
2.10 Corrosion in Fused Salts

Interest in the use of fused salts in industrial processes is continually increas-
ing and these media are gradually becoming accepted as a normal field of
chemical engineering. The change is being accelerated by the increasing
demand for the newer refractory metals —often produced by processes
involving fused salts — and also by the novel chemical engineering techniques
which have been developed in the nuclear-energy industry. For example, a
nuclear reactor using molten fluorides as a fluid fuel has operated, and this
has involved the use of pumps, heat exchangers and similar equipment to
circulate the high-temperature melt1.

In certain applications it has not always been easy to find suitable metallic
container materials, particularly in the nuclear-energy industry, where, for
certain applications, corrosion resistance of the same order as that required
by the fine chemical industry has to be achieved in order to prevent con-
tamination of the process stream. Such difficulties have stimulated the study
of corrosion in fused salts and have led to a fairly high degree of understand-
ing of corrosion reactions in these media.

The subject is also closely related to fuel-ash corrosion which in most
cases is caused by a layer of fused salts such as sulphates and chlorides2'3.
Attention has been focused on the electrochemistry of this type of corro-
sion4'5 and the relevant thermodynamic data summarised in the form of
diagrams6"8. Fluxing and descaling reactions also resemble in some respects
reactions occurring during the corrosion of metals in fused salts. A review
of some of the more basic concepts underlying corrosion by fused salts (such
as acid-base concepts and corrosion diagrams) has appeared8.

Scope of the Present Treatment

There are two cases in which a metal can be attacked by a salt melt: if it
is soluble in the melt, or if it is oxidised to metal ions. In the first case,
attack occurs by direct dissolution without oxidation of the metal and the
mechanism is likely to be closely similar to attack by liquid metals (Section
2.9). If the solubility is appreciable, excessive corrosion can be expected,
but with few exceptions metals appear to be appreciably soluble only in their
own salts. Most of the metals of the first and second groups of the periodic



table are soluble in their own halides, and in certain cases there is complete
miscibility at high temperatures9"11.

The present survey will be confined to corrosion arising as a result of
oxidation of the metal to ions, since little information on corrosion involving
only metal-solubility effects is available.

General Principles

Electrochemically, the system metal/molten salt is somewhat similar to the
system metal/aqueous solution, although there are important differences,
arising largely from differences in temperature and in electrical conductivity.
Most fused salts are predominantly ionic, but contain a proportion of mole-
cular constituents, while pure water is predominantly molecular, contain-
ing very low activities of hydrogen and hydroxyl ions. Since the aqueous
system has been extensively studied, it may be instructive to point out some
analogues in fused-salt systems.

Setting aside for the moment effects due to passivity, a metal can be
oxidised (corroded) only if it is in contact with something it can reduce; in
an aqueous electrolyte, either hydrogen ions are displaced to form hydrogen
gas, or some other solute (often dissolved oxygen) is reduced; in a salt melt,
either one of the metal cations (corresponding to hydrogen ions in the
aqueous solution) is displaced to produce metal, or some molecular species
(such as dissolved chlorine or oxygen) or an ion (such as nitrate or ferric ion)
is reduced. In aqueous electrolytes, therefore, metals which are too noble to
displace hydrogen corrode only if dissolved oxygen or some other reducible
substance is present, and when the reducible material has been used up, cor-
rosion ceases; the metal has become 'immune', i.e. has reached electro-
chemical equilibrium with its environment. The position is similar in fused
salt corrosion, and the relative nobilities of the salt melt and the metal are
important. A noble metal in contact with a pure melt of a base-metal cation
can react only to a very limited extent provided the anion is not reducible (but
see References 4-8); for example, nickel cannot displace sodium from a
sodium chloride melt to any appreciable extent and hence nickel will not cor-
rode in molten sodium chloride unless some other reducible impurity is
present.

The displacement reaction between a metal, M9 and a salt melt, AB9 can
be written:

M + AB^ MB + A . . .(2.16)
metal salt metal displaced

melt corrosion metal
product

for which there is an equilibrium constant*

K = ̂ ^ ...(2.17)
OM #AB

The metal Mand the salt AB9 being pure substances, have an activity of one,
while the corrosion product MB and the displaced metal A will in most cases

*See Sections 1.4 and 9.1.



be in solution in the melt at an activity of less than one. Where the metal M
is noble and the cation A of the salt is base, the equilibrium constant (2.17)
has a very small value, so that the activities of displaced metal A and corro-
sion product MB remain small. Provided there are no other factors present
which might remove or combine with MB or A9 the system will reach equi-
librium after a small amount of reaction (corrosion) has occurred and the
system will then be 'immune' against further corrosion. Distillation of the
displaced metal A out of the melt is one of the factors which can prevent
equilibrium being reached, and under such conditions corrosion can con-
tinue indefinitely. Such factors have been considered in some detail for
chloride melts12

It is usual to choose a container metal for fused salts sufficiently noble for
the displacement reaction (2.16) to be negligible, and the most important
aspects of corrosion are, as in aqueous solutions, those which involve reduci-
ble impurities, although in a salt melt there is also the additional possibility
of a reducible anion (see above). All such factors can be described as con-
trolling the 'oxidising power' of the melt, which can be defined in terms of
a 'redox potential' just as in aqueous solutions13. The redox potential is
expressed by relationships of the form

E = E* + — In^ . . .(2.18)
ZF 0red

For example, the redox potential of a system containing oxide ions and
oxygen* could be expressed as:

j_
RT a2

E = EZ2/0>-+— In^- ...(2.19)

Similar equations can be formulated for other equilibria, e.g. NO37NO^~,
Na+XNa, etc.

The redox potential of a melt is a measure of its aggressiveness towards
metals, and a metal in contact with the melt will react with it until its poten-
tial becomes the same as the redox potential of the melt14. The potential of
the metal will depend on the activity of its ions in solution in the melt

KT
E = E°M + — lnaM. (2 2Q)

so that the higher the redox potential (oxidising power) of the melt, the
more will the metal have to oxidise (corrode) —giving Mz+ ions —before
equilibrium can be reached. (Oxidation of the metal will also result in reduc-
tion of the oxidising species present in the melt, which under certain condi-
tions can cause the redox potential of the melt to fall during the course of
the reaction, in which case equilibrium will occur at a potential rather lower
than the initial redox potential of the melt14.)

* Peroxide and super oxide ions have recently been identified in molten systems. These ions are
formed by the oxidation of oxide ions by oxygen or oxy-anions such as nitrate (see Reference
11).



Conditions Under Which Corrosion
Occurs in Practice

It follows from what has been said that the conditions under which metals
are exposed to fused salts will in practice be of three types:

1. Conditions under which equilibrium between metal and salt melt can be
reached and maintained.

2. Conditions under which equilibrium cannot be reached.
3. Conditions under which passivity is possible.

Item 3 has not been considered yet, so its importance in melts will be
discussed first.

In metal/melt systems, just as in aqueous systems, one possible way of
ensuring adequate corrosion resistance is to choose conditions such that
the metal is passive, which requires that it should become covered with
an adherent, compact, insoluble film or deposit, preventing direct contact
of the metal with its environment. Any melt which reacts with a metal to
give a corrosion product insoluble in the melt is in principle capable of
passivating the metal, e.g. passivity can be expected to occur in oxidising
salts in which metal oxides are sparingly soluble. Thus, iron is highly resis-
tant to alkali nitrate melts because it becomes passive, and passivity has also
been observed by electrode potential measurements of an iron electrode in
chloride melts containing nitrates14, although in this case the oxide corro-
sion product is not particularly protective. In general, fused salts are 'good'
solvents for inorganic compounds so that passivity is not likely to be a widely
encountered phenomenon.

In cases where passivity is impossible, corrosion can be prevented if the
metal can reach equilibrium with the melt (case 1). The system usually
undergoes some corrosion initially, when traces of oxidising impurities are
reduced and the redox potential of the melt falls (Fig. 2.33). Finally, after
a certain amount of corrosion has occurred, the metal becomes immune and
corrosion ceases. In Fig. 2.33 complete equilibrium between metal and melt
was still not quite reached even after several hundred hours exposure.

The equilibrium of metals with molten sodium hydroxide15 and with
fused alkali chlorides14 has been studied in detail. Williams, Grand and
Miller15 studied the reaction of molten sodium hydroxide with nickel,

Time (h)

Fig. 2.33 Potential difference Vbetween a redox electrode and a nickel electrode immersed in
an alkali chloride melt; 70O0C, argon atmosphere14
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Fig. 2.34 Rate of pressure development over NaOH/Ni system15

The reaction can be inhibited by applying a hydrogen pressure at the
beginning of the reaction, or alternatively can be driven to the right by
sweeping away the hydrogen formed, e.g. by purging with a gas stream.
Secondary reactions such as

Na2O + metal ̂  metal oxide + 2Na

can also be driven to completion by continually removing one of the reac-
tion products, in this case by distillation of sodium metal. The course of
equilibration of nickel with fused alkali chlorides was followed electro-

* Mathews and Kruh15(a), in similar experiments, were unable to obtain steady-state pressures,
but this was probably due to the larger size of vessel used, to temperature gradients, and to
difficulties due to 'creeping' of the fused sodium hydroxide up the vessel walls.
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chemically by Littlewood and Argent14, who showed the importance of
geometric factors. The time taken for the metal to come to equilibrium with
the melt depends on the amount of oxidising impurities present and on the
ratio 'surface area of metal/volume of melt', being longer for a small surface
area of metal in contact with a large volume of melt. Littlewood and Argent
suggested that the kinetics were determined largely by diffusion processes in
the melt. Equilibration was hindered when the chloride melts were in contact
with glass containers which are not inert at high temperature.

Under certain conditions, it will be impossible for the metal and the melt
to come to equilibrium and continuous corrosion will occur (case 2); this
is often the case when metals are in contact with molten salts in practice.
There are two main possibilities: first, the redox potential of the melt may
be prevented from falling, either because it is in contact with an external
oxidising environment (such as an air atmosphere) or because the conditions
cause the products of its reduction to be continually removed (e.g. distilla-
tion of metallic sodium and condensation on to a colder part of the system);
second, the electrode potential of the metal may be prevented from rising
(for instance, if the corrosion product of the metal is volatile). In addition,
equilibrium may not be possible when there is a temperature gradient in the
system or when alloys are involved, but these cases will be considered in
detail later. Rates of corrosion under conditions where equilibrium cannot
be reached are controlled by diffusion and interphase mass transfer of oxidis-
ing species and/or corrosion products; geometry of the system will be a
determining factor.

Special Features of Fused-salt Corrosion

'Electrochemical' corrosion of metals Since the aggressiveness of salt melts
is governed by redox equilibria, and is often controlled by composition
of the external atmosphere16, effects analogous to 'electrochemical' or
'oxygen-concentration' corrosion in aqueous systems can occur in salt melts.
Tomashov and Tugarinov17 determined cathodic polarisation curves in
fused chlorides and concluded that the cathodic reactions of impurities could
be represented as:

02 + 4e->202-
CO2 ̂  CO + O; O + 2e -> O2~
H 2 O^H + +OH-; H+ +e ->}H2
S02

4~ + 8e-> S2- +402~
2NaNO3 + 6e -> Na2O + 2NO + 3O2~
2NaNO2 + 2e -» Na2O + 2NO + O2~

The anodic reaction was:

M—e -»M+

Since metals are electronic conductors, the anodic and cathodic reactions
will not necessarily occur at the same site, and 'anodic' and 'cathodic' areas
can develop as in aqueous solutions. For example, 'wash-line' attack is often
a feature of corrosion by fused salts in contact with air.

Thermal mass transfer (see also Section 2.9) When a temperature gradient



exists in a system containing metal in contact with molten salt, thermal
potentials are set up, causing removal of metal at high-temperature points
and deposition of metal at cooler places18'19. This mass transfer is essen-
tially different in nature from that met in liquid-metal corrosion, which is
simply a temperature-solubility effect. In fused salts, both the corrosion and
deposition reactions are electrolytic, and it has been shown that an electrical
path is necessary between the hot and cold regions of the metal. Edeleanu
and Gibson suggest that this type of mass transfer be called 'Faradaic mass
transfer' to indicate that it requires an electrolytic current193.

Mass-transfer deposits can lead to blockages in non-isothermal circulating
systems, as in the case of liquid-metal corrosion. In fused salts, the effect can
be reduced by keeping contamination of the melt by metal ions to a mini-
mum; e.g. by eliminating oxidising impurities or by maintaining reducing
conditions over the melt19.

Selective attack Corrosion of alloys at high temperatures is complicated
by effects due to diffusion, particularly where the alloy components have
different affinities for the environment, and corrosion of an alloy in a fused
salt at high temperature often exhibits features similar to those of internal
oxidation. Selective removal of the less noble component occurs, and as it
diffuses outwards, vacancies move inwards and segregate to form visible
voids (Kirkendall effect). Since diffusion rates are faster at grain boundaries
than in the grains, voids tend to form at the grain boundaries and specimens
often have the appearance of having undergone ordinary intercrystalline
corrosion. More careful examination has shown, however, that in the case
of Fe-ISCr-SNi corroding in a fused 50-50 NaCl/KCl melt at SOO0C in
the presence of air, the attack is not continuous at the boundaries, and the
voids formed are not in communication with each other20. In high-nickel
alloys, a greater proportion of voids are formed within the grains and the
appearance of intercrystalline attack is less marked20"24. When Inconel is
exposed to fused sodium hydroxide, a two-phase corrosion-product layer is
formed, resulting from growth of the reaction product — a mixture of oxides
and oxysalts — into the network of channels22.

Selective removal of the less noble constituent has been demonstrated by
chemical analysis in the case of nickel-rich alloys in fused caustic soda21"23

or fused fluorides24, and by etching effects and X-ray microanalysis for
Fe-ISCr-SNi steels in fused alkali chlorides20. This type of excessive
damage can occur with quite small total amounts of corrosion, and in this
sense its effect on the mechanical properties of the alloy is comparable with
the notorious effect of intercrystalline disintegration in the stainless steels.

Practical Determinations of 'Corrosion Rates'

From what has been said already, it is clear that determinations of 'corro-
sion rates' from small-scale experiments must be treated with great caution.
If the metal cannot passivate, it will corrode until it becomes immune, at
which point the corrosion rate will fall to zero; between initial exposure and
the attainment of immunity the corrosion rate will be continually changing.
If, on the other hand, it is impossible for the metal to come to equilibrium



with the melt, then the rate of corrosion, although probably constant, will
be primarily controlled by diffusion and interphase mass-transfer rates, and
the geometry of the system will be an overriding factor. For this reason, it
is not always possible to correlate the results of different workers under
apparently similar conditions, nor can such results be expected to correspond
particularly closely to the amount of corrosion encountered in larger-scale
apparatus.

It is not worth while, therefore, to give a digest of experimentally deter-
mined 'corrosion rates', but Table 2.21 indicates some sources of such data
and their nature. (Some references to data on compatibility of fused salts
with non-metallic materials have been included for the sake of complete-
ness.) It should be remembered, that in the case of alloys, failure usually
arises from selective attack which causes porosity of the container, even
though the wall may appear on casual inspection to be quite sound26'27.

Table 2.21 Corrosion data in fused salts (see also Reference 37)

Melt

NaOH

NaOH
NaOH
NaOH

NaOH, LiOH, KOH

Fused alkalis
LiNO3, NaNO3, KNO3
BaCl2 /KCl/NaCl

NaCl, KCl, CaCl2

KCl, NaCl, LiCl
NaClXKCl and LiCl/KCl

mixtures
BaCl2XKCl, CaCl2XNaCl

and MgCl2XKCl
eutectic mixtures

Carnallite
(MgCl2 -KCl -6H2 O)

KCl, NaCl and
K2 TaF7 mixture

Fluoride mixtures
Various

Various

Metal

Ni, Cu, Monel, Au,
Ag, Cr, Fe, Ti, Be,
Ta, Mn

Inconel
High-Ni alloys
Ni

Ni, Cu, Fe,
stainless steel

Various
Ni, Cu, Duralumin
Fe-Ni-Cr alloys and

mild steel

Fe
Ni, Cu and 3 steels
Fe

Fe

Fe

Inconel

High-Ni alloys
Various

Various

Remarks

System allowed to
reach equilibrium

Including thermal
mass transfer

With reference to
salt-bath heat
treatment pots

Especially effect of
dehydration

Includes glasses
and ceramics

Includes glasses

Reference

15

22
21
19

32

25
30

26, 27

17
28
29

31

33

23

24
34

35

One interesting feature of comparative experiments with a series of salts
having a common anion is that the aggressiveness of the salts towards metals
is dependent on the nature of the cation. The aggressiveness of chloride melts
in contact with air is in the order17'28:

LiCl - MgCl2 ~ CaCl2 :» NaCl > KCl



In the case of CaCl2 and NaCl, the order corresponds with the corrosion
behaviour expected from cathodic polarisation curves17. The order of
aggressiveness of chlorides can also be explained on the basis of redox poten-
tials of the melts, calculated on thermodynamic grounds from the free
energies of formation of the appropriate oxides and chlorides36. The order
of aggressiveness of nitrates is complicated by passivity effects30, while that
of alkalis in contact with air is 32:

KOH > NaOH > LiOH

This is the reverse order to the aggressiveness of chlorides and indicates that
the mechanism of corrosion in the two systems is different, i.e. in the latter
case it involves the discharge of hydrogen as in acid aqueous solutions.

Measures to Reduce Corrosion

The obvious method of reducing corrosion in fused salts is to choose a
system in which either the metal can come to equilibrium with the melt, or
else truly protective passivity can be attained. In most cases in industry
neither of these alternatives is used. In fact, fused salt baths are usually
operated in air atmosphere, and the problem is the prevention of excessive
corrosion. This can be done in two ways, (a) by reducing rates of ingress of
oxidising species (mainly O2 and H2O) from the atmosphere, and rates of
their diffusion in the melts, and (b) by keeping the oxidising power (redox
potential) of the melt low by making periodic additions to the bath.

Access of air to the melt can be reduced by fitting a cover over it, or by
floating a layer of powdered graphite on the melt surface. Diffusion rates in
the melt can be reduced only by lowering the temperature, and this invariably
reduces the amount of corrosion (except in certain cases in nitrate melts
where passivity effects occur30).

Additions made to salt baths to lower the oxidising power of the melt are
known as 'regenerators'. In 'neutral' chloride salt baths (i.e. those causing
neither carburisation nor decarburisation of steel), regenerators fall into two
classes, v/z. alkalis and reactive metals. Alkali additions raise the O2~ ion
activity in the melt, and since the oxygen partial pressure over the melt is con-
stant, this results in a fall in redox potential (equation 2.19). Reactive metals
combine with oxidising impurities in the melt, and in general the more base
the metal the greater its effectiveness. The baser metals, such as sodium or
potassium, are the most reactive, but would be inconvenient in practice.
Magnesium is sometimes used, but slightly more noble metals with volatile
chlorides, such as silicon, are commoner. Evaporation of the SiCl4 as it is
formed drives the reaction to completion. Besides reducing the aggressive-
ness of salt baths, certain regenerators also affect the carburising tendency
of salt baths, but the subject is outside the scope of this discussion.

Recent Developments

Helpful surveys and reviews can now be found in the literature and
readers are invited to consult them. Janz and Tomkins gave a critical data



collection37 from pre-79 publications (458 ref.). Rahmel38 and later,
Numata et a/.39 have dealt with the general principles of corrosion and have
given some examples concerning alkali halides and oxysalts which are the
most interesting ones with regard to their occurring in several applications.
More recently, Rapp40 and Rameau etal*1 have discussed metal corrosion
by gases in the presence of condensates ('Hot Corrosion'). So, only some
additional informations relating to publications of the past decade will be
given here.

Corrosion of Metals and Alloys

Molten halides are largely used for electro winning of metals, alloys, and
gases, and in high-temperature batteries. Feng etal.42 have shown that
Fe, Co, Ni, Cu and Mo are considerably less corroded in molten LiCl-KCl
eutectic when this melt contains lithium oxide which is due to oxide film
formation. Recently, corrosion of Cu and Mg was investigated in HF-KF
mixtures43'44 because of their use as conducting busbars in fluorine electro-
winning. Copper busbars are preferred in low acidic mixtures while mag-
nesium is a more corrosion resistant material in high acidic and low
temperature mixtures. Sulphate melts have been investigated in relation with
their role in the 'Hot Corrosion', in the presence of aluminium ions45 or fer-
ric ions46 which make the melts more aggressive, e.g. a deleterious effect on
iron corrosion due to an increased Fe3+ content of the salt was observed
for low concentrations of this ion (<12mol%)46. The thermochemical
stability of the molten Nitrate-Nitrite mixtures and corrosion of iron and
stainless steels by these melts were extensively studied (as a function of
temperature and oxoacidity) in relation with their use as a coolant and
storage fluid in solar thermal electric power plants47~49. In particular, passi-
vation of iron is observed only in a narrow acidity domain where NaFeO2
can be formed. It was also demonstrated that a nitriding process appears
only as a consequence of the oxidation process48. Hsu etal. have inves-
tigated the corrosion resistance of chromium50 and iron51 in presence of
Carbonate melts (Li2CO3-K2CO3) at 65O0C, in connection with their use
as current collector materials in molten carbonate fuel cells. Thermochemi-
cal calculations were carried out to establish phase-stability diagrams for
the (Fe and Cr)-Li-K-C-O systems, and good agreement was observed
between the predicted, (deduced from calculated phase stability diagrams)
and the experimentally observed corrosion products.

Corrosion of Non-oxide Ceramics

In view of their importance, corrosion of non-oxide ceramics were studied
in chloride, sulphate and carbonate melts. Tressler etal. have52 studied the
corrosion resistance at 100O0C of commercially available SiC and Si3N4
ceramics against pure Na2SO4 and NaCl and their eutectic mixture. The
corrosiveness of these salts decreases in the following sequence: Na2SO4 >
Na2SO4 + NaCl ^> NaCl, showing the dependence of the corrosion effects
on the free-oxide ion activity. Si3N4 is much less reactive than SiC. It was

Mal



also reported that in addition to corrosive etching, contaminant ion (Na, Cl
and S) penetration was noticeable and hence mechanical properties might
be altered. The severe attack on SiC by Na2SO4 (and also by Na2CO3) was
later confirmed by Jacobson and Smialek53.

Stress Corrosion Cracking

Very few studies concern the stress corrosion cracking phenomena in molten
salts. We can point out the works of Blackburn etal.54 concerning the
behaviour of the Ti-SAl-IMo-IV alloy in molten LiCl-KCl at 35O0C, and
that of Conseil55 who has studied the corrosion fatigue of 304L, 316L and
321 stainless steels in molten nitrates. Recently, Atmani and Rameau56'57

have described a tensile apparatus suitable for corrosion tests in molten salts.
The behaviour of 304L stainless steel was studied in molten NaCl-CaCl2 at
57O0C using either a constant strain rate or a constant load technique.
Intergranular corrosion fracture was shown and the role of M23C6 precipi-
tation in the crack propagation was evidenced.

Concluding Remarks

"Material/Molten Salt/Gas' System Chemistry

As demonstrated by the recent works on corrosion, it is worthwhile to have
at our disposal (or to acquire) a perfect knowledge of the whole environ-
mental conditions i.e. of the considered molten salt chemistry and its
dependence on the nature of the cover gas. This allows us to predict, from
a thermodynamic point of view, the operating conditions leading to reduced
corrosion effects, the consistency of which is being further experimentally
tested.

How to Lower the Corrosion Effects?

Besides the measures described in the main part of this paper, significant
improvement of the corrosion resistance of a material can be obtained by
use of inhibitors. In this case, good results seem to be achieved with rare
earths58:60 employed in low amounts as alloying metals or as protective
dense oxide coatings. The use of coatings often means the research into the
best compromise between mechanical properties and corrosion resistance of
the material.

D. INMAN
G. PICARD
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2.11 Corrosion Prevention in

Lubricant Systems

Lubricants are not generally regarded as being corrosive, and in order to
appreciate how corrosion can occur in lubricant systems it is necessary to
understand something of the nature of lubricants. Once, lubricants were
almost exclusively animal or vegetable oils or fats, but modern requirements
in the way of volume and special properties have made petroleum the main
source of supply. In volume, lubricants now represent about 2% of all
petroleum products; in value, considerably more.

There are many hundreds of different varieties of lubricants, many of
them tailored to meet particular requirements. Lubricating greases are solid
or semi-solid lubricants made by thickening lubricating oils with soaps,
clays, silica gel or other thickening agents. Synthetic lubricants, which will
operate over a very wide range of temperature, have been developed mainly
for aviation gas-turbine engines. These are generally carboxylic esters and
are very expensive products.

The main function of most lubricants is to reduce friction and wear
between moving surfaces and to abstract heat. They also have to remove
debris from the contact area, e.g. combustion products in an engine cylinder,
swarf in metal-cutting operations. Sometimes they have to protect the lub-
ricated or adjacent parts against corrosion, but this is not a prime function
of most lubricants. On the other hand, many lubricants do contain corrosion
inhibitors and some lubricating oils, greases, mineral fluids and compounds
are specially formulated to prevent the corrosion of machinery or machine
parts, particularly when these components are in storage or transit. These
temporary protectives are described in Section 17.3.

The Manufacture of Lubricating Oils

Mineral lubricants may be distillates or residues derived from the vacuum
distillation of a primary distillate with a boiling point range above that of
gas oil1'2'3. They are mixtures of hydrocarbons containing more than about
20 carbon atoms per molecule, and range from thin, easily flowing 'spindle'
oils to thick 'cylinder' oils. For hydrocarbons having the same number of car-
bon atoms per molecule, the higher the proportion of carbon to hydrogen,
the more viscous the oil and the lower the viscosity index.



Distillate lubricating oils can be conveniently divided into three groups
— low viscosity index oils (LVI oils), medium viscosity index oils (MVI oils)
and high viscosity index oils (HVI oils). LVI oils are made from naphthenic
distillates, with low wax contents so that costly dewaxing is not required.
MVI oils are produced from both naphthenic and paraffinic distillates;
the paraffinic distillates have to be dewaxed. HVI oils are prepared by the
solvent extraction and dewaxing of paraffinic distillates. Solvent extraction
is a physical process which removes the undesirable constituents, thereby
improving viscosity index and the oxidation and colour stability. White oils
are obtained by the more drastic refining of low viscosity lubricating oil
distillates to remove unsaturated compounds and constituents that impart
colour, odour and taste. They are usually solvent extracted and then
repeatedly treated with strong sulphuric acid or oleum and alkali, and finally
'clay'-treated to remove surface-active compounds. Acid and clay treating is
expensive and is being superseded by hydrofinishing, a catalytic hydrogena-
tion treatment.

The residues from the vacuum distillation can also be refined to provide
very viscous lubricants. The residues from paraffinic base oils are generally
solvent extracted and dewaxed. The main use of these products (bright
stocks) is as blending components for heavy lubricants. Thus residues from
naphthenic base oils, which are also used as blending components for heavy
lubricants, are normally not extracted.

The performance characteristics of a lubricating oil depend on its origin
and on the refining processes employed, and in order to ensure consistent
properties these are varied as little as possible. Some aero-engine builders
insist on a complete re-evaluation of a lubricant, costing many thousands of
pounds, whenever there is a change of source (crude) or refining process.

Corrosion and Corrosion Prevention
in Lubricant Systems

Deterioration of lubricants in use Lubricating oils deteriorate in service
in two ways, viz. they become contaminated and they undergo physical
and chemical changes due to oxidation4. In engines the common contami-
nants are airborne dust and wear products, unburnt fuel, fuel combustion
products and water. The oxidation products are mainly acidic materials and
asphaltenes. Asphaltenes in association with fuel contaminants and water
form sludges and lacquers. The acidic materials resulting from oxidation are
generally weak organic acids although in extreme cases strong mineral acids
may be produced. However, contamination by fuel combustion products is
the source of almost all strong-acid contamination in lubricants5. Thus,
distillate diesel fuels can contain up to 1 % sulphur (by weight) and residual
diesel fuels up to 3% sulphur. This sulphur is oxidised to sulphur acids, and
sulphuric acid condensate may be encountered on the cooler surfaces6. In
gasolines the sulphur content is very low but halogen compounds are added
to the gasolines as scavengers for the lead-based anti-knock compounds.
These halogen compounds can give rise to halogen acids7.

Lubricants with a high aromatic content (LVI and some MVI oils) tend
to oxidise to give sludge-forming compounds, although some naphthenic



oils give organic acids. Paraffinic oils (HVI and some MVI oils) oxidise more
slowly to give weak acids. In a plentiful supply of oxygen, oxidation pro-
ceeds at a significant rate at temperatures above about 60-13O0C depending
on the composition of the lubricant8. This oxidation is an extremely com-
plicated process which involves the formation of organic peroxides as
intermediates9. It is catalysed by the presence of metals, particularly cop-
per, iron and lead10.

The role of additives The progressive development of engines and general
machinery resulting in more arduous operating conditions, and particularly
the use of longer oil-change periods, means that neither straight mineral oils
nor compounded oils (mineral oils to which a proportion of an animal or
vegetable oil has been added) are adequate for modern service requirements.

Despite the introduction of new, improved methods of refining it has
been necessary to enhance the performance of lubricants by the use of
additives, either to reinforce existing qualities or to confer additional proper-
ties. Once additives were regarded with some suspicion —an oil that needed
an additive was necessarily an inferior oil; today they are an accepted fea-
ture of lubricants. Almost all quality lubricants on sale today contain one
or more additives. An enormous range of additives are available for use in
lubricants1'11"13, some produced by the oil companies and others provided
by specialist manufacturers. Additives are usually named after their partic-
ular function, but many additives are multifunctional. Thus, an anti-wear
additive may also protect a surface against corrosion. The main types of
additives that can enhance the anti-corrosion behaviour of lubricants are
listed in Table 2.22.

Extreme pressure additives Many additives, essential to the performance
of the lubricant, provide no corrosion protection and some additives may
become corrosive in certain circumstances. Thus EP (Extreme Pressure)
additives contain chemical groups which are designed to react chemically
with metal surfaces when normal lubrication fails, forming easily sheared
layers of metal oxides, sulphides, chlorides or phosphates, thereby prevent-
ing catastrophic wear and seizure. Reaction between EP compounds and
metal surfaces should only occur at local hot spots and the layers formed
are extremely thin. However, if the operating conditions are very severe
these layers are continually generated and removed as they fulfil their
and wear function. A process of this nature is sometimes called 'chemical'
wear, and if sliding surfaces operate continually under these conditions loss
of metal from the rubbing surfaces can ultimately result in failure. Alter-
natively, all the EP additive may be used up (depleted) and then failure by
seizure will occur. EP agents are intended to cater for the occasional over-
load condition and it must be emphasised that machinery should be designed
so that it does not require the continual action of EP agents to function
satisfactorily.

Obviously the selection of an EP additive requires great care; if it is too
active it may give rise to excessive metal removal under normal operating
conditions (see the section on corrosion by sulphur additives). Also, if a com-
ponent is prone to fatigue pitting in service the presence of an overactive EP
agent may result in corrosion fatigue14.



Additive interaction Modern high-performance lubricants contain a
number of additives, each with a particular, special function. Thus a turbine
lubricant may contain an oxidation inhibitor, a rust inhibitor, an extreme
pressure (EP) agent and an anti-foam compound. A high-grade diesel-engine
lubricant may contain a VI improver, a dispersant, an anti-oxidant, a cor-
rosion inhibitor, a basic compound, a pour-point depressant and an anti-
foam compound. Sometimes these additives may have undesirable side
effects or interact adversely1; in a turbine oil the rust inhibitor may act as
an emulsifier interfering with demulsification; in a diesel lubricant the
dispersant may promote oil oxidation. Frequently anti-corrosion additives
may not be able to exert their maximum effect because they are competing
for sites on metal surfaces. The development of a successful new lubricating
oil requires much skill and experience and always necessitates considerable
laboratory and field testing in order to strike the right balance between the
various additives.

Additive

Oxidation inhibitor
(anti-oxidant)

Metal deactivator

Corrosion inhibitor

Rust inhibitor

Water repellant

Basic compound

Dispersants

Function

To increase oxidation reistance
of lubricants by interfering
with the chain reactions which
give rise to acid and
asphaltene formation

To form inactive protective films
on metal surfaces which
otherwise might catalyse
oxidation and corrosion
reactions

To protect metal surfaces,
particularly bearing surfaces
(copper, silver, lead) against
corrosion

To eliminate rusting in presence
of moisture

To impart water-resistant
properties, particularly in
greases

To neutralise strong mineral
acids (from fuels)

To keep insoluble combustion
and oxidation products in
suspension and dispersed

Typical chemical types

Oil-soluble amine and phenol
derivatives for temperatures up
to about 12O0C. For higher
temperatures
dialkyldithiophosphates and
other compounds listed below as
metal deactivators; also
P2S5-olefin and -terpene reaction
products

Trialkyl and triaryl phosphites,
organic dihydroxyphosphines,
some active sulphur compounds,
diamines; in lubricating greases,
mercaptobenzothiazole and
phosphites

Zinc dialkyldithiophosphates,
sulphurised olefins, sulphurised
terpenes

Polar compounds, such as metallic
soaps, esters and derivatives of
dibasic acids; barium and
calcium sulphonates

Aliphatic amines, hydroxy fatty
acids and some organic silicone
polymers

Barium or basic calcium salts of
sulphonic acids and alkylsalicylic
acid. 'Superbasic' and
'hyperbasic' additives are basic
salts with a large excess of base

Salts of phenolic derivatives;
polymers containing barium,
sulphur and phosphorus; calcium
or barium soaps of petroleum
sulphonic acids

Table 2.22 Additives that can enhance the anti-corrosion behaviour of lubricants



Additives in greases Oil additives may be incorporated in the oil phase in
a grease. However, with greases there is also the opportunity to employ oil-
insoluble anti-corrosion agents, since these can be incorporated in the grease
along with other thickening agents, e.g. sodium nitrite is incorporated in
greases in this way.

Additive depletion Additives are consumed or 'depleted' as they fulfil their
respective functions. It is for this reason, more than any other, that it is
necessary to change engine oils regularly.

Corrosion by sulphur additives Sulphur compounds occur naturally in
most lubricants and many oil additives contain sulphur. In a properly formu-
lated lubricant these sulphur compounds should be inactive at ambient
temperature. At elevated temperatures they may decompose to give more
active materials which can stain and corrode metals, particularly silver and
copper. However, these same sulphur compounds have many beneficial
qualities1'4'10; this is why they are not removed completely in refining and
why they are used as additives.

Thus, sulphur compounds in lubricants generally act as anti-oxidants,
preventing acid and sludge formation. They also form very thin films on
metal surfaces protecting them from acid or peroxide attack. In addition,
sulphur compounds are often used as EP agents. The oil chemist must try
to strike a balance—the activity of the sulphur must be high enough for it
to exert a beneficial effect and yet not so high as to stimulate corrosion.

All too frequently lubricants containing sulphur are exposed to more
severe operating conditions than intended, and staining and corrosion
results. This has given sulphur compounds and sulphur-containing addi-
tives, particularly those of the dithiosphosohate type, a bad name. Silver
bearings are still used in certain diesel and aero-engines and if the lubricants
for these engines contain sulphur compounds with too much chemical acti-
vity, severe corrosion ensues5. A more widespread problem is the corrosion
of phosphor-bronze alloys5'15 (containing about 10% tin) particularly in
little-end bushes in diesel engines where temperature can exceed 20O0C.
Some engine builders and operators hold sulphur additives entirely respon-
sible, but this opinion cannot be substantiated, for corrosion can occur with
lubricants containing only natural sulphur compounds5. Two important
metallurgical factors, affecting the corrosion resistance of phosphor-bronze
alloys are the amount of alloying element in solution in the copper-rich phase
and the porosity of the alloy. For example, if the amount of tin in solution
can be increased by special casting techniques or heat treatments the
corrosion resistance is greatly increased. Similarly, zinc or silicon in solution
also increases the resistance of copper to sulphur corrosion. If the alloy is
porous the lubricant is drawn into the pores where it stagnates, and, at high
temperatures, becomes very corrosive, e.g. copper catalyses oil oxidation
with the consequent formation of corrosive sulphur compounds.

The most satisfactory solution to this problem is to employ a corrosion-
resistant alloy, and alloys of the gun-metal type, containing 2-4% zinc, have
proved completely satisfactory. The substitution of zinc for phosphorus
gives sounder castings and improves the corrosion resistance of the copper-
rich matrix.



Corrosion in Specific Lubricant Systems

Lubricants are specially formulated to meet all manner of requirements and
the major corrosion problems associated with important classes of lubricants
will now be outlined.

Engine lubricants Engine lubricants are exposed to severe operating
conditions, being subjected to high temperatures, the products of combus-
tion and a plentiful supply of oxygen. Consequently, unless the oil is changed
at appropriate intervals strong mineral acids and weak organic acids may
accumulate. In addition, droplets of water may be formed and these can
contain strong mineral acids derived from the fuel combustion gases. These
droplets sometimes give rise to emulsions which deposit in the colder
portions of an engine, e.g. on the rocker-box covers; ferrous surfaces are
most affected by this condensed moisture. A special dynamic corrosion test
has been developed to study corrosion in these two-phase (water-in-oil)
systems16. Problems associated with the retention of water in engine lubri-
cants are likely to become more acute as anti-pollution devices are fitted to
engines. The harmful effects are best countered by anti-rust and basic
additives, and in diesel engines burning high-sulphur fuels, e.g. marine diesel
engines, very high levels of basicity are required.

Cast or sintered copper-lead or lead-bronze alloys are widely used for
engine bearings. The lead phase in such bearings is readily attacked by weak
organic acids and almost all the lead can be leached out unless preventive
measures are employed17. The lead may be protected by a precision electro-
deposited overlay of a lead-tin or lead-indium alloy18. About 3% tin or 5%
indium in lead will render the lead resistant to attack by oil-oxidation
acids5'19. One reason why leaded bearings are protected by an overlay, and
not by incorporating the protective alloying elements in the underlying lead,
is that both tin and indium dissolve preferentially in copper. In a cast or
sintered bearing, therefore, any tin or indium will be found in solution in the
copper-rich phase, leaving the lead-rich phase susceptible to attack.

In overlay bearings operating above about 14O0C, the tin or indium in the
overlay diffuses towards, and alloys with, the underlying copper, depleting
the overlay and reducing its resistance to corrosion5. This depletion by
diffusion can be combatted by the use of a diffusion barrier or 'dam', e.g. a
nickel-rich layer between the bearing alloy and, the overlay20.

In gasoline engines lead halides accumulate in the lubricant; occasionally
these give rise to the corrosion of aluminium-alloy pistons7 and very rarely
to corrosion on aluminium-tin bearings5.

Steam-turbine lubricants Lubricants in steam turbines are not exposed to
such arduous conditions as those in engines. The main requirement is for
high oxidation stability. However, they may be exposed to aqueous con-
densate or, in the case of marine installations, to sea water contamination,
so they have to be able to separate from water easily and to form a rust-
preventing film on ferrous surfaces, and it is usual to employ rust inhibitors.
The problem of tin oxide formation on white-metal bearings is associated
with the presence of electrically conducting water in lubricants and can be
over-come by keeping the lubricant dry21'22.



Gear lubricants In addition to the usual oxidation and corrosion inhibi-
tors, lubricants for heavily loaded gears almost always contain EP additives
containing sulphur, chlorine or phosphorus. In order to function, these
additives must react locally with the metal surfaces, and yet the extent of the
reaction should not be such that it could be described as corrosive, or
promote fatigue pitting1. These EP additives may be quite safe with ferrous
metal surfaces, but may cause severe corrosion on copper alloys, e.g. on
bronze worm wheels12 if for any reason excessive temperatures arise.

Some turbine lubricants have to lubricate the turbine gears as well as the
turbine; in these circumstances any EP additives employed should not be
corrosive in the presence of moisture12.

Metal-working lubricants Metal-working lubricants can be divided into
two categories, viz. cutting lubricants and forming lubricants. Three types
of cutting fluids are widely used: soluble oils, water-base fluids and straight
cutting oils. Soluble oils are low-viscosity mineral oils which when added to
water form stable oil-in-water emulsions. Their main function is to cool
rather than to lubricate, but they should contain rust inhibitors to prevent
corrosion of both the workpiece and the machine. Water-base fluids contain
no oil and employ the normal corrosion inhibitors used in coolants, e.g.
sodium nitrite, sodium benzoate and triethanolamine phosphate. Straight
cutting oils are used in severe operations where good lubrication is essential,
and generally contain EP agents. These EP agents must be carefully selected
so that they do not stain the workpiece or the machine tool12. For example,
very active sulphur compounds should not be employed with copper
alloys23. Chlorinated additives should be stable in moist air to avoid the
risk of hydrochloric acid formation.

Forming lubricants include lubricants for rolling, drawing, extruding and
forging. A vast range of compounds including fatty oils and compounded
oils are used in these operations, and a major requirement is that they should
not stain the workpiece during the forming operation or during subsequent
annealing or in storage. Consequently, all oils and additives employed
should be completely volatile, in addition to affording protection against
rusting.

Lubricants for other applications Specially formulated lubricants are
required for steam engines, compressors and exhausters, refrigerators,
hydraulic equipment, textile machinery, transformers and switchgear,
nuclear power plants and many other diverse applications. Most of these
lubricants will contain a carefully balanced set of additives, including some
to prevent corrosion either directly by protecting the metal surface, or
indirectly by preventing deterioration of the lubricant and combatting the
action of contaminants. When corrosion is encountered with a specialised
lubricant, the cause is not likely to be any weakness on the part of the
lubricant; it is probable that the lubricant is being exposed to operating
conditions far more extreme than those for which it was designed.



Recent Developments in Lubricant Base Stocks and
Additives

There have been no fundamental changes in the nature of lubricating oil
base stocks or in the types of additives used to improve their performance.
This enable existing sections to be updated by general references24"39 so pro-
viding the opportunity to introduce topics that have assumed greater impor-
tance in recent years. Improvements in the performance of additive packages
stem primarily from modifications to the molecular structure of existing
additive types and from a better understanding of the interaction of additives
with each other and with polar species in base stocks 24>28b'28e'33'34'37'38'39.
Thus, effectiveness of basic (alkaline) additives has been greatly improved by
increasing their solubility in base stocks, by exploiting synergistic action
between two similar additive types and by the use of a third additive to
enhance (catalyse) the performance of the other two. Similar principles have
been used to augment the performance of oxidation inhibitors.

Deterioration of Lubricants in Services

Much greater attention is now given to oil condition monitoring286. Lubri-
cants are expensive and users have no wish to change them until necessary.
On the other hand, great damage can be caused by continuing to use a
lubricant that no longer meets specification. Methods for the testing and
analysis of lubricants are the subject of many Company, National and
International Standards41"45. Typical tests for used diesel engine oils include
viscosity, fuel dilution, flash point, water content, ash level, insolubles and
neutralisation value. Neutralisation value is a measure of the acidity TAN
(Total Acid Number), or alkalinity, TBN (Total Base Number) of the oil.
Laboratory examination of used oil samples and reporting results takes time.
Results can be obtained more quickly by using do-it-yourself kits46'47.
Regardless of who carries out the analyses the lubricant supplier should be
prepared to give guidance on analytical methods, interpretation of results
and if an oil change is required.

Oil condition monitoring is often extended to include techniques that
give advance warning of the deterioration or impending break-down of
machinery, whether or not this is associated with loss of lubricant per-
formance. The first, and still most widely used method is SOA48 (spectro-
metric oil analysis) which can measure the concentrations of up to 21 metallic
elements. Generally, sudden changes in amounts of elements present are
considered more significant than absolute levels. Other monitoring tech-
niques283'49'50'51'52 include Ferrography, particle counting and magnetic
plugs, all of which can monitor the number, size and morphology of extra-
neous material. On-stream versions of all techniques except SOA are now
available.



Health and Safety

The solvent action of mineral oil base stocks can cause skin problems and
prolonged exposure may have been the origin of a few skin cancers28d'53.
The use of additives that might be in any way harmful to health, e.g. ortho-
tricresyl phosphate (anti-wear) and sodium mercaptobenzothiazole (anti-
corrosion) has been discontinued where skin contact is likely.

The presence of fungi and bacteria in water-base or water-contaminated
lubricants such as machining fluids and marine diesel crank case lubricants
may promote corrosion, but have not been shown to be harmful to
man54-58.

Corrosive Wear in Piston Engines

Modern, highly-efficient engines, requiring minimum maintenance, able to
accept a wide range of fuels and meeting strict exhaust emission composition
rules present special lubrication problems. In particular it is essential that the
lubricant can prevent corrosion from fuel combustion products retained in
the engine. Corrosive wear can be prevented by alkaline additives which
neutralise the acids responsible, by additives that absorb them and prevent
them reaching metal surfaces and by anti-rust additives that are adsorbed on
metal surfaces and prevent the access of water and oxygen34'35'59'60'61. Often
all three additive types will be used in association although their relative
concentrations will depend on the nature of the corrosive agents. In spark-
ignition engines the use of liquid methane, liquified petroleum gas (propane
and butane), methanol, ethanol and lead-free gasoline can give specific cor-
rosion problems62'65. Broadly, they generate organic acids of shorter chain
length and greater corrosivity than normal leaded gasolines so higher addi-
tive levels are required.

Diesel-fuel sulphur levels can range from about 0.2% to 5.0%. The higher
levels only occur in low and medium speed engines operating on residual
fuels, but because of the high combustion pressures sulphuric acid con-
densate forms at temperatures up to 20O0C. On cross-head engines, which
have independent cylinder lubrication systems the neutralising power of the
fresh oil depends on both oil feed rate and alkalinity61. The alkalinity is
measured as TBN41'42 and lubricants with a TBN of 100 are now available.
This means that the lubricant has an acid neutralising capacity equivalent to
a 10% aqueous solution of KOH in oil-soluble form. Experience shows that
when fuels with sulphur contents of 2.0% or more are used the TBN of the
cylinder drainings should not fall below 10 if excessive wear rates are to be
avoided. However, the use of highly alkaline cylinder oils with low sulphur
fuels is not recommended; not only is it needlessly expensive, it can give rise
to high wear rates35'61.

In trunk piston engines running on high sulphur fuels the copious quan-
tities of oil splashed up from the crank case provide a greater reservoir
of alkalinity and an initial TBN of 25-30 is generally adequate. Nevertheless,



the TBN of the oil should not fall below about three times the sulphur
content of the fuel.

Water Base Lubricants

In some applications, e.g. mining machinery, non-flammable lubricants are
specified and water-base or water-containing fluids are used. Standard cor-
rosion inhibitors are used to combat corrosion but even a small amount of
water in a mineral oil lubricant can adversely affect the fatigue life of
components such as rolling bearings and gears66'67. Fire resistant water-
base fluids can reduce the fatigue life of a rolling contact bearing by 90%68.
These premature failures are usually attributed to hydrogen embrittlement.
However, additives used to restrain hydrogen embrittlement in acid pickling
and electroplating operations do not help. Worthwhile improvements in
fatigue life can be achieved by using additives of a completely different
nature69 and by special heat-treatment techniques70.

Cavitation and Erosion

Cavitation and erosion are increasingly the cause of failure in plain bear-
ings and hydraulic systems71. Two types of cavity can form in lubricants,
vaporous and gaseous. Only vaporous cavities can form and collapse rapidly
and the very high pressure associated with their collapse can cause
mechanical (impact) damage on surfaces. Common causes of cavitation are
pressure fluctuations associated with the flow of the liquid and the vibration
of a surface in contact with it. Unlike other kinds of damage, vaporous
cavitation is generally encountered on the unloaded areas of bearings71"72.
When the damage is due solely to cavitation, the damaged surfaces are
rough: when foreign particles are present they are smooth (cavitation
erosion).

Vaporous cavitation can remove protective films, such as oxides, from
metals and so initiate corrosion71. In addition, the very high local pressures
and temperatures associated with the final stage of cavity collapse can induce
chemical reactions that would not normally occur. Thus certain additives are
damaged by cavitation and their decomposition products can be corrosive.

R. W. WILSON
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2.12 Corrosion in the Oral Cavity

Introduction

Dentistry is concerned with preventing and treating oral disease, eliminating
pain, restoring the oral apparatus to function and improving aesthetics. The
oral cavity is a complex environment, in which hard and soft tissues (teeth,
palate and gums) are continuously bathed in saliva and are subjected to vary-
ing loads during mastication and deglutition (swallowing). Saliva varies in
composition and pH from person to person, and from hour to hour for a
given individual; it comprises a mixture of inorganic anions (predominantly
chlorides and phosphates), organic acids, enzymes, bacteria and gastric
secretions such as mucin1"3. The salinity of saliva approaches that of sea-
water and tends to be highly corrosive to most non-noble metals. The total
forces exerted during mastication vary with the age, musculature and other
physiological factors for the patient and the existing dentition, typically
being ca. 60 kg for the molar teeth in a healthy dentate patient, giving rise
to stress values in the range 3-17 MN/m2, depending upon the food being
chewed3'4. Clearly, the mouth is a hostile environment and dental materials
are required to be mechanically strong and resistant to degradation caused
by stresses and the oral environment.

Decayed teeth are treated by removing the decay and then mechanically
shaping the cavity to provide optimum retention of a restoration or 'filling'.
Anterior (front of the mouth) teeth are restored with aesthetic materials such
as composite resins which are modified epoxies or other glassy polymers con-
taining inorganic fillers, such as quartz or glass. Badly decayed or broken
anterior teeth are often given porcelain crowns. Posterior teeth, which per-
form the masticatory functions of crushing and chewing food, require
mechanically stronger materials. Teeth with one or more cusps in situ are
restored with dental amalgam while those requiring more extensive restora-
tion are provided with metallic crowns covering all or part of the tooth.
These crowns may be covered by porcelain for aesthetic reasons. Missing
teeth may be replaced by pontics which are attached, usually by soldered
joints, to crowns on the adjacent or abutment teeth to form a bridgework
or fixed partial denture (FPD).

Larger numbers of lost teeth are replaced by a removable partial denture
(RPD), a framework or base to which are attached the replacement teeth.
RPDs are fabricated from a variety of noble and base metal alloys as well



as polymers such as acrylic resin. Complete dentures, provided when all the
teeth are lost, are usually made of acrylic resin but sometimes metals. If there
has been significant loss of the bony support, metallic or ceramic implants
may be placed in the remaining bone with posts projecting through the gums
into the oral cavity, and dentures are attached to the posts. Orthodontics,
the specialty dealing with tooth realignment and positioning, commonly uses
stainless steel brackets, bands and wires attached to the teeth to effect tooth
movement.

Clearly a variety of metals and alloys are used in dentistry. Corrosion
occurring in the oral cavity generally does not result in catastrophic failure
but rather discolouration of restorations, staining of the teeth and, in some
cases, allergic reactions due to the release of metallic ions into the biosystem.
Corrosion can also cause disruption of restorations, leading to leakage at the
restoration-tooth margins and to secondary dental decay. There has also
been a report of corrosion of implanted plates and screws following oral
surgery that delayed healing of a fracture and resulted in osteomyelitis of the
mandible5.

Dental Amalgam

Traditionally, the most widely used restorative material was dental
amalgam, some 80% of all restorations comprising this material wholly or
in part, and even today, dental amalgams constitute a high percentage
of posterior restorations. Dental amalgam is prepared by triturating or
alloying mercury with filings or spheres of a silver-base alloy to form a plastic
mass which is inserted into the prepared tooth cavity where it sets to a hard
mass. For decades, the composition of the conventional amalgam alloy
powder remained largely unchanged from 65-70% Ag, 25-29% Sn,
0-6% Cu and 0-2% Zn, the principal component being the silver-tin eutec-
tic, Ag3Sn, known as the gamma phase. When this reacts with mercury,
two new phases, gamma-1, Ag2Hg3, and gamma-2, Sn7-8Hg, are formed
so that the set mass contains residual gamma particles, gamma-1 and
gamma-24'6. The gamma-2 phase is mechanically weak and susceptible to
corrosion.

The corrosion mechanism of dental amalgam has been studied extensively
and it is accepted that the gamma-2 phase is anodic to the other phases
present4'6"10. Corrosion of gamma-2 releases mercury which may react with
residual gamma or the gamma-1 phase, the former reaction forming more
gamma-2 and gamma-1 phases, while the latter forms mercury-rich
gamma-1. The formation of additional gamma-1 and gamma-2 phases
ensures continued corrosion of the Sn-rich phase throughout the body of the
restoration. The mercury-rich gamma-1 phase is cathodic to gamma-17'8

but the reaction is slow and polarises rapidly. Zero resistance ammetry
studies11 have shown that amalgam is susceptible to crevice corrosion and
readily establishes galvanic cells, notably differential pH cells, cells between
polished and corroded areas on the surface as well as those arising from com-
positional differences within a restoration. Large galvanic currents are
generated when amalgam is in contact with gold (or aluminium) and the
magnitude of the current is affected by the type of alloy used to prepare the



amalgam, but saliva exerts an inhibitory effect on these galvanic currents12.
While there is good correlation between in vitro corrosion and fracture of
restoration margins12'13, in vitro studies correlates poorly with the in vivo
corrosion of amalgam, which is lower than predicted. This low in vivo corro-
sion rate has been ascribed to the formation of various salts such as the
oxides, hydroxides, phosphates and oxychlorides of tin, copper and zinc
present in the amalgam and the cathodic inhibiting action of the CO2"-
HCO3" system in saliva2'10'14. Amalgam corrosion, however, does have the
benefit that the corrosion products seal the margins between tooth and
restoration.

The poor mechanical properties, corrosion and other problems associated
with gamma-2 containing (conventional) dental amalgams led to the devel-
opment of the high copper, reduced-tin content, amalgam alloys which
are strengthened by the presence of Ag-Cu particles. When triturated with
mercury, the gamma-2 phase reacts with Ag-Cu to form the eta phase,
Cu6Sn5 and more gamma-1. The reduced gamma-2 content of these amal-
gams results in greater strength, better clinical behaviour and lower corro-
sion rates than the conventional amalgams4'6.

There have been numerous reports of possible allergic reactions to mer-
cury and mercury salts and to the mercury, silver and copper in dental
amalgam as well as to amalgam corrosion products15"20. Studies of the
release of mercury by amalgams into distilled water, saline and artificial
saliva tend to be conflicting and contradictory but, overall, the data indicate
that mercury release drops with time due to film formation9'21 and is less
than the acceptable daily intake for mercury in food22. Further, while
metallic mercury can sensitise, sensitisation of patients to mercury by dental
amalgam appears to be a rare occurrence18. Nevertheless, there is a growing
trend to develop polymer-based posterior restorative materials in order to
eliminate the use of mercury in dentistry.

Noble Metal Alloys

Traditionally, full or partial coverage crowns, bridgework, RPDs,
porcelain-fused-to-metal restorations (PFMs) and even complete denture
bases were cast from high carat gold alloys. These alloys contain >75% Au
and are based on the ternary Au-Ag-Cu alloys with the mechanical proper-
ties improved through additions of Pt, Pd and Ir. These high gold alloys
possess near ideal casting characteristics as well as excellent corrosion
resistance.

In recent years, however, the increasing price of gold has resulted in
greater use of alloys containing less gold and greater amounts of silver and
palladium as well as various base metal alloys (see later) for dental castings.
Lower gold content alloys have good mechanical properties and can be
accurately cast but they do not possess the oral corrosion resistance of high
gold alloys. Further, these alloys are often metallurgically heterogeneous or
at least less homogeneous than the high noble-metal alloys, which will affect
their corrosion susceptibility due to galvanic coupling effects23.

Cast restorations often exhibit little corrosion but rather an unaesthe-
tic tarnishing or discolouration. There appears in fact to be an inverse



relationship between oral corrosion and tarnish for many low gold and
copper-rich alloys in potential ranges where the corrosion rate is limited by
the rate of the cathodic reaction23'24. This effect is possibly due to the
uniform distribution of anodic and cathodic sites in single phase alloys
with no preferential deposition of corrosion products and consequently little
tarnish. In contrast, the anodic and cathodic reactions in multiphase alloys
are separated and the different nobilities of these phases may give rise to
numerous bimetallic galvanic cells. Other systems, typically Ag-Pd alloys,
do appear to show a correlation between tarnish and corrosion25.

Most cast dental restorations are subjected to some form of subsequent
heat treatment such as annealing, hardening or soldering. This often induces
changes in the structural state or in the phases present and may establish
local galvanic cells. Potentio-dynamic polarisation studies26 have shown
that high gold alloys are unaffected by their thermal history but the corrosion
susceptibility of low golds (containing < 60% Au) and Ag-Pd alloys are
markedly effected by heat treatment. As-cast and age-hardened structures
were found to be more susceptible to corrosion than those annealed at 100°
below the solidus temperature. Other workers24'27 also have reported that
as-cast low golds are more prone to in vivo and in vitro tarnish than alloys
solution heat-treated at 70O0C. This does not appear to be the case for high
Pd-Cu alloys used for porcelain bonding which show polarisation resistance
values independent of the metal pre-treatment29.

Multiphase gold or palladium-based alloys never show dissolution of Au
or Pd but often exhibit progressive surface ennoblement due to selective
dissolution of copper or silver from the outer 2-3 atomic layers29"32. Heat
treatment often decomposes multicomponent alloys into a Pd-Cu rich com-
pound and an Ag-rich matrix with corrosion of the latter phase in deaerated
artificial saliva and S2"-containing media33. Au-Cu-rich lamellae have simi-
larly been observed, again with preferential attack on Ag-rich phases or
matrix. These effects presumably arise from the ability of the noble alloy
phases to catalyse the cathodic reduction of oxygen27"30.

Generally, a greater Pd level in Pd-based single phase alloys results in
increased corrosion resistance in the potential range and Cl" level typical of
the mouth25'28'34'35, as might be expected. Corrosion of low gold alloys
occurs in Cl" media, typically with attack occurring on the Ag-rich matrix,
but phosphate and bicarbonate ions have an inhibiting effect while the
isothiocyanate ion can induce passivity33'36. Various amino acids, typical of
body fluids, can induce passivity but it appears that solution pH is the con-
trolling factor in corrosion for high Ag-content alloys, passivation being
enhanced by basic solutions37.

Base Metal Alloys

Approximately 90% of all RPDs are now cast from base metal alloys con-
taining principally chromium, cobalt and nickel, with chromium being the
element present in all such alloys. Commonly, these cast chromium alloys
contain various alloying elements, typically < 5% Mo, < 1 % Fe, 25-30% Cr
and the balance Co although there are some widely used alloys containing



15-20% Cr and <5% each of Al, Mn and Mo with the balance Ni. The
physical properties of these base metal alloys are controlled by the minor
alloying elements present, ie. C, Mo, Be, W and Al. The upper Cr level is
limited to 30% to avoid casting difficulties and the formation of the brittle
sigma phase while the lower level is 15-20% to maintain corrosion resis-
tance. There has also been a limited application of stainless steel for wrought
RPDs. Oral implants are usually fabricated from Ti, Ta and Cr-Co alloys
and most orthodontic appliances utilise stainless steel brackets and wires
although there is increasing application of Co-Cr, beta-titanium and Ni-Ti
alloys for orthodontic spring wires.

There has been comparatively little published on the corrosion behaviour
of cast chromium alloys or on their in vivo corrosion products. The avail-
able data are somewhat contradictory but it appears that these alloys tend
to passivate in synthetic saliva solutions and in the potential range and
chloride level corresponding to that of the oral cavity38'42. It has been
reported that in vitro polarisation results for Co-Cr alloys in isotonic (0.9%)
saline closely correlate with in vivo polarisation in rabbits43 and also that
there are no significant effects on corrosion behaviour arising from mucin or
the amino acids present in the proteins found in the mouth40'41. The corro-
sion rates of stainless steel in isotonic saline were also found to be com-
parable to or less than those measured in vitro44. Other work indicates,
however, that the corrosion rate of Cr-Co is several times greater in the
mouth than that found in vitro45 and proteins (from calf serum) were
found to reduce corrosion rates and metal ion release from cast chromium
alloys and a Ni-Cr-Be alloy46'47. There is, however, no evidence of corro-
sion of Be when present in Ni-base alloys40. There are no indications of pit-
ting attack or tarnishing of cast chromium alloys in 5% sulphide solution or
in the mouth. Crevice corrosion of Co-Cr alloys does not occur in ferric
chloride solution38 but it can occur when Co-Cr is in contact with gold in
phosphate-buffered saline48. Ni-base alloys, however, are susceptible to
crevice corrosion38 and galvanic coupling with gold increases the metal dis-
solution rate47.

Metal ion release from cast chromium alloys and stainless steel occurs in
vivo as a result of corrosion and/or dissolution of passive films. In vitro
studies39 indicates that the release of metals into artificial saliva is less than
0.2 ppm over a two-month period but a recent in vivo study49 shows that
release of Cr and Co is readily detected in a short time (5 min) in the saliva
of patients wearing Co-Cr dentures. Although metal release decreased with
the age of dentures, presumably due to passivation effects, it still occurred
over a long period, paralleling the results of other workers with Co-Cr and
particularly Ni-Cr alloys over 35 week test periods48. This long-term metal
ion release would account for the many reports of mucosal and systemic
allergic reactions to cast chromium alloys50'52. The allergens in such cases
are thought to be Ni and Cr but patients allergic to Ni are sometimes also
allergic to Co. Although the literature on oral reactions to Cr and Co is
sparse, allergic responses to Ni and Co were found in five out of ten
Ni-sensitive patients patch-tested with Ni-containing Co-Cr alloys53. In
vivo release of Ni and Co through corrosion has been shown to occur with
implanted alloys. The released metal localises in tissue near the implant and



to a lesser extent in various organs and is thought to result in allergic
reactions54'57. Additionally, Ni-Cr casting alloy powders have been shown
to have cytotoxic potential58.

There is, however, considerable debate over whether metal release from
dental prostheses can cause sensitisation and/or allergic reactions and some
consider it to be unlikely18'42. Overall there are relatively few reported cases
of local or systemic hypersensitivity resulting from base metal dentures and
it has been reported that the incidence of nickel allergy with intra-oral expo-
sure to Ni alloys is only 4% compared to 6% in those without exposure59.
In vivo studies with guinea pigs60 indicate that exposure to Ni and Cr from
dietary intake or intra-oral alloys can induce a state of partial tolerance to
both metals. The authors suggested that individuals not hypersensitive to Ni
or Cr may become partially tolerant as a result of intra-oral exposure to the
metals. Further, they suggested that this could have application as a preven-
tive protocol for those at high risk of sensitisation60.

There has been growing clinical interest in magnetic retention of over-
dentures. Typically a permanent samarium-cobalt magnet, encapsulated in
stainless steel or a high palladium alloy for strength and corrosion resistance,
is fitted into the denture and a ferromagnetic alloy is cemented into the
residual tooth root. The ferromagnetic alloys are principally Pd-Co alloys
with small (< 2.5%) additions of Ga and (< 2%)P. These alloys appear to
have good corrosion resistance in the oral potential range (—100 to 300 mV,
vs S.C.E.) based on electrochemical studies61 but there are, as yet, few
reports on these materials which will probably be of increasing clinical
importance in the future.

Galvanic Effects in the Mouth

Corrosion resulting from intra-oral mixed metal and other galvanic cells has
been mentioned previously and dentists may often observe blackening of
restorations and other effects but not always recognise their source. Many
serious oral conditions such as lichen planus, leukoplakia and oral cancer
have been ascribed to galvanic cells in the mouth17'62'64. These couples may
arise from different metals being in contact, electrical circuits being estab-
lished between a gold crown and an amalgam core separated by a film of
dental cement or even a soldered cast prosthesis with separations in the
solder joints. Patients with such galvanic couples commonly have either a
subjective complaint of a metallic taste or sensation or an objective com-
plaint such as chronic inflammation of the mucosa and possibly neurologic
complaints. Intra-oral measurements of electrode potentials and the proper-
ties of patients' saliva did not establish a relationship between the measured
potentials of individual metallic restorations and orofacial complaints65'66.
Intra-oral potential measurements made on patients with mixed metals in
contact also indicated that large potential differences could exist between
similar metals67. These authors indicated that a potential difference greater
than 5OmV between metals was harmful. While the pathological effects
arising from oral galvanic cells varied with individual patients and was not
always proportional to the observed electrode potentials, regression and



often disappearance of oral lesions occurred when harmfully high potential
differences were eliminated63'67.

Conclusions

Oral corrosion of metallic restorations does not, per se, generally result in
serious damage to the structure. Corrosion can result, however, in various
local and systemic effects, notably the hyper sensitivity and allergic reactions
reported by many workers. Galvanic cells created by mixed metal couples
can delay fracture healing and induce oral lesions and cancer.

J. A. von FRAUNHOFER
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