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Morphologies of Uniform; Adherent Scales on Binary Alloys

B. D. Bastow*t, G. C. Wood* and D..P. Whittle#

Abstract ' Thé various scale morphologies arising from the oxidation and
éulphidation of binary alloys are summarisea.» The relationships-
between simple, éingle'phasé morphologies and more complex, multi-
éhase, multi-layer cases are arranged diagrammatically by defining
qualitatively the restrictions on the thermodynamic stabilities
and transpoft properties of the oxidation products which result in
increasing scale complexity. Factors which can cause the forma-
tion of non-uniform sCales'are.considered briefly.k Oxide and
sulphide scales on binary alloys of Fe, Co, Ni, Cg, Mn; Cr and Al.
are discussed semi—quéntitatively in an attempt to identify the
important properties which cause changes in oxidation rates and

moxphologies.
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INTRODUCTION

The scale morphologies obtained by oxidizing or sulphidizing alloys were
arranged schematically by Moreau and Benardland their summary was subsegquently
adapted bY Wood in his discussion of the high temperature oxidation behaviour
of alloysz- More recent experimental work, especially on the sulphidation of
alloys, has shown that scale morphologies can develop which are more complex
than those Eonsidered by these authors and the present paper outlines the
extension of.the earlier scheme to include a moré varied and comprehensive range
of alloy behaviour. At the same tihe it is shown how the various morphologies |
can be related to one:another, by.consideging the elemental distributions in the
scales. The approach to scale morphoioéies presented here is complementary to
that of Dalvi and Coates3 in which diffusion paths corresponding to different
morphologies are superimposed on the felevant ternary phase diagram.

It is notea that initially the discussion is limited to those cases in which
the imposed oxidatién conditions, controlling scale growth, remain fixed and that

| growth is essentially unidirectional and uniform. Factors which can lead to non-

uniform growth are only considered briefly in the concluding section.

SCALE MORPHOLOGIES .

Pure Metals

.lf The simplest of all scales is the single, uniform l;ygr pf.a cémppupd B(x)_on
meﬁal B, where X is fhe dxidanf. .A vaiiét? of examples caﬁ bé given incluaiﬁg ]
oxides (Ni, Cr and under specific conditions Cu, Fe, Co), sulphides (Fe, Cu) and
halides (Cu, Cd, Mg) and the growth rates and mechanisms have received extensive

4
theoretical treatments, originating with the classical work of Wagner .

2. In a number of cases reference to the phase diagram B-X shows that more than

" one binary compound is stable at a given temperature and oxidant concentration.



Since, in principle, each oé these phases can occur in the scale, it is implicit
that a number of separate layers can form, each layer consisting of one of the
compounds B(x)l eee B(X)p- This morphology corresponds to an isothexmal»section
across the phase diagram, superimposed on a gradient in the oxidant activity
equivalent. to the change in activity between the metal-scale interface and
oxidizing atmosghere.

Examples of two layer scaleé are found on Fe under certai; oxidation conditions
while both 6xide and sulphide scales on Co can also consist of two layer phases.
Three layer scales are observed during the oxidation of Fe and the sulphidation of
Ni and it appears possible, from aﬁ examination of relevant phase diagrams, that

more layers could be anticipated on some metals (e.g. Co-S, Ni-S), although such

scales have not been reported.

Once again the formatién of these scales has received considerable theoretical

5
attention, a general treatment being given by Shatynski et al . Other relevant

. treatments were criginally developed tO'interpretvthe formation of compounds during

the interdiffusion of pure metals and a relationship has been derived for this case
which defines conditions for the non-appearance of apparently stable compounds in the

phase 1ayerss.

Binary Allovs - Single Phase Scales

A systematic ar;angement’of'the scalg morphologies which can be prodﬁced;by the -
reaction between a binary alloy ;nd a simple oxidant is given in Fig. 1. . The alloys
referred to are not necessarily single phase but‘it is obviousig more probable tﬁat
muitiphase alloys will tend té form the more chplex scales sinée each phase may
oxidize independently to produce different products at different rates. Neverthe-
less it is still possible for a multiphasé alloy to form a simple scale if both
élldy components are oxidizable and there is oﬁly one éossible oxidation product

(e.qg. Ag—Cu—S7){



1.* Probably the simplest écale which can be formed on a binary alloy A-B, where
B is the base (i.e. thermodynamically more oxidizable of less noble) metal, is
that produced when the noblé metal, A, isthermodynamically inert and a B(X) scale
is formed, as in the oxidation of pure B. In principle, multilayer scales
consisting of compounds B(X)i.-.. B(X)n~could be formed, as described above for
pure B, but examples of this have not been recorded. The fundamental difference i
between the B(X) séale on a binary alloy and that on pure B metal is that scale |
formation in the former case must bg associated with an enrichment of A in the

underlying alloy. Scale growth can then be determined by the supply of B to the
alloy-scale interface, as discussed theoreticaiiy by Wagner for the oxidation of

Pt-Ni alloysa. Other examples are found in the sulphidation of Co-Cr alloys at

low sulphur partiél pressures (Table I) and Ni-Cr alloys at teﬁperatures ;bove

'1;7OK9 when Cr is the base metal in both cases, Co and Ni remaining inert because

their sulphides are unstable under the imposed conditions.

2. A particular case of the above type of oxidation occurs when thevnoble metal
is completely inert and the alloy is rel#tively rich in B, thé noble metal being
incorporated into the scale as individual particles. The conditions leading to
this morpbology are those corresponding to the transition ffom a planﬁr fo an
uneven alloy-scale interface, a sitpation which has been examined by Wagnerlo,
subject to certain approximations, and less restrictively by Whittle et alll. The
general problem of interface stability has also received cohsiderable attention.in
other studies of materials behaviour, including intermédiate phase fozmaﬁion during
‘intermetallic diffusion and solidification phenomenohlz.ﬂ"'HEWeVer,“thé'cfitéfia
deduced for the breakdown of.interface stability are necessarily compiex, in spife v
of their approximate nature. Systems sﬁudied in which interface stability is a

relevant factor include the original treatment of Wagner, as referred to the sul-

phidation of Aé-Au alloys10 (although this may be complicated further by the

* Paraqraph numbers in this and subéequent sections on binary alloys correspond
to numbered items in Fig. 1. .
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miscibility of the sulphides, neither metal being totally ihert) and, more

recently, the sulphidation of Ni-Cr alloysg.

3. When both components of the alloy are.oxidizea they both appear in the scale,
where their relative proportions are deter@ined by the oxidation potentials of A
and B and their diffusion rates in the‘alloy and scale. In this case the simplest
morphology is ob£ained when ﬁhe oxidation products.of A and B are completely
miscible, producing a solid solution scale A(X) - B(X). A general treatment of
scale growtb for thése conditions has been provided by Waqner13 who pointed out

that, unless the diffusivities of A and B cations are equal, their concentration

will vary across the scale, the distribution of A and B depending on their relative

diffusivities. The effect of these factors on the concentration and distribution
of B in the scale has been examined by the present authors using Wagner's equations
and quantitative calculations of growth rates have been made for Ni-Co and Fe-Mn

14

alloys '. Similar scales are formed during the sulphidation of Fe-Ni and Fe—Co

alloys and the oxidation of the same alloys when they contain low concentrations

(Slo'wt.%).Fe.(Table I). The scales on some ternary oxidation resistant alloys

containing both Cr and Al also fall into this group, sincelﬁhe scale formed is
essentially the solid solutionICrzoa-Alzog. However, the cbmbination,of'the‘
thermodynamic and the bulk and locai transbort properties of these Bxides and the
thinness of the scales formed makes it improbable that smooth concentration profiles

can currently be detected within them.

A number of limiting cases of this type of scale are considered separatély

‘ belcﬁ.where it is also demonstrated that under certain conditions such scales could

give rise to a iayered morphology.

4. Even if A(X) and B(X) are miscible, virtually pure A(X) and B(X) scales can
form on A-rich or B-rich alloys respectively, the essential purity of the scales

depending on the relative oxidation potentials of A and B and the dilution of the.



minor component in the A-B alloy. In the more restricted case, when the mutual
solubility of the compounds is limited, the caticn diffusion rates in the scale
must be sufficient to prevent the solubility limit of the minor component in tﬁe
scale being reached; otherwise precipitation of a second phase will occur. Con-
centration distributions similar to those,occuiring in case (3) above are to be
expected, the theoretical treatment being identical, but the diluticn qf the
minor component is often so low that such distributions are difficult to detect.
Clearly examplés can be drawn from very dilute alloys of the systems mentioned in
case (3) and,.in addition, Ceroped oxide scales on Fe-Cr, Ni-Cr and Co~-Cr alloys
very dilﬁte in Cr, when the solubility limit of Cr in the relevant cubic oxide
(fgo,NiO or CoQ) is not reached, and the essentially pure Cr;030r Al,O3 scales on
Fe- Co- and N;-base alloys whiph contain small amounts of the relevant, more noble,

metal .

5. A typevof scale intermediate between those described in cases (3) and (4) is
obtained when A(X) and é(x) are only partially discible and, although concentra-
tion variations occur, they are insufficient to cause supersaturation of one of the

components.

Strictly speaking, the distinction between case (3)-(5) is an artificia; one,
depending only on the relative améﬁnts of A and B in the sca;e and the recogniticn
of limitgd miscibility in (4) and ﬁS). Bowever, it is a convenient arrangement
 since it relates the alternative morphologies produced when the limit is exceeaed
3£§:€ common simpler example. Typical scales are pféaﬁééd'éﬁfing the ;#idétiéﬁ 6f

Co-Fe and Ni-Fe alloys (Table I).

A particularly interesting case arises for scales composed of, or containing,
ternary compounds, such as those with the spinel type formula (AB) 3Xy where A, B =

Fe, Co, Ni, a1, Cr, Ti, etc. and X = § or O. In some cases these compounds exhibit



negligible deviations from stoichiometry, e.g. NiCr,0,, and conSequentiy they
cannot tolerate a concentration gradient within them, although one might be
expected to develop due to differences between the diffueion rates of the two
cations. Heece their formation as single, continuous layers, with appreciable
width in the predominant diffusion directipn, is not expected since any concen-
tration variation is inconsistent with their stability. In other compounds the
range of sﬁoichiometry is ‘sometimes eonsiderable, e.g. Fep_nCrnOy(o5ns2) and
concentration distributions could be produced, providing that the alley composi-

tion was consistent with the continued stability of the phase.

6. Finally, mention should be made of the special case where a complex dependence
of the cation diffusivities on the oxidant activity can cause a maximum in the
concentration profiie in the central region of ﬁhe scale, as revealed by studies

of Fe-Co alloy oxidationlst As in preceding cases, if miscibility in the A(X)-
B(X} syStem is restricted, this type of distribution could reeult in a layered
scale with; say, a B-rich phase sandwiched between A-rich layers ‘at low and high
qxiaant aetivities. This.possibi;ity will be re-examined when multilayer scales

are discussed.

Binary Alloys - Multiphase Scales

7. In the preceding section some specific morphologies have been described which
all exhibit the common faetor of complete miscibility between fhe products of
iokidation. However, when there is only partial miscibility of A(X) and B(X) and
vthe alloy composition and/or the. cation diffusivities are such that the solid '
solubility limit is reached in some part of the scale, precipitation of a secoﬂd
phase occurs, e.g. Ni- and Co-rich alloys with Cr and Ni-Fe alloys (Tabie I). The
scales can then apparently consist of two layers, although they are in fact the
same.matrix solid solution throughout, with two regions, one containing precipitates
and the other precipitate-free. However; the apparent layered effect may be - |
enhanced by a change in the matrix grain structure coincident with precipitation'

front.



The nature and distribution of the seoond phase are difficult to define from
first principles although clearly the compound precipitated must be consistent with
the relevant phase equilibria in the A-B-X system. In each case rhe compound
available for the relief of supersaturation by precipitation must be invequilibrium
with the (A,B)X matrix and this must, in turn, be in equilibrium with the alloy at
the alloy-scale interface: This does not necessarily require that the precipitate

and alloy are also in equilibrium, because potential precipitation sites may only

occur at positions remote from the ailoy-scale interface.

The problem of precipitate dietribution is not amenable to interpretation in
terms of general principles at present. The equivalent but more easily controlled
case which arises in the‘interdiffusion of ternary metal solid solutions has
received considerable experimental attention and, while results have not been
completely concidsive, scme general rules have emerged for defining the conditions
causing the instability of planar interfaces and the appearaooe of alternative

morphologiesl7. In the case of spinel precipitation in scales on Fe-, Co- and

Ni-base alloys with Cr, the mode of precipitation appears to be related to the

composition ranges over which the spinel phases are stable. These ranges possible
determine the spatial limits to which an isolated particle can grow into the V
depleted zone around the initial precipitate nucleus. Thus, the stebility range
for NiCr,04 is very narrow and thie, together with the effect of the difference
between ;he diffusivities of Ni and Cr mentioned in (5) above, results in a
._particulate dispersion being maintained. In contrast, the range for FeFe Crz. 0“ )
"is very wide (o<n$2), the growth of nuclei in any dlrection is not strongly
dependent on the availability of Fe and Cr in particular stoichiometric proportions
and a contlnuous spinel layer can be formed. The Co-Cr spinel occupies an inter-
mediate position since it exists over a range of compositions from CoCr,0,to

Coy ,3Cr; .80y and can form extended precipitates which sometimes approximate to a
continuous layer. ?here are insufficient data aveilable at present to determine

if these observations have any wider significance for other alloy systems.



Although precipitate morphology is no; predictable, the region in which
.precipitation occurs in the scale can be detgrmined from a knowledge of the
relative cation diffusion rates in the scale. Particular examples of the alter-
native precipitate locations possibie are provided by Ni-Cr and Ni-Fe alloys.
In the Ni—Cr case, Cr diffuses slower than.Ni in the NiO scale and thus Cr segre-
gates in the inner region of the scale where spinel is precipitated. Conversely
in‘the oxide scale on Ni-Fe aiioys, Fe diffuses faster than Ni causing Fe segrega-'
tion and spipel precipitation in the oﬁter part of the NiO écalele. The latter
example aisoemphaéizes the importance of defining the relevant solubility limits in
terms of both cation concentrations and oxidant aétivity since NiFe,O, preéipitation
does not extend to the outermost parts of the scale, where this activitj reaches a
maximum. This observation would be consistent with a bouﬁdary between the (Ni,Fe)d
and (Ni,Fe)O+NiFe;0, phase fields which is strongly dependent on the oxygéh activity
as well as the Fe concentration. Alternatively, the solid solution scale described
ih_case (6) , where a'maximuﬁ bcéurs in the concentration préfile, might produce the
same precipitate distribution if a solubility limit waé reached. However, the
cation profile indicates that this is not the case in the scales on the Ni-Fe alloys

mentioned above.

8. A limiting example of the above morphology occur§ when the precipitates are
distributed evenly throughout the scale. This requires that the catiod distribu-
tion reaches the solubility limit everywhere in the scale; although this limit and
rthe precipitate composition may vary also, depending on the nature of the equili-4
" brium relationships in the A-B-X system. Alfernatiﬁéiy: a change in the scéievx
compésition might change the_equilibrium from_that between the matrix and a pre-.
cipitate rich in B, say, to.that of equilibrium with one richer in X. A further

. possibility occurs when the composition of each of the precipitating phases is
variable. There afe obvioule a comparable set of morphologies when B diffuses

- faster than_A in'the_scaie matrix} rather than A faster than B, as ccnsidered here.

The important point is that the conditions imposed by terhary phase equilibrium



could result in various alternatives to the simplest case where a phase of fixed
composition is precipitated in a matrix in which A and B concentration gradients
are essentially absent. Even this latter case is uncommon in single layer scales,
occurring more often in multilayer scales, as discussed be;ow, probably because
there is only a relatively narrow range of conditions where general precipitation
throughout the scale does not lead to the.formation of a continuous layer. Thus,
unless the cation diffusivities in the matrix are exactly equal there must be some
segregation at the phase boundaries and consequently the maximum precipitation rate
will occur at one of them, with a tendency for the precipitates to coalesce into a

continuous layer.

9. True double layet scales_ere formed when'the layers are different phases which
are only partially miscible. This case is distinguished from the morphology in

(7) above where the term ‘double layer' is often applied‘but where the matrix is the
same throughout the scale and only the degree of precipitation varies. Examples of
this simple morbhology occur in sulphide scales on some Ni-Co, Fe-Cr and Co-Cr |
alloys (Table I) but in other cases it is complicated by precipitation within tﬁe
layers, as discussed later. Two neoessa:y conditions must be satisfied if either

morphology is to be stable:

i) The layer forming next to the alloy, say B(X). must'be.stable there and not

| subject to conversion to A(X) by the exchange reactioo:
B(X) +A =A(X) +B Ac°ex

. The sign of AGo thus defines the stable phase next to the alloy, although
the possibility of exten51ve depletion of the baser metal, as shown schemati-'
cally in Fig. l,may influence the situation, permitting the formation of a
phase adjacent to the alloy which is apparent thermodynamically unstable with'
respect to the bulk alloy composition. This appears to be the case for
sulphide scales on éo—Ni and Cu-Ni alloys (Table I), although there remain

certain factors associated with the relevant exchange reactions which cannot

be explained satisfactorily at present.
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ii) 1In the morphology shown in Fig. 1 it pust be possible for A to diffuse through
B(X) at a faster rate than the host cation B in order that Afx) can continue |
to grow as an outer layer. This requirement is obviocusly aidéd by the segre-
gation of A towards the outer interface of B(X) in the example illustrated but
it must also apply when the concentration of A ih B(X) is very low, as noted in
a later section. Some double layer scales, particularly those of oxides, do
not appear to obey this requirement but-iﬁ such cases the outer layer is
probably formed in the transient, scale-nucieation, stage and it does not

continue to grow measurably thereafter.

10. In thbse cases where the binary A-X and B-X systems‘contain more than one
iAtermediate compound there is a possibility that some or all of these phases can
each form separate layers in the scalé,.subject only to their continued stability
infé layered morphology and the need for the relative r#tes of cation diffusion in |
adjacent phases to be consistent with continued growth. Exaﬁples are found in

~sulphide scales on various Cu-Ni, Ni-Cr and Co-Ni alloys (Table i).

- Although the initial scale formed may gontain a number of phases occurring as
discrete layers, this morphology need not include all the phases which could form
- between the alloy components and the éxidant. It is possible that the phases present
originally may react subseéuently to produce an intermediate compound, where they
meet at a common interface; forming an additional layer as the oxidation reactidn
_'p:oceeds; In principle, the belaféd formation of such a layer is more probabie
_when the original layered morphology results from the bbérgféwth‘méchéhism déééiiﬁe&A
in case (14) below. There, two oxidatioﬁ products of the alloy components are.
formed in reactions which proceed essentially independently of each other and the
phases are not necessarily stable when they are in contact. However, once the
layered morphology develops it may be impossible for growth of the outer layer to
continue and it then becomes possible for the phasés to interact, providing that the

rates of interdiffusion between the phases are sufficiently large. Alternatively,
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if diff;sion rates are not fast enough a thermodynamically unstable morphology may
be maintained because of kinetic restrictions. The spinels are perhaps the most

important clasé of intermedi;te compounds which can be formed and Armijo has dealt
with this general caselg, as well as considering the_specific example of spinel

formation between NiO and Cr2032°.

In contiast, if the iayered morpholegy arises from the coordinated growth of
super-imposed phases, as discussed in (9) ébove, the presence or absence of phases
is presumed to be controlled by the balance of ionic fluxes in adjacent layers.

The differences between these fluxes are expected to remain constant as the layered
scale grows and it is not clear why an intermediate phase Shouldvform as an
additional lﬁye; at some later stage of the oxidation proéess when there is neither
an obvious change in the rate controlling prcéess nor a significant change in the
ionic fluxes which_might be thought necessary to‘promote the nucleatidn of another
»phasé. Nevertheless, at least one apparent example of this type of behaviour has .
been recorded for sulphide scales on Ni-Cr alloysg, wﬁere the scale formed initially
consists of two layers only, Cr;S3; and NijS,, but subsequently a spinel, Nicégé,
grows at the orginal place on contact, until the Cr;Sj3 fiﬁally disappears. However,
it is perhaps perﬁinent to enquire whether thé initiation of an intermediate layer
is associated with some disturbance in the original scale growth conditions in such
cases, possibly due to alloy-scale sepafation. This could effectively isolate the
scale from the alloy and promote the interdiffusion of the phases, in order to re-

- establish a different equilibrium configuration in the scale, consistent with the

changed supply of cations.

11, }The possibility of a fﬁfther layered mo?phology has already been referred to
in (6) where a phase rich in B, say, could be sandwiched between two layers, both
consisting of the same phase, relatively richer in A, but containing AAfferent con-
centrations of A and also at different activities of X. | The case is thus a

peculiar hybrid of (9) and (10) since the scale only contains two phases but each
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phase can exist in a number of separate lgyers, the phases alternating with one
another through the scale.. The formation of such a scale would require an unusual
combinatiqn of the effect of oxygen activity on the cation diffusivities, as in
Fe-Co, and the form of the phase equilibria between A(X) and B(X), particularly its
dependence on oxygen activity. Nevertheless, it seems pdssible that such scales
could form and an example might be provided by strétified oxide scales on some Fe-

Cr21 and Co—anz alloys. -

12. Precipitatioh in double layer scales is governed by the same considerations as
those applicable to single layers. A common morphology, examples of which occur

in sulphide scales on some Ni-Cr and Ni-Cu alloys (Table I), consists of precipi-
tates in the inner layer only. This is comparable to thé simpler double layer
scale, except that the balanqe of fluxes in the alloy and A(X) phases adjoining

the B(X) phase are such_that, when combined with a relatively low sélubility of A
in B(X), the flux of A through the inner B(X) layer is insufficient to maintain the -
concentration of A in B(X) below the solubility 1imit; Clearly it is possible'
that the alternative concentration distributions described for a single layer scale

could alse be found in multi-layer scales.

Precipitation df ka) in the outer A(X) layer is not general observed, probably
because the diffusion rate of B in A(X) in the relevant cases is slow. Thus any
penetration of B ahead of the B(X)/A(X) interface is insufficient to develop a
E supersaturation which icould lead to the'independent nucleation of B(Xj. Never-
‘theless ‘there is no obvious restriction which always prohibits such pfééipiféfion;x
Undér faVOurable conditions, precipitétion in both phases could probably occur,‘
possibly in cases analogous to that of precipitation in a central band in oxide

18

scales on Fe-Ni alloys ~, which appears to be determined by an unusual dependence

of the solubility limit on the oxidant activity.

The precipitating phase need not necessarily be restricted to the terminal
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phases A(X) and B(X) but could be a ternary compound, depending on the equilibrium

relationships in the relevant A-B-X system.

13. At the opposite extreme to the case of completely hiscible oxidation products
a system can be considered in which the cbmpounds formed during oxidation are
completely immiscible. A layered morphology in which each layer continues ﬁo grow
is then clearly impossible and the simplest alternétive is that where only the
baser metal oxidizes, as in (1). A more probable alternative arises when both
metais oxidize and the scale consists of a mixture of the two immiscible phases
growing cooperatively, both phases méintaining a continuous link between the alloy

23 when

and gas inﬁerfaces. Such scales arise during reactions with complex oxidants
the exact conditions governing the scale morphology can bé deﬁermiﬂed by the nature
of the oxidizing atmosphere.

14.‘ When the initial growth rates of the oxidation products differ considerably the
‘overgrowth' mechanism described by Wagnerzu may be opérative. In this case a
layered scale can be formed if the phases A(X) and B(X) are nucleated simultangously
but the f;ster growing phase envelops ghe slower growing phase and finally forms an
outer layer. However, unlike the other layered morphologiés described earlier, the
outer layer ceases to grow once it is isolated from the alloy, following linking up
of the slower growing oxide. Oxidé scaies on some Cu-Ni alloys (Table I) appear to
arise by this mgchanism and it is‘thpught that the appea:éhce-of a layer of cubic

.. oxide (FeO, CoO, NiO) outside Cr203 scales on the appropriate binary alloys (Table I)
éan,be explained in the same way. The latéer case provides En exampié of S§s£em§.
where the oxides formed initially from the component metals can interact subseqﬁent-r
ly to give ternary compoundé, i.e. spinels invthis case. Further examples are
provided by oxide scales on a variety of Cu-base alloys containing Be, Al and Sizs.
The development of such morphologies, prior to the appearance of more uniform scales

associated with steady scale growth kinetics, has been examined in detail by

Chattopadhyay and Woodzs.
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15. If'the overgrowth mechanism proceeds_without undercutting ultimately occurring
the base metal oxide is formed as before bet remains as isolated precipitates in
‘the faster groﬁing ndble metal oxide matrix. Altheugh the resulting scale may
superficially resemble that described in case (7) its origihs differ since it is
not assoc1ated with a concentration profile of the base metal in the noble metal
oxide. Such a morphology can only form on alloys relatively rich in the noble

metal, otherwise sufficient base metal oxidizes and undercuts the A(X) phase.

-As in case (14) it is possible that the precipitate and oxide matrix could

eventually interact to produce an intermediate phase.

Binary Alloys - Internal Oxidation

16. ﬁhen the partial pressure of the oxidant is suitably low, the diffusion of.
qxidant into alloys which are dilute in the base metal B produces internal preei-
pitation in scales discussed in (7), it is notlpossibie to define the precipitate
mgrphology from first principles, although the case of precipitation at grain
boundaries, which can act as preferential pathe foi the transport of the oxidarnt,
is one exceptional example fo: which sitee could be defined in the alloy. ‘Ap
aééroximate‘analysis of the transitidn between internal precipitation and surface
scele formation has been developed by Wagner?7.and extended by Smeltzer and

whittle2®,

417.. Alloys contalnlng higher concentrations of the base metal than those referred
to.in the preceding case can form a surface scale in addition to internal precipi-
tates. The simplest case oceurs when the scale and precipitate are the same phase
and the precipitate is absorbed by the scale as the alloy-scale interface recedes.
Wagner27 has examined this case theoreticallyAand defined the conditions for which

it 1is likely to occur, with particular reference to Cu~Pt and Cu-Pd alloys.

18. If the base metal is a relatively minor component in the alloy the surface
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scale and the internal precipitate may be composed of different phases which are
immiscible. The precipitete is then enclesed by the scale as the alloy-scale
interface recedes and the precipitation pattern can be reproduced in the scale.
When the base metal is present in greater proportions it is more probable that the

morphology described in (17) will be produced.

19. In seme cases the internal precipitate may be unstable when in contact with
the surface seale {(which can contain AO if the oxygen potential is high enough)
"and the equilibrium relationships in the A-B-X system regquire that the precipitates
in the alloy and scale are‘diffe:ene phases. An example is p:o;ided in the
oxidation of dilute Ni-Cr alloys, where Cry03 is precipitated in the alloy but
NiCr,04 is stable in the surface NiO scale, essentially retaining the morphological
distribution of the Cr;03 as produced in the allcey. | The phase t:ansfermatioh in
the precipitates at the alloy-scale Lnterface is obviously dependent on a limited
amount of diffusion of the participatingvcetions being possible; otherwise.there
will be a kinetic restriction on thermodynamic equilibrium being achieved. | In
other cases a limited amount of diffusion could lead to the appearance of a meta;
stable, dﬁplex precipitate'consisting ef an outer shell of the transformation |
product with anvinner-core of ‘the phase originally presene in the alloy still .
preserved in the untransformed state, giving a morphology analogous to those ob-

sexved in classical peritectic reactions.

"'20. It is also §0331ble. in'eﬁstems where the stable compound of B'and X is eeropgly
dependent on the local oxident concentratiod'in the alloy, that the phase precipia'
tated internally can change at critical depths within the alloy, as observed during
the oxidation of Co-Ti alloyszs. In these elloys CoTi03 occurs immediately below
the alloy surface, where the oxygen activity is highest, while.Tioz, with some TiO,
precipitates further into the alloy where lower oxygen activities prevail.

The :eactionvand transformation rates of the inte:nalvphaees as the scale encroaches

on the substrate depend on various factors.
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Clearly internal precipitation is not restricted to cases where the surface
scale consists only of a single layer and the morphologies described in this section
could also be found in association with multilayer scales, possibly containing other

phases precipitated within them.

- SOME FACTORS INTERRUPTING THE FORMATION OF UNIFORM SCALES

The arranéement presented- in Fig. 1 and discussed in preceding sections
attempts to éhéw how the éimpier scale morpholégies»can be related to more complex
ones by the imposition of different limiting conditions on the transport and equi-
librium;xqperties of the phases involved.'. However, such scales are only likely to
continue growingvif'they remain coherent and if fixed boundary conditions prevail,
i.e. by maintaining contact with the same alloy phase(s) and the same oxidizing
;tmosphexe throughout the period of scale growth. When these condi£ions are not
met more ccmplex-morphologies can develdp.and sdme of the possiblé alternatives are

summarized below.

(a) In compiling Fig. 1 emphaSis was given to those caées where a common oxidation
product is formed over the entire surface of the alloy. Nevertheless, in principle,
bit is possible that for a multicomponent, multiphase alloy eachvelement or compound
could react independently to give.different oxidation products, as in the simplev
e#ample qf ﬁhe overgrowth'pechaﬁism described earlier. In such cases the oxidation
-behaviour could be considered as an approximation,as a number of differépt, iqqalizeq
reécfiohs occufring'on‘adjoininé reéidﬁs.ggfdéénfhe.#iio§Aéﬁ?féce.>.‘ﬁowever, eagh
region will interact with its neighbours and al;hough the initial scale on a parti-
cular area might nominally correspond with one of those described earlier, the overali
morphology will éventually consist of.a complex mixture of the initial oxidation
products ana the results of interactions between them. The final predominant
morphology will depend on the relative growth rate§ of the various oxidation products

as determined by the factors discussed previously. Hence scale morphologies on
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more complex materials wili tend to exhibit lateral variations, as aetermihed by
the local composition and microstructure of the underlying alloy. However, it is
still possible to obtain relatively simplé scales on quite complex alloys Qhen 6ne
element or phgse is much. more readiiy oxidizable than any of the others which are
present. Such is the case with a number of heat reéistant alloys which develop a

uniform, protective scale of either Cr;03 or Al,;03.

N

(b) As oxidation proceeds the alloy is consumed and,ﬁif alloy-scale adhesion is
poor, a gap can be formed between the alloy and scaie, wi;hout scale fracture.
occurring, i£ the scale is sufficiently plastic. Alternatively, as seems to be
the case with some Fe-Cr-Al alloys,.a localised gap can be formed by a mechanism
involving combination of the scale components within the scale, rather than at
either the outer pr_inner'surfacé, causing the scale to grow away from the alloyao.
Isolation of the scale from the alloy, without suppfession of the driving force for
continued outward movement.of cations, leads to the development of porosity in the
inner regions of single layer scales and the disappearance of the inner, relatively
cation-rich phases in multi—iayer scales, with the continued growth of the outér,
oxidant-rich, phases, as found, for example, during the éuléhidation of Cu-Ni alloys
(Téble . It is also possible that the original oxidation reaction can continue
by the trénsport of the volatile, scale-forming, metal across a closed void but the
importance of this mechanisp is ;estricted to high temperatures where metals such
as chromium or aluminium exhibit significant vapour pressures. Alternatively

.the scale closest to the alloy may dissociate, thus re—estéblishing scale-gas

- équilibriﬁm ip the alloy—scale‘gap, and the qxidtipg_a;mpsphere produced can cause.
| re-oxid&tion of the alloy. This meéhanism has been invoked to interpret the |
porous, inner layer in sulphide scales on nickel and Ni-Cr alloys (Table I) ana
discussed by Gibbs in his study of the oxidation of mild steel in Cop°!. 1In
general, for a scale éeparated from the alloy but still exposed at its outer surface
to an oxidizing atmosphere, there will be a redistribution of the scale components
in accordance with the new boundary conditions and this might also change any

precipitate distribution which is present before scale separation occurs.
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{c) When scale fracture occurs the oxidizing atmosphere can gain access to the
underlying alléy which has, very probably been denuded of the ;ess noble metal.
If the less noble metal content is insufficient to ensure the re-establishment of
the original scale a completely new oxidation reaction can ensue at each fracture
site, with the scale incorporating relatively much larger fractions of the more
noble alloy components than those in the original scale, as is well known from
extensive research on the breakaway oxidation of heat resistant alloys. Morpho-
logies in such cases can become very complex since re-oxidation is not determined
by uniform outward growth but includes a lateral contribution, drawing oxidizable
cations from alléy regions beneath the existing adherent scale. In addition com-
pressive stresses, caused by the formation of new oxidation products which are less

dense than the original scale, might cause fufther fracture.

(d) Transport of eiﬁher'metai cations or oxidizing speciés along preferential
paths through scales such asAgrain boundaries, cracks and pores must obviously
lead to deviations from morphologies based on uniform one-dimensional transport.
Depending on' the species preferentially fransported, the possibilities include.
thé non-uniform precipitation of a second phase within the scale and scale growth
at preferred sites, causing the-build-up of stress, followea by scale fractufe,
with the consequences noted earlier. Non—uniform internal oxidation of the alloy

can also occur for similar reasonssz.

(e)'_In some cases, particularly where oxid;tion iS'éarried out in atmospheres
bwhiCh are only SIightly oxidiziné, scéie'éroﬁfh cén’ﬁé”éé;féalléd by iﬁﬁerfééi%l
reaétions and a linear rate law is obeyed. In sgch cases transport within the‘
scale is faster than that required for scale formation and a further set of morpho-
logies can be obtained. Thus, if diffusion is rate controlling, depletion of the
less noble metal can occur within the alloy, while when interfécial control prevails
alloy interdiffusion may be sufficiently rapid tovminimize such depletions.

Coﬁsequently, the phase in the adjacent scale, which is in equilibrium with the
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;lioy, could be different in the two cases and this appears to be so when Cu-Ni
alloys are sulphidized according to linear33 and parabolic (Table I) rate laws.
Alternatively one or more of the phases present in multilayer scales formed when
diffusion is rate coﬁtrolling may be absent if ;nterfacial processes are rate-
controlling. In the latter case the potential formation rate of a given phase

at one boundary may be controlled by the slower interfacial process,while at its
other boundary it may be capable of being consumed at a faster rate if the growth
of the neighbouring layer is determined 6nly by diffusion processes. Consequent-
lyvthe equilibrium state could result in either the elimination of the former phase
from the scalé, assuming that it appeared in the initial stages of scale growth, |
or even its complete exclusion from the scale throughout the whole of the growth
process, if the imbalance between the diffusive transport.and interfacial reaction
rates are sufficiently great. The Qariable oxidation behaviour of dilute Fe-Si
alloys in oxygen and CO2 atmosrahez:esslh35 might be interpretable in this way. If
the process controlling the overall linear rate takes place at the scale/oxidant
interface (e.g. gas dissociation or transfer across a-stahle boundary layer from
the bulk gas to the interface) then cation-rich phases would be expected to pre-
dominate in a multi-layered sc#le yhile if the controlling process operates at the
alloy/scale interface (e.g. métal'transfer across the interface) oxidant-rich

phases would probably be docminant.

(£) The fact that porosity can occur in scales as a resﬁlt‘of the growth process
. haS'also been ignored so far. Howéver,'vacancies can exhibit the properties qf.
'eiemental'compdnehts iﬁ may respects and their preéipifafiéﬁ:één camé the f6£ﬁéti§hz
of §oids, in a manner analogous to the precipitation of other phases. Pores
originating from the non-conservation of mass, caused by unequal diffusion fluxes,
could occur in many of the uniform scales mentioned, except where phases are
totally immiscible, but it is impossible to define specific morphologies without
-more detailed information on relative diffusion rates in particular scales.
Porosity may develop in association with second phase precipitation within a scale

since the particles act as preferential void nucleation sites. Grain boundaries:
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Qhere vacancy concenﬁratioﬂs are effectively higher than in the surrounding scale,
may also act as preferred sites. However, this is not always the case and apparent-
ly homogeneous phases can contain large, randomly.distributed pores, e.g. CujS

layers on Cu—Ni élloys. Porosity may also arise as a cohsequence of alloy-scale
separation, §cale dissociation or mechanical failure, asvnoted earlier. The role

of vacancies and the generation of porosity during oxidation reéctiqns has been
discussed extensively in a recent se?ies of papers36 and mechanisﬁs for void forﬁa-

’ 37
tion in the underlying alloy have been examined in detail by Harris .

(g) The morphologies included in Fig. 1 are produced by the predominant outward
flow of cations, a mechanism which is most commonly applicable to the oxidation of
metals with close-paéked crystal structures, although chromium is an excep;ional
b.c.c. metal which is included in this catégory. In the more usual cases where the
oxidation ‘of b.c.c.'metals is examined the reaction proceeds by the inward diffusion
- of oxygen and, furthermoré, some- important b.c.c. metals exhibi£ a considerable
solubility for oxygen (the situation regarding reactions with sulphur has received
little attenfion and is consequently less clear). Hence a gajor difference between
the oxidation behaviour of close-packed and b.c.c. metals is that for the latter,
scale formation at the alloy-scale ihterface, éoupled wiﬁh éhanges in tﬁe properties
of the underlying-alloy due to oxygen absorption, éan lead to compressive stresses
being developed which are sufficient to cause scale fracture. As a result of this
a continuous scale does not persist and the morphologies préduced are excluded .
‘from the general scheme considered earlier. Even when cortinuous scales'remain
* stable the Qirtual immobility of cations. within them precludes the fofmétiohﬁof.
cation distributions and their associated morphologies. Although multi-layere&.
scales might still be expected, with the layered phases being determined by the
variation in oxidant activity throughvthe scale, layers containing more than one.
phase can only arise by either the mutually dependent growth of immiscible phases
or ;he absorption of internal oxide into the surface scale as the alloy-scale inter-

face recedes. Moreover, the latter mechanism is unlikely to be common since high
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. oxygen solubilities will often minimise the occurrence of internal oxidation.
However, although the variety of uniform scale morphélogies is restricted because
of these properties, the possibility of mechanical failure is high and this can

cause considerable complexity in practice.

APPLICATION TO UNIFORM SCALES OBSERVED ON SOME BINARY ALLOYS -

Two general cases will be considered, the first being the limited sequence
of scales formed during the oxidation of Fe-, Co; and Ni-base alloys and the
second the apparent p:edominance of multi-layer scales when these alloys are sul-

phidized.

Oxidation of Fe-, Co- and Ni-base alloys

This subject has received a vast amount of attention and it is only intended
to examine specific points thch-are amenable to semi-quantitativé discussion.
Consequenﬁly statements are restricted to Cr - containing alloys since, although
the variation of the oxidation rate of Al-containing alloys with composition can
be interpreted in a similar manner, quantitétive informétion on diffusion rates in
tﬁe relevant phases is largely unaQailable.» The experimental variation of oxida-

tion rate, kp, can be divided into four stages15

(1) Small additions (< 1% or so) of Cr to the basis metal, Me, cause an increase

in kp due to the increase in catioﬁ.diffﬁsivities in the appropriate cubic oxide MeO.
This increase can be described quantitatively for dilute Ni-Cr alloys but insufficient
.éata are available to carry éut the relevant calculations for Fe-Cr qr_Co-Cr a;loysﬂ' _
ﬁo£e§ver) becaﬁse the cbnceﬁﬁraﬁion of‘n;t;Qe.éﬁﬁioﬂ-Qaégﬁci;s incfea;es iﬂ the 9ider
NiO < CoO < FeO, there is a progressively_decreasing probability of Cr-doping pro-
ducing a sufficiently large increase in the total vacancy concentration tg be totally
consistent with the observed increase in kp. Other factors, such as internal
oxidation and dissociative transport, may be responsible for the observed inérease in

such cases.

(ii) When the solubility limit for Cr in the noble metal oxide is exceeded a new



épinel phase can be precipitated. This corresponds approximately tb a maximum
oxidation rate'although other factors mentioned above and discussed in detéil =
élsewhere15 cause the maximum value to persist over differeﬁt concentration range
in various a;loy systems. Thus,.in Ni-Cr alloys kp is virtually éqnstant between
1 and 10 wt%Cr, probably begause NiCrZOk forms small, discrete precipitates~which
do not interfere markedly‘with cation diffusion in the NiO matrix. For Co-Cr
~alloys there is a gradual variation of EP across the composition range containing
the maximum value and this is probably caused, at least partly, by the wider

‘ r O . This favours pre-

C
1.3 1-8 4
cipitation over a range of scale compositions and also permits precipitate growth

stability range of the spinel, from CoCry0y to Co

sufficient to céuse at least partial blocking of diffusion in the CoO matrix, thus
preventing the maintenance of a constant maximum value of-kp as the Cr cqntent
inc;eases. As for ﬁi-Cr allofs there are other factors which contribute to the
form of the ﬁp vs. %Cr curve. The extreme case, where the spinel has a suffi-
éiently wide stability range to permit the eventual formation of a continuous '
blocking layer occurs in the Fe—Cr’system where the phése FeFenCrz_nOk (0£n <2
is formédf .Thi§ occurs on alloys con;aining less than l%Cr;_ the increase in,kp’
céﬁsed by changes in the properties of Feo noted above, is terminated when spinel
particles are precipitated in the FeO layer next to the alléy and a complete spinel
layer is ultimately formed at this location, in agreement with the relative diffu-
sion rates of Cr and Fe in Feéouas. While diffusivities have not been measured
in the Cr-containing spinel, a comparison of the relative-rates in Fe0O and Fe304

-, shows that cation diffusion in the latter is much slower. Consequently, the
formation of a continuous spinel'layer'causés'a sharp increase in the oxidation

rate immediately after the maximum is reached, as observed experimentally.

(iii) The detailed relation of kp to %Cr and the composition range over which.the
value of kp exceeds that for the pure noble métal component varies between different
alloy systems15 but in each case the upper Cr limit of this range is marked by a
sharp decrease in kp. As noted above for Fe~Cr alloys, the initial decrease is

associated with the formation of an inner layer of the spinel FeFenCrz_nOu. A



- 24 -

further increase in the alloy Cr content eliminates FeO from the scale completely.
At higher Cr contents the spinel phase is rendered thermodynamically unstable and
this layer disappears also while, fér alloys still'richer in Cr, the scale consists
solely of the sesqui~-oxide (Cr,Fe)203. Cation diffusivities, and consequently kp ,
values, decrease rapidly in these compounds in the same.order as they replace each
other as the major phase in the scale. However, the actual growth rates of.the -
sesqui-oxide scales are much greater than those predicted from diffusivities

meaéured in single crystals, presumably due to short circuit diffusion effects. The

Fe contents of these scales are small, typically =~ 1%, because of the very strong

selective oxidation of Cr aﬁd the relativeiy fast diffusion rates in the alloy

Cr
D ).
Cr03

The analogous sudden decrease in kp for Ni-Cr and Co~Cr alloys could also, in

ferrite = 1loo

(D
principle, be related to.the eventual formation of a continuous spinel blocking

. layer in the matrix of the cubic oxide formed originally. This supposition is
consistent with the fact that the ratio between kp for the pure noble metal and the
minimum value of kp‘for the alloy displays considerable agreement with the ratio
be;ﬁeen the cation diffusivities in the cubic oxide and the spinel, as shown in
‘Table II. - Values of the two‘ratios for other significént scale compositions are
also inciuded in Table II to demonstrate the general order of magnitude égreement
between the variations in cation diffusivities-and kp values. However, in spite
of these numerical similarities, there are no experimental observations of a spinel
layer in the Ni-Cr system and,while there is some evidence for a rate-controlling

' layer in the Co-Cr systén; this is limited to a very narrﬁw alloy composition,range.
fhgre is, moreover, cpnsidgrab;e altegqatiye evidenqe'fq:_g_doped_C;zoa scale ~when.

kp is é minimum, as for Fe~-Cr alloys. . ' . -

(iv) The value of kp increases from the minimum towards the value for Cr,0,forma-
tion on pure Cr. For Fe-Cr alloys this increase is qualitatively consistent with the

measured increase in cation diffusivities as the Fe content of (Cr,Fe)203 decreases,

Fe - Cr a4y : : ;
e.g. at 1273K D FeO3 0.005 D Ccr;03° In other alloys it has been associated w1?h
2+

. . L2+
a comparable decrease in the doping effect as the concentration of Ni or Co



in Cr,03 decreases. However, the diffusivity measurements required to confirm
these speculations have not been made at present and the implications of short

circuit diffusion in the scales must always be considered.

The formation of multilayer oxide and suLphide scales

The morphologies of scales observed on a number of important binary alloys are
summarised in Table I. Although many of the oxide scales are multi-layered they
do not fall within the restricted definition of multilayer scales given in (i)

above. Thus:

1. As stated earlijer, the identification of two layers is based on changes in’
precipitation patterns in some cases, e.g. on Co-rich, Co-Cr and Ni-rich, Ni-Cr

alloys, rather than the formation of different phases as discrete layers.

2. - In other cases, i.e. Co0O or Nib layers outside Cr203 and copper oxide layers
outside NiQ, there is a true layered scale but the outer oxide layer essentially
ceases to grow after it becomes isolated from the alloy by a continuous layer of
the inner oxide. These scales are excluded from the restricted definition of
multilayer scales'consideéed here which includes only those cases where all the
layers can continue to grow and where the relative proportion of each phase in the

scale is independént of time.

3. . Some layered scales are derived directly from those formed on one of the pure -

component metals, e.g. Cu]CuZO]CuO and F91F90[F93°u|F920 , and the oxide of the-

3

other alloying element does not form a continous layer.

Hence the morphologies which predominate in uniform, continuous oxide scales
can be understood in terms of either cation redistributions in solid solutions and

the precipitation patterns arising from them, modifications of multilayer scales

formed on one of the pure component metals o the formation of an outer layer by an
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overgrowth mechanism.

Similar examples are found among the sulphide scales, e.g. complete solid
solution scales on Fe-Ni alloys and layering caused by precipitate density varia-
tions on Fe~-Al alloys. However, another multi-layered morphology is also
commonly observed where the sulphiaes of both alloy components form separate,
discrete layers, as found on Cé-Cr, Co~-Ni, Fe-Cr, Fe-Mn, Ni~Cr and Ni-Cu alloys

(Table I). The possible reasons for this preferred morphology are fourfold:

1. | Examination of the available data on the relative thermodynamic stabilities
6f oxides and sulphides in Table II shows that the probabiiity of preferential
oxidation is greater than that of preferential sulphidation in a given alloy
system. This favours the formation of sulphide scales in which the relatiée pré-
portioné of the compdnentsAare comparable wiﬁh those in the alloy rather than one
of the componénts predominating, as in many oxide scalés. This requirement is

readily achieved if separate phase layers can be formed.

2.. The diffusion rates in sulphides are relatively much faster than those in
14 ’
oxides and, as noted elsewhere , this also favours the condition in which the

relative proportions of the components in the alloy and scale are equal.

3. There is apparently a tendency in some sulphide; for the host cation to
diffuse slower than foreién cations, which is a necessary condition for the coh-
‘tinﬁed grbwth‘of‘supefimposed iayefs; 'This.oééuré é&ehAiﬁ Eases whefé:the>;oiu-
bility of the foreign cation is small, e.g. Cu in NiS, Ni in CrZS3 and Fe in ‘
Crask. The samé relative magnitude of diffusivities can occur in some oxides,
e.g. Fe in NiQ, when it again leads to a morphology which resembles that of a
double layer, although the phases are not separated completely into discrete layers

in this case.
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4. The formation of ternary solid solutions, in which consideration variations

in the ratio of the metal components can o&cur, is much more prevalent in thé case'
of sulphides, in comparisonvwith oxides, e.g. for Co-Cr, Co-Ni and Fe-Mn alloys.
Where such compounds can remain stable as the inner layer in the scale, the trans-
port of one of the alloy components outwards to formban outer layer will be facili-
tated. However, it is noted that significant concentrations of both cations in a
sulphide phase is not a necessary condition for the growth df layered scales, as

shown by the scales on Fe-Cr, Ni-Cr and Ni-Cu alloys.

In principle, it is possible to describe the growth of multilayer scales
quantitatively, if precipitation of a second phase does not occur, by extending
W;gner's analysis for solid solution scales. This is considered briefly in the
Appendix wheie'a condition for the continued growth of an outer layer is obtained.
The general absence of the necessaryidata to evaluate this expression severely

limits the application of this and other more extensive ahalees to real systems.

CONCLUSIONS

Scales on binary alloys show varying degrees of complexity, even when they
are formed uniformly over the whole of the alloy surface. The simplest scales
occur either when only one compénent of ﬁhe alloy is oxidized or when the oxida-
tion product is a simple solid so;ution containing both alloy components. More
complicated morphologies occur when additional stable compounds can be_formedv
between the élloy componeﬁts and the o#idant. ' Iﬁ éuchicaéés thebéhaéés caﬁ‘éppea;.
either as discrete layers or as precipitates distributed within a matrix of a
second, major phase, the particular morphology developed being determined by the
complex inter-dependence of the diffusivities of cations in the scale énd the
relative stabilities of the phases involved. Internal oxidation of the alloy can
occur either in the_presence or the absence of a surface scale and the greatest

degree of scale complexity is attained when it occurs, possibly with more than ocne
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phase precipitating at different depths within the alloy, in combination with
multilayer surface scales which also contain different precipitates. The rela-

tionships between the different morphologies are outlined schematically in Fig. 1.

The uniformity of scale formation rate and morphology over an alloy surface
can be disturbed significantly by the accumulation of vacancies, preferential
localised growth and stress generation and these phenocmena may eventually lead to

mechanical failure of the scale, followed by the onset of new oxidation reactions.

The growth rates and morphologiés of oxide scales on alloys of Fe, Co and Ni
with Cr can be understood to scme extent in terms of changes in the stabilities
of oxides with alloy composition and the differént cationAdiffﬁsion rates in each
phase. However, further quantitaﬁive data are needed before certain features ‘can
be explained'satisfactorily, particularly the nature of the scale corresponding to
the minimum alloy oxidation rate and the magnitude of the increase in the oxidation

rate in Cr-rich alloys.

A comparison of the oxide and sulphide scales on a nuhbex of binary alloys
(Table I) suggests that multiple léyers capable of cqntinuéd growth occur pre-
dominantly during sulphidation. This appears to be related to the faster cation
diffusion rates in sulphides, the lower-prob%bility of preferential attack of
one alloy component during sulphidation and the wider raﬁge of stoichiocmetry in

ternary sulphides.
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APPENDIX

Growth of the Outer Phase in a Double Layer Scale

It is assumed that two oxidation prpducts are formed from the alloy A-B,
one rich in A, the a-phase, and the other rich in B, the B phase. Moreover,
although both phases are considered to be stable over definite composition
ranges, there is a miscibility gap in the pseudo-binary a-B system. The

processes occurring during the growth of the superimposed phases by the outward

diffusion of cations is shown schematically in Fig. Al.

The nomenclature is the same as that used by Wagnerlavin his analysis of

the growth of a single layer solid solution scale.

At the boundary between the a-and B phases (quantities at this inﬁerface
being denoted by the superfix i) the A-rich phases grows by the incorporation of
. m additional A atoms into each mole 6f the B-rich phase and which concurrently
releases n atoms of B, folléwed by their diffusion outwaras to the scale/gas
interface. The reaction at the aIB boundafy is:

(a,8)Px+ ma = (a,8)%¢+ nB
By analogy with Wagner's analysis13 the growth rate of the a-rhase at this

boundary is:

d_x.ia =J io Va.
dt m(l-g) 1%

where JAia is the flux of A atoms in the a-phase at the a-f boundary, V% is
the molar volume of the d—phase and‘E is the local equivalent fraction of

pure B(X) in the scale.

Similarly, consumption of the B-phase at the a-8 boundary is:

_axit = g i8 yB

at nEL (1)
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The growth‘rate of the B-phase at the scale-gas interface (denoted by super-

script g) is:

ax®B = 7,98 W8 ‘
ac —B?— (2)

and from Equs. (1) and (2) the net growth rate of the g -phase is:

axB = ax98 + axiB = gpgB vB - 5 1B B
dat dt dt £98 nEiB

For the B-phase to grow outside a layer of the a—phase,.dXBIdt > 0 or:

ngiB JBgB > ggB JBiB
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Referring to Fig. Al the mass balances for A and B at the a-B interface are:

[éiB - Eiéj axie o

ia - g.1
gpte at - 3,18 at

Jéiu at - JBiB dt = 1;ia _ Ei%} dxiB/VB
In principle the diffusion fluxes could be written in terms of activity
gradients, as for the case of single layervscalesls. However, whereas in the
latter case further simplification is often possible, by assuming -ideal thermo-
dynamic behaviour, it is more probable for pa;tially miscible solid solutions to
deviate from ideality and since the requisite thermodynamic data.are(generilly

unavailable, the consequences of such substitutions and approximations are not

examined further.
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Experinental Observations of Oxide and Sulphide Scale Morphologies on Fe-, Co- and Ni-base Alloys

OXIDATION

SULPHIDATION

ALLOY TENP AGT , | -0G0 TEMP 86, ~0Gy
A-B RALGE| wt%B OXIDE SCALE MORPHOLOGY A(o) B(O)I RANGE | -wt%B [SULPHIDE SCALE MORPHOLOGY I A(s) B{=) REFS.
°c ' kJ/mole Oy °c kJ/mole Sy
Co-Cr|1000 0~ 15 |alloy/Co0+Spinel ppts/CoO(dsCr) Co0-Cr,04 ? 247] 800 lvalloy/(Co,Cr)yS/Cogse/CoSl+x 'Cogse—CrS 131 [ Ox.15
>30 jalloy/Cr303/Co0 5-25 alloy/(Co,Cr)yS/CoSl+x ’ CoS-CrS 134 | Su.39
Co~Fe|l200 {0- 10 |alloy/(Co,Fe)O CoO-FeO 76533 {39-10Calloy/(Co,Fe)s CoS-FeS 7.6 Ox.ﬂa,m
~700 Su.42
Co-Ni{1000- [0-100 |alloy/(Co,Ni)O CoO~-NiO 37.5}445 |20-80|alloy/(Co,Ni)qSg/NiS CogSg-NizS, 2.4 [0x.43
1200 90 {alloy/ (Co,Ni)qSg /Ni7Sg /NiS CogSg-NiS = 22.6 | Su.44
95 |alloy/ (Co,Ni)gSg /Ni3 Sy /NiySg /NiS
Fe-Al! 500- 4.4 jalloy/a-Fey03 Fe 0-Al,04 i 520 {500~ 5 alloy/FeS+A1283 ppts/FeS lox.45
700 12 jalloy/¥-Al,0; Fe,03-AL,04 543700 Su.46
Fe-Cr! 800- | 2-10 |alloy/Fe30,+Spinel ppts/Fe,04 Fe 0-Cr,04 | 1783700~ | 3~ 7 alloy/FeS+FeCrZSu+Cr S, /FeS(dsCr) Fe5-CrS 94.5]0x.47
1000 >10 |alloy/Crp03 (dsFe) Fe30,~Cr,04 184 1900 [10-30jalloy/FeCr,S, +Cr Sk/%eg (dsCr) Su.48
Fe,03-Cr; 04 208 35-80 alloy/Cr3SH(dsFe?/FeS (dscCr)
Fe-Mn 1000 0-59 jalloy/(Fe,Mn)O FeO-MnoO 221 {700- | 0-10 |alloy/(Fe,Mn)S+MnS ppts FeS-MnS 11.2 |0x.49
00O |11-70 jalloy/(Mn,Fe)S/FeS (dsFe)+MnS ppts Su.50
>75 [alloy/(Mn,Fe)S
Fe-Ni! 600- | O- 2 |alloy/FeO (dsNi)/Fe3o,+/Fe2'03 FeO-NiO 100 60~ | 0-15 lalloy/(Fe,Ni)S FeS-NiS 47.910x.47
1000 2-35 alloy/NixFea_XO /Fe203 Fey0, ~Ni0 96 {900 : Su.51
Fezoa—NiO 73.1
Ni-Cr| 800- | 0-10 |alloy/NiO+Spinel ppts/NiO(dsCr) |NiO-Cr,04 282 f600-| 0-20 alloy/NiS(dsCr)+Crzs ppts NisS~-CrS 144 |0x.15
1200 {20-100|alloy/Cr,03/Ni0 900 [20-50 lalloy/Cr S (dsNi)+Nig ppts/Nis : Su.52,¢
50400alloy/Cr253(dsNi)
Ni-Cul 800 20 lalloy/NiO(dsCu/Cu0O (dsNi) NiO-Cu,0 104 1380- 20-50 alloy/NigSé/Nine/NiS(dsCu)/Cuass/CuS NiS-CQZS 28.710x.54
50 |alloy/NiO+Cuy0ppts/CuO(dsNi) 500 60-93 alloy/Nis(dsCu)+Cu985ppts/Cugss/CuS Ni S ~Cu § 17.3]5u.55
90 |alloy/Cuz20+Ni0 ppts/cuo ‘ NiasZ—Cuis 3.6
Note: (dsM) dilute solution of metal M ions in the preceding oxide

_gg_
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_~Table II.

CompariSon of the Oxidation Rate Constants and Cation

-36-

Diffusivities for Scales on Cr-containing Binary Alloys

Alloy Scale kgetal/kglIOY DMeo/DOxJ.de Scale
min : -4 5.1 x 10_4
Spinel {assumed = k_ ) 1.1 x 10 -4
P 5.7 x 10
Co-Cr ' -3 -3
Cr203 6.7 x 10 1.3 x 10
Cr-doped NiO 7.4 16
. -2
- Jmin -2 3.1 x 10_
Ni-Cr Spinel (assumed = kp ) 1.7 x 10 {6.1 % 10 2
0.82 2,25

2%
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FIGURE CAPTIONS

A schematic presentation of the relationships between scale
morphologies on binary alloys. Numbered items are discussed
in the corresponding paragraph in the text.

Double "layer scale composed of partially miscible solid solutions.
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Figure Al.
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