
1.10 Discontinuous Oxide Films

The Applicability of Rate Laws

Section 1.9 showed that as long as an oxide layer remains adherent and con-
tinuous it can be expected to increase in thickness in conformity with one
of a number of possible rate laws. This qualification of continuity is most
important; the direct access of oxidant to the metal by way of pores and
cracks inevitably means an increase in oxidation rate, and often in a manner
in which the lower rate is not regained. In common with other phase change
reactions the volume of the solid phase alters during the course of oxidation;
it is the manner in which this change is accommodated which frequently
determines whether the oxide will develop discontinuities. It is found, for
example, that oxidation behaviour depends not only on time and tempera-
ture but also on specimen geometry, oxide strength and plasticity or even on
specific environmental interactions such as volatilisation or dissolution.

The models derived for continuous oxide layers remain valuable when
porous oxides are formed; they provide a frame of reference against which
deviations may be examined and give a basis for understanding the factors
governing the location of new oxide. In many cases, however, the experimen-
tally derived rate 'laws' no longer have a unique interpretation. For example,
the linear rate law relating the thickness of oxide, X9 to the time, t

x = k/t ...(1.184)

can describe a situation in which an oxide regularly fails when it reaches a
critical thickness1, or one in which the oxide volatilises2 at a uniform rate.
Similarly, the logarithmic rate law

x = *alog(l +* bf) ...(1.185)

has been shown to describe many differing situations, including rate control
by chemisorption3, by oxide nucleation4, or by cavity production5.

In certain circumstances even the parabolic rate law may be observed
under conditions in which the oxide is porous and permeated by the oxidising
environment6. In these cases it has been shown that it is diffusion of one or
other of the reactants through the fluid phase which is rate controlling. More
usually however the porous oxide is thought to grow on the surface of a lower
oxide which is itself growing at a parabolic rate. The overall rate of growth
is then said to be paralinear1'* and may be described by the sum of linear
and parabolic relationships (see equations 1.197 and 1.198).



It will be seen that although each system must be described on its merits
there are general principles governing mass transport which can be used as
a guide.

The Volume Change on Oxidation of a Metal

The formation of discontinuities, particularly the grosser forms of pores and
cracks, in an oxide layer is often attributable to the mass flows and volume
changes occasioned by oxidation. As can be seen from Table 1.27 it is usual

Table 1.27 Metals which form porous oxides in dry oxygen

Linear oxidation
Type 1 Curve (Fig. 1.89)

Metal

Mg
Ca
Nb (400°)

Oxide/metal
volume ratio

(r)

0-81
0-64
2-49

Paralinear oxidation
Type 2 Curve (Fig. 1.89)

Metal

Ce
La
Mo
W
U
Nb (450°)
Ta
Ti
Zr
Hf
Th

Oxide/metal
volume ratio

(r)

1-22
1-1
3-24
3-35
1-94
2-49
2-54
1-73
1-56
1-60
1-35
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Fig. 1.81 Oxidation of flat surfaces, (a) When cations diffuse the initially formed oxide drifts
towards the metal; (b) when anions diffuse the oxide drifts in the opposite direction



for the volume of an oxide to differ greatly from that of the equivalent
amount of metal. It is in fact remarkable that such a phase change can occur
in so many cases of oxidation without oxide disruption. Moreover, oxidation
reactions are rarely topotactic but take place by transport of one of the reac-
tants to a plane of reaction. It is thus not only the net volume change which
must be considered, but also the local volume changes due to oxide creation
in some zones and metal consumption in others9.

Fortunately the oxidation of many metals takes place by the diffusion of
the metal cation10. This flux is outwards through the oxide layer, and the
work of adhesion11 enables the loss of metal to be compensated for by a
drift of the oxide towards the metal (Fig. 1.81). Thus the stresses set up in
the maintenance of oxide/metal contact are compressive and, as such, can
be more readily withstood by most oxides. Nevertheless, it is these general
movements of the oxide scale which are ultimately responsible for discon-
tinuities in the majority of cases and it is appropriate to discuss transport-
induced flows before proceeding any further.

Mass Transport in Growing Oxide Layers

Oxide Drift

In the very early stages of oxidation the oxide layer is discontinuous; both
kinetic12 and electron microscope13"15 studies have shown that oxidation
commences by the lateral extension of discrete oxide nuclei. It is only once
these interlace that the direction of mass transport becomes of importance.
In the majority of cases the metal then diffuses across the oxide layer in
the form of cations and electrons (cationic diffusion), or as with the heavy
metal oxides, oxygen may diffuse as O2~ ions with a flow of electrons in the
reverse direction (anionic diffusion). The number of metals oxidising by both
cationic and anionic diffusion is believed to be small, since a favourable
energy of activation for one ion generally means an unfavourable value for
the other10.

A consequence of single-ion diffusion is that the mass movement must be
compensated for by an opposing drift (relative to a fixed point deep in the
metal) of the existing oxide layer if oxidation is not to be stifled by lack of
one of the reactants. The effect may be illustrated by reference to a metal sur-
face of infinite extent (Fig. 1.81).

When cations are the diffusing species (Fig. 1.8Ia), metal is consumed
either by solution in the oxide as interstitial cations and electrons

M = M+ + e~ ...(1.186)

or by reaction with metal ion vacancies in the oxide

M + M+D + e = null ...(1.187)

where as is conventional the right-hand side of the equation represents the
excess or deficiency of ions in the stoichiometric oxide, and M+ D and ®
represent the vacant sites in the ionic lattice and positive holes in the full
band, respectively. Since oxide is formed at the gas/oxide interface, oxide-
metal contact is only maintained by translation of the initial oxide through



the volume occupied by that part of the metal which has been oxidised.
In systems in which anionic diffusion prevails (Fig. 1.SIb)9 metal is con-

sumed by direct reaction to form the diffusing oxygen species

M-+MO + 02-Q +2e~ ...(1.188)

The oxygen vacancies then diffuse to the gas interface where they are
annihilated by reaction with adsorbed oxygen. The important point, how-
ever, is that metal is consumed and oxide formed in the same reaction zone.
The oxide drift has thus only to accommodate the net volume difference
between the metal and its equivalent amount of oxide. In theory this net
volume change could represent an increase or a decrease in the volume of the
system, but in practice all metal oxides in which anionic diffusion predomi-
nates have a lower metal density than that of the original metal. There is thus
a net expansion and the oxide drift is away from the metal.

Oxide movements are determined by the positioning of 'inert' markers
on the surface of the oxide16"18. At various intervals of time their position
can be observed relative to, say, the centreline of the metal as seen in metal-
lographic cross-section. In the case of cation diffusion the metal-interface-
marker distance remains constant and the marker moves towards the
centreline; when the anion diffuses, the marker moves away from both the
metal-oxide interface and the centreline of the metal. In the more usual
observation the position of the marker is determined relative to the oxide/
gas interface. It can be appreciated from Fig. 1.81 that when anions diffuse
the marker remains on the surface, but when cations move the marker
translates at a rate equivalent to the total amount of new oxide formed.
Bruckman19 recently has re-emphasised the care that is necessary in the
interpretation of marker movements in the oxidation of lower to higher
oxides.

Oxidation of Non-planar Surfaces

Oxide movements on plane surfaces, such as those just described, do not
create stress; stress will arise however, when the oxide movement is con-
strained by the presence of a corner, or when the metal is curved, so that
there is a progressive strain on the lateral dimensions of the oxide. Since
oxides are brittle the appearance of tensional stress can be expected to lead
to brittle failure; examples are given in Figs. 1.82 and 1.83.

When convex surfaces oxidise by cationic diffusion compressive stresses
occur within the oxide along planes parallel to the metal surfaces and reach
a maximum at the metal/oxide interface. Frequently oxides are able to flow
plastically under compression at moderate temperatures and the stress is
relieved. Hales20, for example, has proved this to occur by the density of
dislocations present in a nickel oxide layer. Sometimes however, relief is
abrupt, giving rise to oxide distortions of the type illustrated in Fig. 1.82. An
example of oxide buckling observed during the oxidation at 50O0C of a
Cu-IONi alloy is shown in Fig. 1.84; features of this kind are not unusual and
have been followed in the oxidation of pure iron using a hot stage and oxygen
blanket in the scanning electron microscope21.

The compressive forces may be contained by adhesion and cohesion in
the oxide-metal system; experiments designed to reveal the presence and



Fig. 1.83 Oxidation of a convex surface by anion diffusion; the outward translation of the
oxide gives tensile cracking in the initially formed oxide

Fig. 1.82 Oxidation of a convex surface by cation diffusion; the compressive stress in the
initially formed oxide may lead to (a) failure by buckling or to (&) void precipitation
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magnitude of such stresses in continuous films will be described later.
Anionic diffusion in the oxidation of a convex surface creates a situa-

tion which is the reverse of that just described. The oxide is in tension along
planes parallel to the surface and fracture may be expected to occur readily
in perpendicular directions and starting from the gas/metal interface.
Although very thin films may have resistance to fracture22, thick films fre-
quently acquire the morphology shown in Fig. 1.83.

Concave surfaces are of industrial importance, in relation to the internal
surface of bores, holes and pipes, but are not found on typical solid
testpieces and have received much less discussion. The stress patterns will
tend to be the opposite of those found on convex surfaces; for example, an
oxide growing by cation diffusion should be in tension at the metal interface.
Bruce and Hancock23 have discussed the oxidation of curved surfaces and
show how the time to adhesive failure of the oxide can be predicted if its
mechanical properties are known.

Fig. 1.84 Surface of a Cu-IONi alloy after oxidation in oxygen at 50O0C, showing blistering,
probably associated with CuO formation over voids at the metal/oxide interface (courtesy

Central Electricity Research Laboratories)

The potential influence of shape on the correct design of laboratory test-
pieces has been discussed in detail by Romanski24. Samples of iron in the
form of discs, cylinders, plates or parallelepipeds, and of a wide range of
areas, were sulphidised under controlled conditions. The parabolic rate con-
stant could be expressed in terms of the area A of the samples by

Jtp =A/(a + bA) ...(1.189)

at any given temperature. In this expression the constant a depended on the
geometry of the specimen and hence on scale rigidity, and b on specimen
purity, and thus probably on scale plasticity. The form of this equation was



confirmed with the systems Ni-S, Cu-S and Cu-O. Romanski concluded
that plate or disc specimens with an area of 30-40 cm2 were required to
obtain rates approaching the maximum for infinite surfaces.

Oxide Drift and Pore Formation

Clearly geometric constraints have an important influence on the forma-
tion of oxide layers. There are, however, many reported examples25"28 of
the development of porosity at the oxide-metal interface on plane surfaces
well away from corners. This phenomenon is generally ascribed to the suit-
ability of the interface as a sink for lattice vacancies generated during oxida-
tion; the point was lucidly discussed by Vermilyea29. Voids of this type may
range in size from a few nanometres, as described by Boggs26 for the oxida-
tion of tin, through the crypt-like cavities in the beautiful micrographs of
Howes30, to the complete separation witnessed in the oxidation of iron by
Pheil31 and described in a paper which also recorded the first use of inert
markers. Birchenall has also given interesting observations on the behaviour
of large cavities32. Such porosity is more commonly associated with cation
diffusion although Pemsler33 has suggested that condensation of oxygen
vacancies at the metal-oxide interface may be the cause of the voids observed
during the oxidation of zirconium. The work of Cohen and his group at
Ottawa concerning the oxidation of pure irons34"39 and more recently, of
nickel40 has made a notable contribution to this field. In particular, they
have shown how the dislocation network of the underlying metal is effective
in removing vacancies from the metal-oxide interface and thus preventing
void formation. The effect is less marked in the case of nickel where the more
important effect of cold work in the metal is to yield an oxide structure which
is consistent with high diffusion rates. It seems likely that the major differ-
ence between the oxidation of these two metals lies in the plasticity of their
oxide layers. Bruce and Hancock41 have detected repetitive oxide cracking
during the oxidation of iron by use of a vibrating testpiece, whereas oxide
cracking did not occur when nickel testpieces were used. This is in good
accord with the behaviour of dislocations in nickel oxide during oxidation;
Hales20 has shown that these become optimised to permit maximum creep
rates and moreover that the preferred orientation and columnar nature of
the oxide also derives from this selection principle. The work is related very
nicely to the analysis by Harris and Masters11 of the work of metal/oxide
adhesion.

When voids do form the first formed oxide may lose contact with the
retreating metal surface; the way is then open for the metal consumption
zone9 to be filled with a secondary growth which is usually fine grained and
porous42. Often the inner layer appears to have formed from the inception
of oxidation since the inner-outer layer interface retains the shape and
dimensions of the original metal surface43"45. More often, however, the bal-
ance between inner and outer layer formation alters from point to point,
with the inner layer being favoured at corners and edges. On alloys the inner
layer may consist of particles of the more noble metal oxide which, as in
the case of the copper-nickel alloys45, provide a spaceframe supporting the
outer layer. Duplex layers of this nature are sometimes seen on pure metals,
the classic example being the case of nickel. Sartell and Li46 have shown



from diffraction measurements that the two layers on nickel differ in their lat-
tice constants, the outer being in compression. They envisaged the outer
oxide to grow by anionic diffusion and the inner by cation movement. It
now seems likely that the inner layer grows in oxygen formed by decomposi-
tion of the outer layer; the case has been well argued by Bruckman9 and
supported by the work of Douglass42. What is not so clear is how the outer
layer on pure metals continues to grow since it demands the movement of
both metal and oxygen across the inner layer when they already have suffi-
cient chemical potential to react. The problem does not arise when alloys
oxidise since the inner layer can be traversed at potentials below those at
which the species react. Mrowec and Webber43 have made numerous obser-
vations on systems of this kind and neatly summarise their findings in a
discussion of a paper by Kofstad and Hed47 on cobalt-chromium alloys.

There are a number of factors which will trigger void formation during
oxidation: Cohen and his co-workers34'39 have shown that annealing of the
metal (to remove dislocations) will do so, whilst Douglass42, and WuIf,
Carter and Wallwork48 have shown that the presence of a continuous film
of a more noble alloying element is just as effective. Tuck et a/.49 consider
that the extra adhesion of the oxide on iron when this metal is heated at
95O0C in oxygen containing water vapour is due to the beneficial effect of
hydrogen on oxide plasticity. There are many similar observations in the
literature.

The Influence of Voids on Oxidation Kinetics

Voids as Diffusion Barriers

It was Evans5'50 who first suggested that cavities could act as diffusion
barriers and derived the logarithmic rate law from the progressive nucleation
of voids. Boggs51, and several co-workers26'27 proved the Evans mechanism
to apply to the oxidation of tin over the temperature range 150-22O0C in a
series of papers illustrating the combined use of electron microscopy and
kinetic measurements. The logarithmic rate law also describes the oxidation
of a number of other metals in the thin-film range, e.g. Mg52, Cu53 and
Ni54, but there is as yet no evidence that the Evans mechanism applies to
these cases. Possibly pores have not been sought with the same rigour as that
used by Boggs. However, Douglass42 used a rearrangement of a method
first used by Tylecote55 to show that void condensation causes a three-fold
reduction in the parabolic rate constant for a dilute chromium-nickel alloy
at 80O0C; he compared the rates of oxidation of two cylinders, one of them
being plugged at either end to exclude the atmosphere from the interior.
Voids did not form at the metal-oxide interface on the plugged cylinder since
the interior then acted as a sink for diffusing vacancies.

Probably the most comprehensive measurements of the effect of voids on
rates are those of Cohen34'39 and his school. They have published data on
the oxidation of pure irons for a wide temperature range and for oxygen
pressures ranging from 1-3 X 10~4N/m2 to lOOkN/m2. The interactions
between void formation and oxygen uptake are complex but only at pres-
sures below 1-3 X 10~2 N/m2 do voids have no effect. Some of their results
are summarised in Fig. 1.85; over the pressure range 1-3 X 10~2N/m2 to



Time (h)
Fig. 1.85 Oxidation of high-purity iron in oxygen at differing pressures. All figures on curves
are in N m~2. At 1 • 3 x 10~4 to 1 • 3 x 10~3 N/m2 torr the rate is controlled by the impact of
molecular oxygen; at 1-3 x 10 ~2 N/m2 torr the initial rate of oxidation is sufficiently high to
give void precipitation and the rate decreases with pressure increasing to 1-3 N/m2; at
pressures greater than this the crack-heal mechanism becomes operative and the rate again

increases with pressure (after Hussey and Cohen38)

1 • 3 N/m2 the rate decreases as vacancies start arriving at the interface more
rapidly than they can be assimilated. Hussey and Cohen37'38 have evidence
that the voids form in the Fe3O4 layer before the outer Fe2O3 is nucleated.
However, this rapidly takes place once the supply of iron is stifled by the
voids, oxide blisters and cracks, and oxygen ingress causes the rate to accele-
rate again. The curves indicate that blistering is a repetitive process and this
is confirmed by micrographs from the hot-stage scanning electron micro-
scope (Fig. 1.86). It is a salutary fact that the material showing the most
protective behaviour (Fig. 1.85) has an oxide which is already partly sepa-
rated from the metal.
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Fig. 1.86 'Stills' from a scanning electron microscope study by time-lapse photography of iron
oxidation showing the results of the crack-heal mechanism. Left, lmm=l / im; right,

1 mm S O • 5 /xm (courtesy Central Electricity Research Laboratories)

Notwithstanding the large amount of work on pure iron and binary alloys,
it remains difficult to translate the results to commercially useful steels. It
is believed, on the one hand, that effusion of carbon monoxide can cause
non-healing fissures in the scale56, and on the other, that silicon creates self-
healing layers at the metal interface57.

The Importance of Voids in 'Short-circuit' Diffusion

Several authors58"63 have suggested that in some systems voids, far from
acting as diffusion barriers, may actually assist transport by permitting a
dissociation-recombination mechanism. The presence of elements which
could give rise to carrier molecules, e.g. carbon or hydrogen60'62, and thus
to the behaviour illustrated in Fig. 1.87, would particularly favour this
mechanism. The oxidant side of the pore functions as a sink for vacancies
diffusing from the oxide/gas interface by a reaction which yields gas of
sufficiently high chemical potential to oxidise the metal side of the pore. The
vacancies created by this reaction then travel to the metal/oxide interface
where they are accommodated by plastic flow, or they may form additional
voids by the mechanisms already discussed. The reaction sequence at the
various interfaces (Fig. 1.876) for the oxidation of iron (prior to the forma-
tion of Fe2O3) would be

at A 2O2 = Fe3O4 + Fe^ + D + 8e . . .(1.190)

at B Fe3O4 + 3Fe^ + D + Ze + 4CO = 4CO2 . . .(1.191)

at C 4CO2 = Fe3O4 + 3Fe^ + D + %e + 4CO .. .(1.192)

at D 3Fe^ + D + Se + lFemetal = null .. .(1.193)

Notice that oxide is utilised by the reaction at interface B at the same rate
as it is formed at A, so that the void effectively moves through the growing
oxide with the distance AB remaining constant. It may be recalled that a truly



All voids described so far have been formed at, or released from, the
metal-oxide interface. Birchenal67 has discussed the formation and growth
of voids within the oxide scale by condensation of vacancies. For this to
occur anions must be removed in some way and he has suggested creep and
slip in the anion lattice as possible mechanisms. More recently, Cox64 has
used a sensitive porosimeter as well as special metallographic techniques to
study strings of voids formed in zirconium oxide as a result of recrystallisa-
tion-the work is discussed in more detail below. Although BirchenaFs
model predicted greater deviations from the parabolic rate law than were in
fact found, the phenomenon of pore growth within the scale seems to be real
and it is as well to keep the implications for anion movement in mind.

inert marker placed at the point B in the continuous oxide would be expected
to remain fixed with reference to the point D (the metal-oxide interface). The
distinction is important since voids involved in the mechanism in this way
remain in a string across the oxide and can thus co-operate to move the oxi-
dant towards the metal at a high rate64. What is not so easy to explain is
why, when this mechanism is thought to apply, the oxide/metal and metal/
oxide interfaces remain flat; the implication is that the abnormally high flux
carried by the porous regions redistributes, at the gas/oxide interface, to
the benefit of the whole surface. Gibbs65 has shown that as long as surface
diffusion is fast this mechanism gives rise to an altered parabolic rate law.
Smeltzer66, however, has argued that short-circuited routes may be progres-
sively lost as the oxide increases in thickness; thus there is a transition from
a short-circuit diffusion process at short times to the usual parabolic depen-
dence at long times.

OxideOxide

Metal

Oxide

Metal

Fig. 1.87 Voids at an oxide/metal interface.
They may grow by (a) condensation of
vacancies from the metal as well as the local
oxide; they impede transport as shown in
Fig. 1.85. However, voids which become filled
with a carrier gas (b) may act as short-circuit
paths by the reactions at A9 B, C and D, given
in the text (after Birks and Rickert58).
Alternatively (c) gaseous by-products of
oxidation may maintain fissures in the oxide
(after Boggs and Kachik56)

Carbide

Metal



Oxide Cracking and Void Cavities

As the area of individual cavities at the metal-oxide interface increases
there is an increased probability that the oxide will crack and permit oxygen
access to a large area of unprotected metal. Such cracking is then reflected
in the overall kinetics and the rate curve takes the form shown by the curves
in Fig. 1.85 for pressures greater than 1 • 3 kN/m2; it is known to occur with
copper68'69, iron38 and iron-chromium alloys70'71 over certain temperature
ranges. The oxide formed has become known as a Pfeil-type porous
oxide31. When failure occurs rather infrequently the rate curve appears as
a succession of parabolas, each having as origin the critical values of time
and thickness (tc and xc) at which the previous film failed. The net rate of
oxidation is thus close to that given by the linear rate law with the value of
the constant k/ equal to xc/tc, or

*i= (*c/*P)* ...(1.194)
In some cases the number of oxide layers can be related directly to the

number of breaks in the curve and there is then no doubt that the acceleration
derives from repetitive stress-induced oxide cracking.

Growth Laws of Oxidation

Oxidation at a Linear Rate

Metals which oxidise at a linear rate can follow two types of oxidation curve;
there are those (Type 1) for which the transition to the linear rate is far
more abrupt and irreversible than that associated with Pfeil-type behaviour.
The oxidation curve (Fig. 1.88) shows that in the region of the point A9
i.e. at 'breakaway', the rate alters from a value which is initially very small
to one which is both large and which no longer decreases with time, e.g.
Cathcart et al.72 have shown that sodium will oxidise protectively in pure
oxygen, forming a film with a limiting thickness of about 150 nm at 250C,
whereas in air breakaway occurs and a crust many centimetres thick may be
formed73. The situation is similar with magnesium; at 5750C, and prior to
breakaway, the protective oxide is transparent although after this event the
rate may be so large that the metal takes fire1. Not all rate transitions are as
large in magnitude; that of steel in the CO2 coolant of nuclear reactors
leads to a linear rate of about 25 /mi/y74, and this, because of the inaccessi-
bility of the steel, has necessitated temperature reductions in operating
reactors, consequently with a considerable loss in power output.

The second type of behaviour (Fig. 1.89) is much closer to that which one
might predict from the regular cracking of successive oxide layers, i.e. the
rate decreases to a constant value. Often the oxide-metal volume ratio
(Table 1.27) is much greater than unity, and oxidation occurs by oxygen
transport in the continuous oxide; in some examples the data can be fitted
by the paralinear rate law, which is considered later. Destructive oxidation
of this type is shown by many metals such as molybdenum, tungsten and
tantalum which would otherwise have excellent properties for use at high
temperatures.
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Fig. 1.89 Oxidation of magnesium at 50O0C illustrating the increase in rate to the constant
value (Type 1) (after Gregg and Jepson1) and the oxidation of tungsten at 70O0C (after Webb,

Norton and Wagner88) illustrating the decrease in rate to the constant value (Type 2)

Probably the only feature common to the mechanism of oxidation of the
two groups is that, because of crack or pore formation in the continuous
oxide, the rate of transport of oxygen in a molecular form has increased to
the point where a phase-boundary reaction has assumed rate control. In

Time (h)

Fig. 1.88 Early stages of oxidation of magnesium at 5250C, but at a lower pressure of
13 kN/m2 than the example in Fig. 1.89 illustrating breakaway
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accord with this interpretation there is frequently a marked reduction in the
activation energy for oxidation when non-protective oxidation commences.

The mechanism and the theories of linear oxidation must be discussed with
reference to specific examples. This will shortly be done, but it will be helpful
to return first of all to the theories of Pilling and Bedworth.

The Pilling-Bedworth Theory

Pilling and Bedworth68 made the earliest attempt to classify and interpret
the oxidation behaviour of metals, and since they were working before any
marker experiments had been carried out, they assumed that the predomi-
nating transport was always of oxygen to the metal. They consequently
argued that the oxide layer would be continuous if its volume was greater
than that of the metal consumed by its production. Conversely, if the oxide
was less in volume than that of the equivalent mass of metal, the layer would
be cellular and porous so that gaseous oxygen would reach the metal surface.
As experimental evidence has accumulated it has become clear that this
simple rule does not fit the facts; and understandably so since the original
premise concerning oxygen transport is not generally true. In particular it is
now known that all the metals with oxide: metal volume ratios of less than
unity, e.g. Na2O: Na = 0-5572, MgO: Mg = 0-8152 and CaO: Ca = 0-6475,
form oxides which remain thin and continuous indefinitely at temperatures
below critical values tc which are characteristic of the metals and which are
often close to their melting points (for Na, tc = 480C; for Mg, tc = 55O0C).
As Table 1.25 shows, the oxide ratios of metals which do exhibit linear
oxidation of one form or another cover the whole range of possible values
so that the rule gives no guidance at all in this respect. In some circumstances
the rule is found to be in accord with the sign of the stress set up in the metal
during oxidation so that some authors have felt that some residual anion
diffusion must ocour, notwithstanding the relative values of self-diffusion
coefficients. This point will be returned to later.

The Mechanism of Breakaway Corrosion

Over the years, breakaway has become very strongly associated with stress-
induced oxide cracking, especially following the work of Pilling and Bed-
worth, but such a proposition is unwarranted as a generalisation and is
difficult to prove for any specific case. The only general feature of breakaway
is the very fine state of subdivision of the porous oxide76. This is usually
beyond the resolving power of even the scanning electron microscope77.
The coarse cracks which are seen in many optical micrographs are almost
certainly secondary features associated with the proximity of the reaction
zone to the metal-oxide interface and the subsequent drift of the oxide scale.
The factors suggesting that the development of fine-grained porosity in
oxides is not merely a stress-assisted reticulation type of failure are (a) the
long induction periods, when stresses should be relieved rather than devel-
oped; (b) the major role of gas phase impurities (examples are water in the
case of sodium72 and beryllium78, hydrocarbons with magnesium52 and CO



with steel in CO2
44); (c) the promotion of breakaway of steel79 in high-

temperature water or CO2
44, and of zirconium80 by layers of platinum; and

(d) the curious fact that metals which happily formed a protective oxide
when they first contacted oxygen refused to do so when the process was
repeated.

Much of the difficulty in demonstrating the mechanism of breakaway in
a particular case arises from the thinness of the reaction zone and its location
at the metal-oxide interface. Workers must consider (a) whether the oxide
is cracked or merely recrystallised81; (b) whether the oxide now results from
direct molecular reaction, or whether a barrier layer remains82; (c) whether
the inception of a side reaction (e.g. 2CO -> CO2 + C)44 caused failure;
or (d) whether a new transport process, chemical transport or volatilisa-
tion83, has become possible. In developing these mechanisms both argu-
ments and experimental technique require considerable sophistication. As a
few examples one may cite the use of density and specific surface-area mea-
surements as routine75; of porosimetry by a variety of methods64; of optical
microscopy84'85, electron microscopy21 and X-ray diffraction86 at reaction
temperature; of tracer44, electric field87 and stress measurements. Excellent
metallographic sectioning is taken for granted in this field of research.

As has been intimated certain breakaway reactions are of great techno-
logical importance and a correspondingly large amount of research has been
carried out on these, but as yet no consensus has obtained for the mechanism
of linear oxidation of Type 1 (Fig. 1.89) for any one of the metals. The
papers of Cox64'87 on the oxidation of zirconium and its alloys are, how-
ever, well worth study; the work included the development of a mercury
porosimeter sensitive to pores of about lOnm in size and the investigation
of electron transport in the pre-breakaway oxide layer. Cox concludes that
it is electron transport which is rate controlling in the early stages and that
breakaway is the recrystallisation of the oxide, induced by a tensional stress,
which creates continuous porosity81 by void condensation at grain bounda-
ries. Intermetallic particles, which in zirconium alloys are associated with
easy routes for electron transport in the pre-breakaway film, appear to be
located at the base of pores after breakaway. The porosimetry measurements
indicate that the pores have a diameter of less than 10 nm and this correlates
with the size of pore-like features seen in replicas by transmission electron
microscopy. The model received additional support from hot-stage X-ray
diffraction86 which showed recrystallisation to a columnar structure to be
concurrent with the rate transition. Bradhurst and Heuer85 prefer to turn
the mechanism around, arguing that recrystallisation occurs as a result of
cracking in the traditional way; they have confirmed that there is stress relief
in the oxide-metal system at the time of breakaway and have evidence from
the hot stage microscope of crack-like features moving across the surface.
The viewpoints of both schools are summarised in letters to the Journal of
Nuclear Mater/ate81'85.

The discovery by Fiegna and Weisgerber80 that noble metals are able to
catalyse the breakaway corrosion of zirconium has not been built into either
of the main theories. Antill et al.44 have also found it difficult to explain
their similar observation for the oxidation of steel by CO2. Reactor grade
CO2 contains both water and CO as impurities; CO is also produced by the
reaction



3Fe + 4CO2 = Fe3O4 + 4CO .. .(1.195)

and AntilPs thesis is that it is the disproportionation of the carbon monoxide
(the Boudouard reaction)

2CO = CO2 + C ...(1.196)

which causes fragmentation of the protective oxide. However, in this system
the action of the noble metal appears to be associated with the water
impurity.

Water as an impurity is known to promote the breakaway corrosion of a
number of metals; in addition to iron in CO2 the effect has been reported
for magnesium (hydrocarbons have more effect on the oxidation of this
metal), beryllium, zirconium and sodium. In the latter case water is known
to convert the oxide to deliquescent NaOH but acceleration of beryllium
oxidation probably results from hydride formation and mechanical damage
to the oxide.

The Mechanisms of Paralinear Oxidation

Some metals oxidise at a rate which decreases, rather than increases (Type
2 in Fig. 1.89). Cerium behaves in this fashion at temperatures between 4O0C
and 13O0C, and Loriers7'8 has suggested that the curve derives from the
competition between the two oxides Ce2O3 and CeO2. It was proposed that
the inner layer Ce2O3 was continuous and grew under diffusion control but
transformed at a constant rate to an outer layer of CeO2. That is, if we
write y and z as the thickness of the inner and outer layers respectively, then
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Fig. 1.90 Kinetic interpertation of paralinear oxidation. Curves a and b correspond to the
growth of the inner compact layer and the outer porous layer, respectively; curve c represents
the total weight and is the algebraic sum of curves a and b. Note that as oxidation proceeds,
y tends to a limiting value ymax. (curve a) and the overall rate of oxidation tends to a constant

value fb
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dy/dt= (a/y) - b ...(1.197)

and

dz/dt=fb ...(1.198)

where/is the ratio of the oxygen content per gramme atom in the outer layer
to that in the inner layer, a is one half the parabolic rate constant for
diffusion in the inner layer, and fb is the linear rate constant.

The integrated forms of equations 1.197 and 1.198 are illustrated in
Fig. 1.90 together with that for the total weight gain w which is given by the
sum of y and z. It is evident that as oxidation proceeds the rate of thickening
of the inner layer progressively decreases and its thickness tends to a limiting
value, i.e.

JW = a/b ...(1.199)

so that the overall rate of oxidation tends to the constant value

dw/dt=fb ...(1.20O)

The particular interest in this form of oxidation stems from the fact that
the important group of metals Nb, Ta, Mo and W show similar behaviour
although it is only with tungsten that the kinetics are strictly paralinear.
The model was first applied to the oxidation of tungsten by Webb, Norton
and Wagner88 for the temperature range 700-100O0C. They were able to
demonstrate the presence of a barrier film (probably a metastable modifica-
tion of one of the intermediate oxide phases of tungsten such as W4O11)
between the metal and the outer layer of porous tungstic oxide. Subsequently
Jepson and Aylmore89 measured the amount of porous oxide formed on
tungsten oxidised at temperatures in the range 750-80O0C by krypton
sorption and by metallographic methods. They discovered that the porous
oxide did not form at a constant rate as required by the paralinear model;
instead its rate of formation decreased with time with kinetics similar to
those of weight gain vs. time. They concluded that the weight of combined
oxygen in the barrier layer must be very small. Kellet and Rodgers^ have
since thrown even more doubt on the concept of a barrier layer by their
finding that the black oxide 'barrier layer' and the yellow porous oxide have
the same chemical composition.

Oxidation in the Presence of Subscales

The aforementioned inconsistencies between the paralinear model and
actual observations point to the possibility that there is a different mecha-
nism altogether. The common feature of these metals, and their distinction
from cerium, is their facility for dissolving oxygen. The relationship between
this process and an oxidation rate which changes from parabolic to a linear
value was first established by Wallwork and Jenkins91 from work on the
oxidation of titanium. These authors were able to determine the oxygen
distribution in the metal phase by microhardness traverses across metallo-
graphic sections; comparison of the results with the oxidation kinetics
showed that the rate became linear when the metal surface reached oxygen



saturation, at a composition of about Ti3O. It was thought that the porous
layer of TiO2 was formed by exfoliation of metal layers but remained in
good contact since (a) when the oxygen demand of the metal fell, cations
diffused into, and discoloured, the oxide and (b) if the oxidising atmosphere
was removed, the oxide redissolved.

The general thesis of this work was supported by the work of Osthagen
and Kofstad92 with zirconium in oxygen at 80O0C, who found that the rate
became linear at a surface composition of Zr6O, and by that of Smeltzer
etal.93. The former authors related the rate change to the poor influence of
the suboxide (which is believed to be volatile) on the interface adhesion.
Pemsler94, in an important series of papers, has developed the theme of
oxidation of prior-formed zirconium-oxygen alloys but, curiously, was
unable to reproduce the linear portion of the oxidation curve. He found the
rate to remain parabolic at all temperatures up to 130O0C and with a rational
rate constant which was independent of the degree of oxygen saturation.
Pemsler developed a sensitive technique for the determination of the oxygen
profile in the metal and showed ordered alloys to exist at the compositions
ZrOx, where x takes, in turn, the values O-16, 0-21, 0-26 and 0-32.

Kofstad95 had earlier suggested that the initial protective period in the
oxidation of niobium (this metal belongs to the group which shows Type 1
behaviour) is to be interpreted in terms of the dissolution of oxygen and the
formation of a suboxide. Breakaway then corresponds to the nucleation
of the pentoxide Nb2O5 on the surface. Cathcart96 and his co-workers
observed blister-like cracks in the oxide at breakaway, which is to be
expected since Nb2O5 grows by anion diffusion and has an oxide: metal
volume ratio of 2-49:1. Later work has confirmed this and it thus seems
possible that there is no barrier layer, merely an interaction with the under-
lying metal97, at least for certain conditions of temperature and oxygen
pressure.

Theories of the oxidation of tantalum in the presence of suboxide have
been developed by Stringer98. By means of single-crystal studies he has been
able to show that a rate anisotropy stems from the orientation of the sub-
oxide which is precipitated in the form of thin plates. Their influence on the
oxidation rate is least when they lie parallel to the metal interface, since the
stresses set up by their oxidation to the pentoxide are most easily accom-
modated. By contrast, when the plates are at 45° to the surface, complex
stresses are established which create characteristic chevron markings and
cracks in the oxide. The cracks in this case follow lines of pores generated
by oxidation of the plates. This behaviour is also found with niobium, but
surprisingly, these pores are not formed when Ta-Nb alloys are oxidised99,
and the rate anisotropy disappears. However, the rate remains linear; it
seems that this is another case in which molecular oxygen travels by sub-
microscopic routes.

The Role of Metal Dissolution or Volatilisation in the
Formation of Porous Oxides

As we have seen, a consequence of the formation of porous oxide is that
the rate-controlling step reverts to that of a phase boundary reaction and



therefore becomes independent of the oxide thickness. When these circum-
stances are such that the porous oxide becomes unusually thick, or if the
oxidising medium is unusually dense, a form of the parabolic rate law may
be re-established. In this case the relevant diffusion coefficient is that of the
transported component in the fluid phase permeating the oxide layer.
Perhaps the best known system in which the apparently paradoxical associa-
tion of porous oxide formation with parabolic kinetics is observed is that in
which iron or mild steel reacts with water or alkaline solutions at tempera-
tures within the region of 30O0C. At this temperature water acts as an
oxidising agent, even in the absence of electrochemical coupling, and very
hard compact layers of oxide are formed. This oxide scale is found to consist
of two layers, both magnetite, and marker experiments have been used to
establish the important fact that the inner layer occupies exactly the volume
of the metal consumed by oxidation100. It follows from these observations
that the inner layer of oxide supports counter diffusing and nearly equivalent
fluxes of iron and oxygen and, by inference from the observed parabolic rate
law, one of these is rate controlling. Potter101 considered the inner layer to
be continuous and to grow by oxygen ion diffusion; however the rate of
oxygen transport during corrosion is 108 times greater than would be
expected to occur by diffusion in a continuous oxide film, and it is difficult
to account for the equivalence of the ion fluxes over a wide range of tempera-
ture and solution composition102.

The fact that the outer layer was porous was known to Potter and Mann,
but the possibility that the inner layer was porous was first discussed by Field
et al.m who adduced evidence that the oxide had only 90% of its bulk
theoretical density. It was subsequently shown that the inner layer consists
of individual crystallites of 0-1-0-2/im in size104 and that the porosity
between them was interconnected6. The knowledge that molecular water
penetrated to the reaction zone close to the metal surface enabled Castle and
Masterson6 to construct a model in which the dissolution of the metal
matrix represented a competing reaction with the growth of oxide nuclei.
When dissolution is sufficiently fast the growing oxide nuclei can be under-
mined before a continuous stable film of oxide is formed. Since dissolution
will also expose new sites for oxide nucleation the process can be repeated
indefinitely so long as the resolved iron is removed from the vicinity of the
metal surface. It is this efflux of iron in soluble form from the metal surface
which becomes the rate-controlling transport reaction during the oxidation
of steel in high-temperature water. The model is useful since it correctly
predicts the dependence of the reaction rate on the solution pH6'105. This
model, or variants106 of it, is also able to explain the behaviour of alumi-
nium in high-temperature water107, of steels in molten salts108 and of non-
ferrous metals and alloys in low-temperature aqueous solutions109'110. There
is also evidence that the transport of metals in volatile form, across similarly
porous oxide, may be an important feature of oxidation in steam83 and in
special circumstances where the vapour pressure of the metal is high82.

The more important cases of oxide volatilisation occur in the platinum
metals111 and with the refractory metals2 at high temperatures. In these
systems, unlike the aforementioned, it is the higher valence oxide which is
the more volatile so that at sufficiently high temperature the metal may be
oxide free. Gulbransen2 has shown that the rate of oxidation is then con-



slant and agrees well with that derived from the kinetic theory of gases and
the relevant thermochemical data.

Stresses in Oxide Layers

Much of the earlier part of this chapter has dealt with the observable effects
of stress in an oxide layer. Oxide buckling or even failure, recrystallisation,
the promotion of columnar grain growth or whiskers, and, above all else,
the creation of non-protective oxide, have all been attributed to stress. It has
been shown (page 1.270) how mass transport in oxides leads to oxide drift
and thus, on finite and non-planar surfaces, to a change of shape with conse-
quent generation of stress. Other mechanisms of stress generation are: epit-
axial strain, i.e. the development of oxide layers with an orientation which
permits some correspondence between the lattice parameter of the metal sub-
lattice in the oxide and that of the metal; oxide formation in cracks or grain
boundaries; the formation of higher oxides; oxygen solution in the metal,
with or without subscale formation; and shrinkage of the metal by assimila-
tion of vacancies from the metal oxide interface. The experimental evidence
relating to these forms of stress generation has been reviewed by Stringer112

in an article which draws together work from wide-ranging fields.
In order to understand the more catastrophic effects of oxide stress its

magnitude must be determined in oxide layers which are still continuous.
Several methods have been evolved to permit this measurement including
low-energy electron diffraction (L.E.E.D.)113 for the very early stages of
oxide growth, X-ray diffraction-line broadening114 and techniques in which
the strain developed by the oxide layer when grown under conditions which
permit stress relief is measured by bending or extension of the metal sub-
strate112'115'116. This latter class encompasses a variety of geometrically
designed metal testpieces. The method has become known as the flexure or
Stoney117 method and is worthy of special comment particularly since it is
the method most widely adopted for measurements on thick film.

The Flexure Method

The method makes use of the tendency of a metal foil to bend when it is
oxidised unilaterally, i.e. on one side only, and has been developed from the
method used by Stoney to measure stresses in electrodeposits, as long ago as
1909. There are important problems in the translation of the technique to
oxidation studies. Firstly, it is difficult to completely arrest oxidation on the
'inert' side of the testpiece. The problems of diffusion across a barrier layer
of electrodeposited or vapour-deposited metal for a long time restricted its
use to low temperatures, e.g. Ta at 350-55O0C118, Nb at 4250C118 and Cu at
200-40O0C, but recently Pawel and Cathcart have reported the use of
Al-BAu evaporated layers which, on uranium alloys, will enable tempera-
tures of up to 80O0C to be used119. Secondly, there is an interpretive diffi-
culty since although there are two stress systems, acting at right angles in the
plane of the oxide, a strip (or even a disc) generally bends in a plane perpen-
dicular to only one of them 12°.



Because of the experimental difficulty other workers have circumvented
the problem in various ways. In one of the first demonstrations of stress,
Evans121 examined the flexure of detached oxides at room temperature
whilst soon after this Dankov and Churaev122 examined the stresses present
at reaction temperature by oxidation of layers of the metals evaporated onto
mica substrates. Their technique has been criticised29 on the grounds that
the major stresses would refer to oxide formation in the pores of the evapo-
rated layer — and also that the thin films oxidised may unduly reflect epitaxial
stresses. Engell and Wever123 oxidised both sides of a spiral of iron at
70O0C and relied on the different lengths of the inward- and outward-facing
surfaces of the helix to provide a differential force. This technique would
be unduly influenced by rate differences on either side of the helix —espe-
cially as derived from the curvature itself112. Bradhurst and Heuer124 also
oxidised both sides of the testpiece and obtained their results from the
change in curvature at room temperature when the oxide was removed from
one face. The method was used to determine stresses in the oxide on Zircalloy
2 and zirconium at 500-70O0C and is successful only if the oxide does not
spall on cooling and if the correction for differential thermal expansion can
be experimentally determined. Bradhurst and Heuer were successful and
showed that stresses steadily increased until relieved on the Zircaltoy 2 at the
point of breakaway. Yet another technique has been utilised by Appleby and
Tylecote125 who protected one side of disc-shaped specimens by reducing
atmospheres while the upper side was oxidised at temperatures up to 95O0C.

The interpretive difficulty has been discussed in detail by Pawel 12° and by
Morton126 in papers which appeared almost simultaneously. Both authors
use arguments to show that the simple formula of bending-beam theory
utilised by Stoney

a = j£ ...(1.201)

where E is Young's modulus, t is the thickness of metal, r the radius of
curvature, d the oxide thickness and a the stress, is suitable only as a first
approximation.

Since there is an isotropic growth stress in the plane of the oxide it is neces-
sary to consider the two principal stresses ax and ay given by

^.i&±gL (]202)

for biaxial plane stress in a plate, and

_ E(Vtx + *,)
°y- . _ 2 . . .(1.203)

where Cx and £y are the strains, x is the long axis and y the short axis of the
testpiece, respectively, and v is the Poisson's ratio. If the testpiece is free to
bend in both directions under these stresses then Cx = Cy and

g « = n E'\KH ...(1.204)(1 — v)6ra

More usually however the initiation of bending on a plane perpendicular to
y (say) and through x will render the testpiece sufficiently rigid to preclude



bending in the orthogonal plane through j>. As Morton points out this mode
of deformation must inevitably occur in the helical testpieces used in the
spiral contractometer. An appropriate formula is then Cx « O and

ff*=(T^ -<L20S>
although Timoshenko's127 early analysis shows that it is this relationship
which reverts to the Stoney formula for suitably shaped specimens.

The rigidity of the y axis prevents the development of spherical surfaces
for all but very small displacements. Morton suggests that the limit is reached
when the displacement is equal to the metal thickness. This condition was
satisfied in the high-temperature studies of Appleby and Tylecote125 and
spherical doming of the disc specimen occurred. When the oxide is not very
thin compared with the metal both the moduli for oxide and metal must be
considered. Stringer112, in his excellent review of stress generation and relief
in oxide layers, quotes a corrected formula, originally due to Brenner and
SenderofT128

(t + d) (£ox.-£me,);
3

a = E~'-6rt 6rd(t + d) ' * •(L2°6)

(which omits the Poisson's ratio correction) and quotes data for magnesium
which show that the simple formula would be in error by more than 50%
when the oxide layer had a thickness of 10% of that of the metal. It is per-
haps apposite to remind the reader that these corrections are pertinent to
films which are very thick compared with those formed at breakaway in the
Type 1 oxidation. Magnesium undergoes breakaway when the oxide has
maintained a stable thickness of about 5 X 10~7m for several hundred
hours. Either on the Pilling-Bedworth model or the oxide drift argument the
film would contain a biaxial stress of the order of only about 2 MN/m2

tension or compression even if there has been no stress relief by plastic flow.
The oxide should be well able to support this. In fact it is occasionally
possible to evaporate magnesium leaving a near-perfect box of transparent
oxide which shows no sign whatsoever of having been in strained conditions
—yet eventually such magnesium will go into breakaway.

As reliable stress measurements become extended to greater temperatures
the extent to which growth stresses are dissipated by plastic flow of the oxide
becomes more apparent —the values of around 700 MN/m2 measured for
the oxidation of tantalum118, niobium118'129 and Zircalloy 2124 must be con-
trasted with the value of 70 MN/m2 (no breakaway) found for the oxida-
tion of zirconium at 700-90O0C124 and 869kN/m2 for copper at this same
temperature125. The stress measured for the formation of cuprous oxide
at 90O0C was only 371 kN/m2(125). The very low stress calculated for the
oxidation of copper at 70O0C is, however, surprising since the crack-heal
mechanism of oxidation is known to be operative at slightly lower temper-
atures, and also in view of the direct relation between stress in the oxide
scale and the formation of whiskers130. They are, however, in reasonable
accord with the X-ray strain values measured by Homma and Issike131 for
the oxidation of copper at 500 and 60O0C and the very high values are
undoubtedly associated with oxygen solution and oxide wedging in the
metal.



Stress Relief by Metal Creep

The fact that uniaxially oxidised metals bend suggests that thin foils should
stretch when biaxially oxidised. This has been frequently observed112 and
moreover thin-walled tubing may both decrease in diameter132 and increase
in length133'134 under the compressive loading of oxidation. Such a loading
on the metal may seriously reduce its effective tensile strength135 without
relieving much of the compressive stress in the oxide, and introduces a
dependence of creep behaviour on the oxygen potential of an environ-
ment136. Although outside the scope of this section, the paper on anodic
oxidation of loaded aluminium wires by Leach and Neufeld137 gives an
indication of the probable depth of this field, in which little work has yet been
carried out.

I.E. CASTLE
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1.11 Erosion Corrosion

The majority of corrosion problems involve situations where the environ-
ment moves, this may increase or decrease the rate of corrosion. It is only
cases where both anodic and cathodic processes are activation controlled
that will be unaffected by the relative movement between the surface and the
environment. As well as influencing the rate of existing processes solution
movement can introduce different rate controlling steps. With the excep-
tion of cavitation, flow induced corrosion problems are generally termed
erosion corrosion, encompassing flow enhanced dissolution and impinge-
ment attack. The fluid can be aqueous or gaseous, single or multiphase.
The actual corrosion component of the attack will be variable1 but we can
conceptually imagine a spectrum of processes from those where loss is due
to corrosion to those where mechanical loss dominates as shown in Table
1.28.

Table 1.28 Spectrum of erosion corrosion process (Poulsonl)

Dissolution dominant

Flow thins protective film to equilibrium thickness which is a function of both mass transfer
rate and growth kinetics. Erosion corrosion rate is controlled by the dissolution rate of the pro-
tective film.

Film is locally removed by dissolution, surface shear stress or particle/bubble impact; but it can
repassivate. Erosion corrosion rate is a function of the frequency of film removal, bare metal
dissolution rate and subsequent repassivation rate.

Film is removed and does not reform. Erosion corrosion rate is the rate the bare metal can
dissolve.

Film is removed and underlying metal surface is mechanically damaged which contributes to
overall metal loss i.e. erosion corrosion rate is equal to bare metal dissolution rate plus possibly
synergistic effect of mechanical damage.

Film is removed and mechanical damage to underlying metal is the dominant damage
mechanism.

Mechanical damage dominant

Important features of erosion corrosion are that it usually occurs in situa-
tions where the metal is normally covered by a protective film. Accelerated
attack is then caused by the rate of dissolution of the film increasing, the film



Fig. 1.91 Variation in possible erosion corrosion surface morphology (a) single phase attack
of mild steel in water (b) droplet erosion corrosion of 12% Cr steel

Table 1.29 tabulates most known examples of erosion corrosion prob-
lems occuring in aqueous systems. Historically, erosion corrosion first
became a problem with the copper alloy (70%Cu 29%Zn l%Sn) con-
densers of naval ships2. Erosion corrosion of copper alloys has been an
ongoing problem since then. The other major problem areas are (a) power
plants where steels are exposed to water or water/steam mixtures in the
temperature range 90°-280° C3 (b) the oil and gas industry where steels are
exposed to various liquid, gas, and sometimes solids combinations contain-
ing carbon dioxide.

dissolving away or being damaged mechanically. Usually surfaces that have
undergone erosion corrosion where dissolution dominates have character-
istic features that are variously described as scallops, or horseshoe shaped
pits. However not surprisingly the surface morphology will vary with the
damage mechanism as shown in Figure 1.91.



Hydrodynamic Parameters

It has long been known that increasing the velocity and the presence of
bends, welds or other features promoting increased turbulence increases the
risk of erosion corrosion. For copper alloys both laboratory data and prac-
tical experience suggest that for a given tube diameter there will be a critical
velocity above which erosion corrosion could become a problem. This criti-
cal velocity will be a function of the environment and will be higher for the
more resistant alloys4 (Table 1.30). However, knowing the critical velocity
in 25 mm diameter tubing does not allow its prediction in 200 cm diameter
pipe or other geometries. What is needed is the identification of the rate con-
trolling hydrodynamic parameter.

For copper alloys Efird5 proposed that a critical shear stress (see Table
1.31) at the surface could be obtained which corresponded with the removal

Table 1.30 Critical velocity of copper alloys on seawater (from reference4)

Table 1.29 Examples of occurrences of erosion corrosion

Material

Copper alloys

Carbon steels

12<7oCr steel

Austenitic
stainless steels
Aluminium alloys

Lead

Environment

Seawater

'Water, water/steam.
Sulphuric acid.
Carbonate solution.
Coal/water.
Water/CO2/oil/sand.
Two phase sulphide
^environments.
Water droplets in
steam.
Sulphuric acid
slurry.
Water.
Concentrated fuming
HNO3.
Sulphuric acid.

Example

Condenser tubing.
Piping.
Pump impellers.
Boiler tubes.
Process plant piping.
Process plant piping.
Coal slurry transportation.
Oil production pipes.
Oil refining equipment.

Turbine blades.

Process plant
pump impeller
Nuclear fuel cans.
Process plant.

Sulphuric acid
manufacturer.

Alloy

Cupro Nickel with Cr
70-30 Cupro Nickel
90-10 Cupro Nickel
Aluminium Bronzes
Arsenical Al Brass
Inhibited Admiralty Metal
Low Si Bronze
Phosphorus deoxidised
Copper

Composition

83Cu 16-5 Ni 0-5 Cr 0-75 Fe
70Cu 30 Ni O- 6 Fe
88-7Cu 10Ni 1-3Fe
91 Cu 7 Al 2-5 Fe 0-5 Si
77-5 Cu 20-5 Zn 2 Al 0-06 As
71 Cu 28 Zn ISn 0-06 As
98-5Cu 1-5Si
99-9 Cu 0-02 P

Critical
velocity

in 25 mm
dia. tube

ms-1

9
4-5-4-6
3-3-6
2-7
2-4
1-2-1-8
0-9
0-6-0.9

Critical
shear
stress
Nm~2

297
48
43

19

9-6



Table 1.31 Hydrodynamic parameters relevant to erosion corrosion

V is fluid velocity, 7 is fluid kinematic viscosity, /* is fluid dynamic viscosity
p is fluid density, D is diffusion coefficient, AP is pressure drop
x is distance along tube, AC is concentration driving force
K is mass transfer coefficient, J is mass rate of reaction
Re is the Reynolds number VdAy or p Vd//i
Sh is the Sherwood number Kd/D
Sc is the Schmid Number y/D

The surface shear stress T is a consequence of the velocity difference between the metal surface
and the fluid velocity. For tubular geometries it can be obtained from pressure drop measure-
ments or calculated:

T = AP/4(x/d) = f(pV2/2)

Where f is known the Fanning friction factor which is a function of Re and the roughness
of the tube relative to its diameter. For practical systems / varies from 0.002-0.01. Very little
information on local values of T in other geometries.

For any diffusion controlled reaction

J = KAC

K is normally obtained from non-dimensional correlations between Sh, Re and Sc of the form

Sh = aRex Scy

It can be obtained from the available literature or measured experimentally. If the erosion cor-
rosion rate (ECR) is directly proportional to the mass transfer rate:

D
ECR = -aRe*ScyACP

d

For situations controlled by anodic dissolution of a film P = 1/density of metal, but if the cor-
rosion is controlled by the cathodic reaction P = 1/density of metal X nc Ma/na Mc where n
and Mare the number of electrons and the molecular masses of anodic and cathodic reactants.

of protective corrosion films. For a single geometry (plate parallel to tube
flow) Efird obtained critical shear stresses for a variety of copper alloys
(Table 1.30). However the ideas was not tested to see if the concept was
applicable to other geometries. Syrett has pointed out that the critical shear
stress values obtained seem remarkably low to mechanically disrupt a surface
layer and that it was more likely that the films were being dissolved away by
the increased rate of mass transfer to and from the surface. This suggestion
was in fact made earlier by Lush7 etal. who used the shear stress to charac-
terise the rate of mass transfer at the surface. However the mass transfer rate
is normally specified by the mass transfer coefficient (see Table 1.31). This
is more readily obtained experimentally and can be obtained in the form of
a non-dimensional correlation, for many geometries of interest from the
available literature. Early applications of the mass transfer concept to corro-
sion include those of King8, Levich9 and Ross10 but it is not clear who first
applied it to erosion corrosion. The erosion corrosion of carbon steels in con-
centrated sulphuric acid was investigated by Ellison and Schmeal11 who
showed that the corrosion rate could be predicted from available mass
transfer correlations and the required solution parameters.

However the expected simple linear relationship between mass transfer
and erosion corrosion does not always hold for a variety of reasons which
include:



1. Change in rate controlling step
If the film is removed above a certain mass transfer rate12 there will be
a sudden increase in the erosion corrosion rate which will tend to rise
to the rate the bare metal can dissolve.

2. Spatial separation of anodic and cathodic areas
Corrosion involves both anodic and cathodic reactions and the local-
isation of these can lead to lack of conformity with mass transfer
expectations13.

3. Series control
A number of workers7'14 have suggested that there are situations in
which two processes in series control the erosion corrosion rate, for
example diffusion plus partial activation control, leading to a lower
dependency on mass transfer than expected.

4. Coupled reactions
Bignold14 has postulated that increasing flow increases both mass
transfer and by lowering the free corrosion potential the oxide
solubility. This would lead to a higher dependency on mass transfer
than expected.

5. Inappropriate mass transfer values
Most mass transfer data is for smooth surfaces15. It is well established
that as a surface suffers erosion corrosion it will roughen and the mass
transfer rate will increase. It has been suggested16 that when this
occurs the roughness becomes more important than the original shape
in controlling the mass transfer.

Examples of some of these effects and the resulting mass transfer erosion
corrosion behaviour are shown in Figure 1.92'.

Material/Environmental Influences

Since the formation nature and breakdown of protective surface films
depends on both material and environmental parameters such influences on
erosion corrosion will be discussed together. Particular attention will be paid
to the copper/seawater and carbon steel/water (steam) systems.

Briefly the important developments in copper alloys with respect to their
erosion corrosion behaviour in seawater have been:

(a) Aluminium brasses which are widely used as condenser materials.
(b) The 90-10 and 70-30 cupro nickels which are used extensively in

seawater systems where their improved resistance to erosion corrosion
and anti-fouling characteristics are valuable.

(c) The important role of controlled iron additions to both the aluminium
brasses and the cupro-nickels18 (Figure 1.93) in improving the resis-
tance to erosion corrosion. There is evidence that maximum benefits
are obtained if all the iron is in solid solution.

(d) The dramatic role of chromium (Figure 1.94) in increasing the erosion
corrosion behaviour of the cupro nickels19 particularly those with
nickel contents greater than 16%. Again heat treatment effects are
important and rapid cooling is required to keep the Cr in solid solution
for maximum resistance.



MASS TRANSFER COEFFICIENT K

Fig. 1.92 Possible relationships between erosion corrosion and mass transfer (after
Poulson1)

The relative erosion corrosion resistance of these alloys has been previously
given in Table 1.30.

Environmentally the important detrimental role of sulphide ions from
pollution or the decay of organic matter, has been highlighted in recent
years20 (Figure 1.95). The additions of ferrous sulphate has proved
extremely beneficial even in the presence of sulphides21 (Figure 1.95). It is
worth indicating that surface pretreatments, using mains water, maintaining
flow or draining after use, have all been suggested as means to prevent prob-
lems during preservice testing when the risks of sulphide problems is
highest.

There is no general agreement on the mechanism of these various effects.
For example the beneficial effects of iron additions have been attributed to
it: increasing the amount of nickel in the corrosion film22, increasing the
electronic or ionic resistivity of the film and impeding the anodic23 or
cathodic24 reactions or improving the mechanical strength of the film25.
Similarly the detrimental effects of sulphides have been suggested to result
from: the oxygen reaction being catalysed26, the evolution of hydrogen
being promoted, copper sulphide being precipitated thus lowering the corro-
sion potential27 or copper sulphide being incorporated into the film and
reducing its mechanical properties28.
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Fig. 1.93 Schematic diagram showing beneficial effect of iron on erosion corrosion of cupro
nickel (after Pearson18)

For carbon steels in water, or water/steam mixtures at temperatures in
the range 9O0C-SOO0C the most important material property is the
chromium content29 (Figure 1.96). In single phase flow additions of l%Cr
have prevented erosion corrosion under both laboratory tests and service
exposures, and levels of Cr as low as 0.1% can have substantial benefits. In
two-phase flow it is generally thought that the conditions are more arduous
and the 2.25CrIMo is often specified but if the velocity is high enough even
the 12Cr steel used in turbine blades suffers problems. This is probably an
example where mechanical effects predominate.

Environmentally the most important variables are pH, oxygen content
and temperature of the water (Figure 1.96). In single phase conditions both
high pH and additions of low levels of oxygen have been used to prevent
erosion corrosion30. However, because of partitioning effects between
water and steam this is more difficult to achieve in two-phase flow. Although
additions of morpholine31 or AMP32 (2-amino-2-methyl-propan-l-ol) have
been successfully used to control pH.
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Fig. 1.95 Effect of sulphide and ferrous additions on the behaviour of 70/30 cupro nickel in
seawater (after Hack21)

Mechanistically chromium additions have been shown33 to significantly
enrich (1OX) in the magnetite oxide layer and, it has been suggested that this
lowers its solubility. Additions of small amounts of oxygen34 to the water,
increases the metal's potential and promotes the formation of haematite

CHROMIUM %

Fig. 1.94 Effect of chromium additions on the erosion corrosion of 70/30 cupro nickel in
seawater (after Anderson19)
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Fig. 1.96 Summary of factors controlling the erosion corrosion of steels in water

which also appears less soluble. The effects of both temperature and pH are
thought to be related to the solubility of magnetite14; these effects are incor-
porated into Figure 1.96.

Predicting the Occurrence of Erosion Corrosion

Basically there are two approaches to predicting the occurrence of erosion
corrosion. Practical or experience based methods typified by Keller's
approach36 for carbon steels in wet steam. Keller developed an equation
that related the erosion corrosion rate as a function of temperature, steam
quality, velocity and geometric factor. In recent years this approach has
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been improved to account for material and environmental variables by
a number of organisations35'37; and computer programs are available37.
The second approach14'17 is based on the generation of high precision
erosion corrosion data from controlled laboratory tests. This data is then
used to define the variable relationship between erosion corrosion rate and
mass transfer under the range of environmental and material variables of
interest.

Preventing the Occurrence of Erosion Corrosion

Erosion corrosion may be considered at the design stage when a wider range
of options is available to prevent its occurrence than if it occurs after the item
of plant has been built. Various options and examples for these two situa-
tions are summarised in Table 1.32.

Table 1.32 Preventing the occurrence of erosion corrosion

B. S. POULSON
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