given to probable corrosion reactions. The cor-
rosive attack by an ash is frequently critically dependent on the temperature,
accelerating steeply when the melting point of a particular ash constituent is
exceeded. This is particularly noticeable in the case of the vanadium-
containing ashes from crude or residual mineral oils which seriously attack
most heat-resisting alloys when the temperature is above about 65O0C, the
melting point of vanadium pentoxide. The rapid attack follows fluxing of the
normally protective oxide scale by the ash, and the attack on the underlying
metal may be in the form of further oxidation or may include attack by
sulphur compounds or other active constituents of the ash. Various investi-
gators have compared the rates of attack on different alloys by selected real
or synthetic ashes and somewhat contradictory results have been reported.
Thus, whereas Evans16 stated that low-nickel or nickel-free iron-base alloys
were more resistant to vanadium corrosion at 7320C than nickel or cobalt-
base alloys, Harris and his associates17 concluded that the latter type of
alloys should be reasonably resistant if they contain less than 30% iron, less
than 2% vanadium, and more than 16% chromium. Betteridge, Sachs and
Lewis18 also found that nickel-chromium alloys were much more resistant
to vanadium attack than were austenitic steels. It is probable that the
different conclusions arose from the difference in character of the attack
which follows initial penetration of the protective scale, on account of varia-
tions in composition of the selected ashes.

The deposits formed in internal combustion engines by high-octane petrols
may be classed as ashes; they consist of mixtures of lead oxides, bromides
and sulphates derived from the anti-knock additives and, of course, exert
their main corrosive effect on the parts operating at the highest temperature:
the exhaust valves and the sparking-plug electrodes.

The formation of an ash is not always deleterious, since a layer of a less
reactive material may serve to restrict access to the alloy of more reactive

Ash
composition

W

SiO2
Al2O3

Fe2O3

TiO2
CaO
MgO
Na2O
V2O5
SO3

Cl2
P2O5

Fuel

British coals *

25-50
20-40
0-0
0-3
1-10

0.5-5
1-6

1-12

Peat

20-50
7-15
0-20

5-30
5-25
0-6

5-20
0-1
1-3

Fuel oil

2-20
2-20
1-60

0-10

1-30
5-60
7-30

Table 7.2 Composition of fuel ashes



agents either in the ash itself or in the atmosphere. The erosive action of ash
also has to be considered in addition to the purely corrosive action. With
high-speed gas streams, as in gas turbines, erosion is frequently the more
important effect.

Halogens and Halogen Compounds

The halogens are particularly important in hot environments because many
of the metallic halides have relatively high vapour pressures, and the cor-
rosion products are therefore vaporised instead of forming protective sur-
face layers. This is particularly true in the case of chromium and aluminium,
both important constituents of heat-resisting alloys. However, the attack is
mainly on the metals rather than on the oxides, so that an initially-formed
oxide film confers appreciable protection and the action of halogens in a
predominantly oxidising atmosphere is much less than in a reducing atmo-
sphere. Small traces of acid gases such as hydrochloric acid can, however,
considerably accelerate oxidation rates in air, particularly of copper-base
alloys.

Molten Salts

A wide variety of molten salt baths is used in industrial practice and there
exists a correspondingly wide range of possible chemical reactions with
metallic parts being heated in the baths, or with the containers holding the
baths. Baths consist largely of mixtures of nitrates, carbonates or halides of
the alkaline or alkaline-earth metals, and these generally have a ready solu-
bility for oxides of other metals. Hence, although the salt baths may be
sufficiently oxidising to react with the alloys concerned to form oxide, this
product is taken into solution in the bath and does not form a protective
scale; attack therefore progresses steadily. In some cases absorption of com-
ponents of the salt mixture into the alloy may occur, with either deleterious
or beneficial results. Thus, with baths containing borates, reduction of boric
oxide may occur by the action of reactive constituents such as aluminium,
resulting in the absorption of boron into the alloy; with nickel-base alloys
a low-melting-point eutectic may then be formed with serious effects on the
properties of the alloy. On the other hand, alkali-cyanide baths are used for
the heat-treatment of steel parts, absorption of carbon and nitrogen into the
steel giving surface hardening.

Molten-salt environments are fully treated in Section 2.10.

Refractories, Ceramics, Glasses, etc.

The possible attack on metals and alloys by materials of this type may be
considered in a manner similar to attack by molten salts. If a molten phase
exists in the material at the temperature under consideration it is possible
that solution of the oxides formed by the alloy will occur, thus preventing



the formation of a protective film. Molten glasses act in this manner, and
refractories with traces of impurities, perhaps in localised regions, can act
very similarly. Minerals such as mica and asbestos frequently give rise to
troubles due to impurities which either lower the melting point or impair
the electrical insulation at elevated temperatures. These materials, which
are silicates of magnesium and calcium, often contain small quantities of
iron oxides or sulphides and other impurities which make them unsuitable
for use at temperatures above about 500 or 60O0C, particularly if electrical
insulation characteristics are required.

A possibility which must be considered is that of reaction between a refrac-
tory and an alloy occurring in consequence of the reduction of a constituent
of the refractory by a metal in the alloy. Thus alumina has a higher free
energy of formation than silica, and therefore aluminium is capable of
reducing silica. At a high enough temperature, if oxygen is not available in
the atmosphere to combine with the aluminium, this reaction is likely to
take place. In order to avoid reactions of this type, only pure and very stable
refractories, such as alumina, magnesia, zirconia or beryllia, should be used
in contact with reactive metals at high temperatures.

Molten Metals

If the major constituents of a solid alloy in contact with a liquid alloy are
highly soluble in the latter without formation of compounds, progressive
attack by solution is to be expected. If, on the other hand, a stable inter-
metallic compound is formed, having a melting point above the temperature
of reaction, a layer of this compound will form at the interface and reduce
the rate of attack to a level controlled by diffusion processes in the solid state.
By far the most serious attack, however, occurs in the presence of stresses,
since in this case the liquid alloy, or a product of its reaction with the solid
alloy, may penetrate along the grain boundaries, with resultant embrittle-
ment and serious loss of strength.

Molten metals as a corrosive environment are discussed more fully in
Section 2.9.

Recent Developments

The different processes and their material requirements are reviewed in
References 19 and 20, while annual conferences have been held under the
auspices of the U.S. Bureau of Standards and other interested bodies since
197621. The processes involved embrace combustion, gasification and lique-
faction, each of which presents characteristically different corrosive
environments.

Combustion of coal may take place in conventional fixed beds using lump
coal and in which temperatures up to 1 30O0C may be reached; by entrained
flow in which pulverised coal is injected into the combustion zone with the
air, reaching temperatures up to 1 50O0C; or in the more recently developed
systems of fluidised-bed combustion, again using pulverised coal but with



temperatures restricted to below about 90O0C22. While most processes
operate at near to normal pressure, some fluidised-bed processes are
designed for pressures up to about 20atm. The environments involved are
basically those referred to under 'Combustion Products' but the corrosive
attack on metallic components is to a major extent due to alkali metal
sulphates formed from constituents in the coal and deposited in a molten
condition on the metals. For components immersed in the bed of a fluidised-
bed system the lower temperatures lead to less volatilisation of the alkali
sulphates, but low partial pressures of oxygen may reduce the effect of oxide
scales in minimising sulphur attack.

Coal gasification processes also use fixed-bed, fluidised-bed and entrained-
flow methods, but involve the supply of restricted amounts of air or oxygen
to burn some of the coal to provide the heat source, and steam to yield the
required gaseous product. The latter may be mixtures of hydrogen and car-
bon monoxide as a substitute for natural gas or as industrial fuel gas, or
methane for chemical feedstock. The various processes are all carried out at
elevated pressures and at temperatures ranging from 50O0C to over 1 80O0C.
While the major metallic components of the plant, such as the reaction
vessel, may be refractory lined to minimise the temperature reached and to
protect them to some extent from the environment, other critical com-
ponents such as heat-exchanger tubes may be exposed. The atmosphere is
highly reducing with low oxygen and high sulphur partial pressures and a
high carbon activity. The behaviour of constructional materials in gasifi-
cation plant has been reviewed in References 22 and 23.

Liquefaction of coal involves the extraction of carbon by solvents at high
pressures and at temperatures up to about 50O0C, followed by separation of
the extract, which is then hydrogenated in the presence of a catalyst to yield
hydrocarbon oils. The corrosion conditions are not regarded as severe.

In most processes of coal conversion the corrosive action of the gaseous
environment may be aggravated to some degree by the erosive action of the
entrained solids, the ashes or partly-burned fuel termed char.

The high temperatures and high gas velocities arising in gas-turbine engines
have led to much concern at the threat of corrosive attack on critical com-
ponents. Turbine entry temperatures may range between 70O0C and 1 30O0C
and, while for aero engines refined fuels with low sulphur contents are used,
oxidation may be a significant problem and corrosion may be aggravated by
contaminants such as sulphates and chlorides introduced either in minor
amounts in the fuel or, more seriously, in the ingested atmosphere. Aircraft
operating in marine environments such as from aircraft carriers, or heli-
copters involved in sea rescues or oil-rig servicing, are particularly vulnerable
to hot corrosion of turbine components. For the higher gas temperatures air-
cooled turbine blades are used, restricting the metal temperature to below
about 1 15O0C, the maximum permissible with the most advanced materials
on grounds of creep and fracture resistance. Even then protective coatings
are widely used both to provide increased corrosion resistance and to give
thermal insulation. Coatings of a number of different types have been
developed, embracing intermetallic compounds, usually aluminides, formed
by diffusion or overlay techniques, and oxide ceramic coatings, primarily
based on zirconia, applied by spraying25'26. Erosion of turbine components
may also pose serious difficulties to aircraft operating in sandy locations,



while imperfect combustion may lead to erosion by carbonaceous residues
from the fuel.

Industrial gas turbines generally operate at lower temperatures than air-
craft jet engines but may be more susceptible to hot corrosion because they
may use less-refined fuels, even crude or residual oils containing relatively
high proportions of sulphur or vanadium. Coatings of the type referred to
above are increasingly being used to provide protection.

A further environment in which interest has been shown in recent years
arises in the use of helium as the primary coolant in high-temperature nuclear
reactors. The gas is circulated continuously around the reactor core and a
secondary heat exchanger, and becomes contaminated, mainly with hydro-
gen and carbon monoxide from the graphite moderator. Tests in the tempe-
rature range 650-80O0C have shown that surface and intergranular oxidation
and carburisation can occur, affecting the long-time creep rupture properties
of materials27.

W. BETTERIDGE

REFERENCES

1. Gulbransen, E. A. and Andrew, K. F., Amer. Soc. Test. Mat., Sp. Techn. Publ. No. 171,
35-48 (1955)

2. Betteridge, W., The Nimonic Alloy, 1st edn, Arnold, London, 218 (1959)
3. Gleiser, M., Larsen, W. L., Spiser, R. and Spretnak, J. W., Amer. Soc. Test. Mat., Sp.

Techn. Publ. No. 171, 65-88 (1955)
4. Bruce, D. and Hancock, P., J. Inst. Mets., 97, 140 (1969)
5. Kubaschewski, O. and Hopkins, B. E., Oxidation of Metals and Alloys, 2nd edn, Butter-

worths, London (1962)
6. Hessenbruch, W., Zunderfesterlegierungen, Springer, Berlin (1940)
7. Price, L. E. and Thomas, G. J., /. Inst. Met., 63, 21 (1938)
8. Siebert, C. A. and Donnelly, H. G., Trans. Amer. Soc. Metals, 28, 372 (1940)
9. Brasunas, A. de S. and Uhlig, H. H., Bull. Amer. Soc. Test. Mat., No. 182, 71 (1952)

10. Farber, M. and Ehrenberg, D. M., J. Electrochem. Soc., 99, 427 (1952)
11. Spiers, H. M., Technical Data on Fuel, Publn. Brit. Natl. Ctee., World Power Conf., 6th

edn (1962)
12. Efficient Use of Fuel, H.M.S.O., London (1944)
13. Crossley, H. E., External Boiler Deposits, Inst. of Fuel Special Study of the Ash and

Clinker Industry, Paper No. 4 (1952)
14. Waddams, J. A. and Wright, J. C., J. Inst. Fuel, 32, 246 (1959)
15. Sykes, C. and Shirley, H. T., Iron and Steel Inst. Sp. Rep. No. 43, 153-169 (1952)
16. Evans, C. T., Amer. Soc. Test. Mat., Sp. Techn. Publ. No. 108, 59-105 (1951)
17. Harris, G. T., Child, H. C. and Kerr, J. A., J. Iron Steel Inst., 179, 241 (1955)
18. Betteridge, W., Sachs, K. and Lewis, H., J. Inst. Petrol., 41, 170 (1955)
19. Marriott, J. B., Van de Voorde, M. and Betteridge, W., Coal Conversion Processes and

their Materials Requirements, EUR 9182 (1984)
20. Meadowcraft, D. B. and Manning, M. I. (eds), Corrosion Resistant Materials for Coal

Conversion Systems, Applied Science Publishers, London, (1983)
21. Materials for Coal Conversion and Utilization, Annual Conferences 1976-1982, NBS,

Gaithersburg, Maryland
22. Howard, J. R. (ed.), Fluidized Beds: Combustion and Applications, Applied Science

Publishers, London (1983)
23. Hill, V. L. and Black, H. L, (eds), Properties and Performance of Materials in Coal

Gasification Environments, ASM, Ohio (1981)
24. Norton, J. F. (ed), High Temperature Materials Corrosion in Coal Gasification Atmo-

spheres, Applied Science Publishers, London (1984)
25. Restall, J. E., 'Surface Degradation and Protective Treatments.* In Developments in Gas

Turbine Materials - I, Meetham, G. W. (ed), Applied Science Publishers, London, ch. 10
(1981)



26. Lang, E. (ed), Coatings for High Temperature Applications, Applied Science Publishers,
London (1983)

27. Bates, H. G. A., Betteridge, W., Cook, R. H., Graham, L. W. and Lupton, D. F., The
Behaviour of Metals in High-Temperature Reactor Helium for Steam Generators,' Nuclear
Technology, 28, 424-440 (Mar. 1976)


	Table of Contents
	Volume 1. Metal/Environment Reactions
	1. Principles of Corrosion and Oxidation
	2. Environments
	3. Ferrous Metals and Alloys
	4. Non-Ferrous Metals and Alloys
	5. Rarer Metals
	6. The Noble Metals
	7. High-Temperature Corrosion
	7.1 Environments
	Introduction
	Air and Oxygen
	Steam
	Carbon and Oxides of Carbon
	Sulphur-Containing Gases
	Hydrogen
	Nitrogen
	Combustion Products
	Halogens and Halogen Compounds
	Molten Salts
	Refractories, Ceramics, Glasses, etc.
	Molten Metals
	Recent Developments
	References

	7.2 The Oxidation Resistance of Low-Alloy Steels
	Introduction
	Factors Governing Oxidation Behaviour
	The Oxidation of Iron
	General Alloying Effects on Oxidation
	Effects of Specific Alloying Elements on the Oxidation of Iron
	Stress Effects
	Commercial Low-Alloy Steels in Air or Oxygen
	Industrial Environments
	References

	7.3 High-Temperature Corrosion of Cast Iron
	Introduction
	Growth
	Scaling
	Long-Term Growth and Scaling at 350øC and 400øC
	References

	7.4 High-Alloy Steels
	Introduction
	Typical Heat-Resisting Steels
	Physical Properties
	Mechanical Properties
	High-Temperature Corrosion
	Attack by Gases
	Ash Attack
	Molten Salts
	Molten Metals
	Applications
	References

	7.5 Nickel and its Alloys
	Oxidation
	Sulphidation
	Hot-Salt Corrosion
	Carburisation and Attack by Carbon-Containing Gases
	Nitrogen
	Attack by Halogen Gases
	Corrosion by Molten Metals and Salts
	References

	7.6 Thermodynamics and Kinetics of Gas-Metal Systems
	Free Energy - Temperature Diagrams (Ellingham Diagrams)
	Dilute Metallic Solutions
	Concentrated Ternary Solutions
	Thermodynamic Phase Stability Diagrams
	Integral Free Energy-Concentration Diagrams
	References
	Appendix: 1


	8. Effect of Mechanical Factors on Corrosion
	Volume 2. Corrosion Control
	Index



