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SUMMARY

The oxidation behaviour of a series of iron-chromium 
binary alloys containing 5%, 9%, 12%, 15% and 20% chromium 
at 400-600®C has been studied in C02”l% CO gas mixtures.

The experimental approach has involved kinetic studies 
using a microgravimetric method together with detailed 
characterisation of the oxidation products using optical. 
X-ray and electron optical techniques.

Several oxides are formed during the initial stages 
of oxidation. The nature of the oxidation product is 
shown to depend on both the crystallographic orientation

j
and the initial composition of the substrate. These 
effects are explained by considering the maximum solubi­
lity of chromium in different oxide phases together with 
interfacial and strain energy factors.

The kinetics of oxidation together with micrographie 
observations clearly indicate that as the oxidation pro­
ceeds spinel oxide, M^O^,nucleates at various sites on the 
substrate surface. Such sites are associated with asperi­
ties on the surface. The spinel nuclei grow both late­
rally and vertically until they impinge and coalesce.
The scale subsequently thickens according to a parabolic 
rate law. j^amination of scales reveals a duplex struc­
ture. This is interpreted in terms of an outward diffu­
sion of cations together with simultaneous growth of an 
inner layer in the space created by the outward movement



of metal. Both layers are porous and hence provide a 
route for gas phase transport of oxidant to support the 
growth of the inner layer. A series, regularly spaced, 
of lamellar voids form in the inner layer under certain 
conditions. This is believed to be associated with a 
cyclic vacancy condensation process and it is shown that 
the spacing between lamellar voids is consistent with such 
considerations. Enrichment of the inner layer in chromium 
also occurs and a model is proposed to explain this segre­
gation effect based on an analysis of the possible diffu­
sion path networks in close packed oxides.
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CHAPTER 1

1.1 Introduction

With the possible exception of gold all metals are 
thermodynamically unstable with respect to their oxides 
in air at room temperature. The apparent stability 
exhibited by most common metals is in reality exceedingly 
slow oxidation due to a barrier layer of oxidation product 
on the metal surface which separates the reactants, 
metal and oxidant gas . The rate of reaction is thus 

controlled by the rate at which the oxidant and the metal 
diffuse through this layer of oxide. As the temperature 
of the system is raised the effectiveness of the barrier 
layer decreases due to the increase in the rate of diffu­
sion of the reactants in the barrier film.

In recent years there has been an increasing demand 
for corrosion-resistant alloys which may be used at higher 
temperatures and in aggressive environments. This is 
particularly apparent in the electricity generating indus­
try where even a small increase in thermal efficiency of 
the generating plant can lead to substantial economic 
benefits. However, it must be recognised that any bene­
fits derived from higher thermal efficiencies may be 
negated by any consequent decrease in the reliability of 
the plant. In nuclear power plant it is the latter fac­
tor which determines to a large extent the operating tem­
perature of the reactor. Nuclear systems are unique in '
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that, once the reactor has *^one critical”, large parts 
become completely inaccessible due to radiation hazards.
It follows therefore that certain components in the 
plant must be completely reliable for the design life of 
the reactor. For example, heat exchangers must be 
capable of withstanding chemical attack by their environ­
ment and retain their integrity for a useful service life 
of thirty years.

Early MAGNOX reactors used mild steel heat exchangers 
and this limited the temperature of operation to LA 425°C. 
The coolant was CO^-based and contained 1% CO together 
with trace amounts of water, hydrogen, nitrogen etc. It 
was natural for design engineers, in their quest for 
increased thermal efficiency to increase this operating 
temperature to i/' 550°C in the second generation of nuclear 
power stations built in the U.K. These advanced gas 
cooled reactors (AGR) employ an Fe-9% Cr alloy for the 
heat exchanger and the gas composition is essentially 
similar to that of earlier reactors. It is the oxidatic^ 
behaviour of this alloy system which forms the subject of 
the present investigation.

Much information is available in the literature on 
oxidation-resistant steels and this has been recently 
reviewed by Wood (1971) and Rolls (1973). Wood (1962) 
has also presented a review of work prior to 1962 which 
relates particularly to binary iron-chromium alloys. In 
this chapter only those aspects of direct relevance to the



— 3 —

present work will be described. For a more general review 
of the field of oxidation the reader is referred to the 
recent article by Lawless (1974). The present treatment 
begins with a general discussion of oxidation kinetics and 
continues with a description of work on iron-chromium 
alloys, dealing with the effects of alloy composition and 
gas composition on oxidation behaviour. Work on the 
structure of oxidation products is presented in two sec­
tions, pertaining to thin films and thicker scales respec­
tively. One section of the survey is devoted entirely to 
a discussion of those properties of oxides belonging to 
the Fe-Cr-O system which are relevant to the present inves­
tigation including their crystal structures, thermodynamic 
properties and diffusion characteristics. The chapter 
concludes with a brief outline of the scope of the research _ 
programme.

1.2 Oxidation of Metals

Much work has been carried out over the last fifty ^  

years to elucidate the practical limits of operation of a 
range of important commercial metals and alloys in a 
variety of industrial environments. Although useful 
practical data may be acquired by this approach, such 
investigations usually supply little or no knowledge con­
cerning the fundamental mechanisms involved in metal oxi­
dation reactions, knowledge with which long term extrapo­
lations of kinetic data may then be possible. The impor­
tance of such mechanistic studies is underlined in the
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nuclear energy field where many components of the reactor 
are required to operate continuously at high temperatures 
in unusual environments (e.g. CO/CO^ mixtures, or helium) 
without attention for periods of the order of thirty years.

The oxidation of pure metals is seldom explicable by 
a simple mechanism since generally more than one oxide may 
form, other compounds may be produced (e.g. carbides in 
CO/CO^ gas mixtures), stresses may develop and cause scale 
rupture, pores may form etc. In the case of alloy oxi­
dation the situation is even more complex.

1.3 Oxidation Kinetics

The most general kinetic equation to represent metal 
oxidation reactions has the form

W *  = kt
where W is the weight gain and t is the time of oxidation, 
k is the oxidation rate constant and n  is an exponent, 
where usually ^ ^  3. This equation applies only when
the oxidation mechanism does not change as the scale 
thickens, a situation rarely observed at all stages of 
oxidation of pure metals as evidenced by abrupt disconti­
nuities in rate curves which are frequently reported.
With alloys strict observance of a simple power law is 
even more rare since the composition of both the oxide 
scale and the metal changes continuously with time.

The physico-chemical bases of rate laws which can be 
expressed as simple power functions of time are not well '
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understood with the exception of the case when fl = 2 .
The parabolic rate equation

= k t P
is readily explained on the basis that the rate of oxida­
tion decreases with increasing thickness of the barrier 
layer as would be expected if the chemical potential of 
the diffusing species was constant on either side of the 
barrier layer. Since oxide lattices may be regarded as 
regular arrangements of metal cations and oxygen anions, 
it is apparent that the parabolic rate constant, k^, must 
be a function of the diffusion coefficients of these spe­
cies. Assuming that the barrier layer is smooth, homo­
geneous and uniform and that the oxidation rate is limited 
solely by lattice diffusion processes (i.e. that reactions 
occurring at interfaces such as electron transfer or 
adsorption of the oxidant are not rate-limiting) expressions 
for kp may be derived in terms of the defect properties of 
the film (Wagner 1933). This theory has been validated 
for cases where these assumptions are met, e.g. oxidation 
of copper and nickel in oxygen (Wagner and Grunwald, 1938). 
It is important, however, to realise that rarely, if ever, 
are the steady state conditions essential to the Wagner 
approach achieved in long term practical situations.

The oxidation of iron-chromium alloys in CO^-based 
gases is complex, the reaction proceeding slowly at first 
and accelerating with time until parabolic oxidation 
occurs. (McCoy, 1965; Ant ill, Peakall and Warburton, 
1968.)
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1.3.1 Iron-Chromium Alloys

Pure iron oxidises rapidly at high temperature 
(>600°C)in air forming a multilayer scale consisting of 
haematite, ^ -^^2^3 * the oxide-gas interface, an inter­
mediate layer of magnetite Fe^O^ and an inner layer of 
wustite, FeO. The rapid oxidation rate is in part due 
to the highly defective character of the wustite phase 
which allows rapid transport of iron cations across the 
inner layer (Yearian, Randell and Longo, 1956). Additions 
of chromium are beneficial since they inhibit the formation 
of this phase at high temperatures ( 600°C), Seybolt
(i960). This classical interpretation of the enhanced 
corrosion-resistance of iron-chromium is however not rele-

J

vant to the present study on oxidation in CO^-1% CO atmos­
pheres at temperatures 600°C since wustite formation is 
unimportant, and indeed impossible (at least as a bulk 
phase) below 570®C. The oxide phase of interest in the 
current study is magnetite, Fe^O^, and its chromium con­
taining homologues, Fe(Fe,Cr)20^ which form in the later 
stages of oxidation and the rhombohedral oxides based on 
the haematite structure, (Fe,Cr)20g, which form in the 
initial stages.

1.3.2 The Effect of Gaseous Environment on
Oxidation Kinetics

McCoy (1965) has studied the behaviour of 
stainless steels in flowing CO2 gas in the temperature 
range 600-1000°C, Parabolic kinetics were in general



- 7 -

observed and the reaction rate was found to be insensitive
—2to pressure above 100 torn ( i/'13 kNm ). Carburisation 

reactions may also occur in atmospheres of CO^/CO. Such 
reactions have been reported at temperatures >  600°C
(Antill et al, 1968; Fujii and Meusner, 1967; McCoy, 1965; 
Jepson, Antill and Warburton, 1965) and the amount of carbon 
deposited increases with increase in CO/CO^ ratio (Surman, 
1973).

Two mechanisms have been proposed for the carburisa­
tion process. Jepson et al (1965) suggest that carbon is 
deposited on the surface of the oxide and then diffuses 
via a solid state diffusion mechanism through the oxide 
scale to the underlying metal. An alternative mechanism 
has been proposed for porous oxide scales (McCoy, 1965) in 
which the CO/CO^ ratio of the relatively stagnant pockets 
of gas increase as a result of the oxidation reaction

xM +yCO- M O  + yCO ̂ 2 ^ X y
until it becomes sufficient for the competing carburisa­
tion reaction to occur

uM + V 2C0 5=^ M C + vCO_U  V 2

It should be noted that this latter reaction is 
accompanied by the removal of gas from the system and 
hence would result in a pressure gradient across the scale. 
Carbon deposition or carbide formation is believed to 
account for only a small fraction ( <,7%) of the total 
weight gain during oxidation (Jepson et al, 1965).
However, this figure disguises the potential importance '
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of carburisation reaction since typical carbides contain 
only a small weight fraction of carbon (e.g. Crgg 

tA 6% C) compared with the weight fraction of oxygen in 
typical oxides (e.g. CrgO^ lA 30% O).

The role of minor impurities in the gas stream has 
been discussed by various authors. Some have suggested 
that water vapour has a deleterious effect on the oxidation 
rate (Caplan and Cohen, 1959; Yearian, Boren and Warr,
1965) although others disagree (Caplan and Cohen, 1952;
Fujii and Meussner, 1960). Explanations of these pheno­
mena usually invoke some modification to the defect struc­
ture of the scale caused by either the incorporation of 
OH** or H+ into the lattice. In view of the irreproducible 
nature of oxidation processes it is possible that the 
variety of effects reported may have been the result of 
other minor changes in the oxidation conditions. Surman 
and Castle (1969) have proposed that a gas phase transport 
mechanism for certain elements may operate in atmosphere 
containing water vapour or carbon monoxide; this suggestion 
is returned to later in connection with metal transport and 
partitioning effects in oxide scales (see ^ 4.3).

The effect of other minor impurities in the gas have 
not been well studied although the possibility of some 
modification to the oxidation process should not be ignored. 
The reader is referred to the discussion in Kubaschewski 
and Hopkins (1962) for a fuller treatment.

Most oxidation studies in CO^-based gas reported in
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the literature were carried out at atmospheric pressure. 
The effect of gas pressure on both the kinetics and 
microstructure of the scale has been reported by Antill, 
Peakall and Warburton (1968). Increase in pressure was 
found to increase both the rate of oxidation and the 
amount of carbon deposition. Under high pressure 
( LA 20 atmospheres) conditions breakaway oxidation has 
been observed leading to highly porous non-protective 
scales. Other work at high pressures on a variety of 
structural materials has been carried out by Bokros and 
Wallace (1960).

Little work has been done to establish the possible 
effects of gas flowrate on the oxidation kinetics or . 
mechanisms in CO^/CO gas mixtures. It is considered 
that provided the flowrate is sufficient to ensure that 
the composition of the gas does not markedly change as a 
result of the oxidation process, such effects should be 
minimal.

1.3.3 Effect of Other Alloying Additions

The presence of impurities in metals often 
profoundly influences the rate of reaction even when pre­
sent at very low levels. These effects are sometimes 
attributed to a change in defect structure of the oxide 
formed and often obey the Wagner-Hauffe rules (Wagner, 
1936; Hauffe and Gensch, 1950; Gensch and Hauffe, 1951), 
When present in sufficiently large concentrations addition 
elements may also modify the scale structure, e.g. nickel
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additions to iron tend to inhibit wustite formation 
(Brabers and Birchenall, 1958), or may completely change 
the. oxide formed, e.g. aluminium or chromium additions 
to iron tend to oxidize preferentially forming -̂12^3 ^^d 
^^2^3 respectively. Recent studies (Hales, Hill and Wild, 
1973) using Auger electron spectroscopy have also shown 
that impurities present in very small concentrations in 
the bulk material, e.g. S in Ni, sometimes diffuse to the 
surface to form a layer (only a few atom spacings thick) 
highly enriched in certain elements. This surface enrich­
ment is however sufficient to cause marked changes in the 
oxidation kinetics. Maldy (1965) has also demonstrated 
that impurities more noble than iron, e.g. Cu, tend to 
concentrate in the surface regions of the metal as a con­
sequence of the selective oxidation of the iron matrix.
This enrichment is sufficient to cause the transition 
0(rFe — > ^-Fe and is associated with change in the scale 
structure. The possibility of adventitious impurities 
should not be overlooked and Hussey, Mitchell, Caplan and 
Cohen (1972) have recently demonstrated that silicon from 
silica reaction vessels may be transferred, under reducing 
conditions, to adjacent metal surfaces. It is apparent 
that improved oxidation resistance of alloys often results 
from the formation of a new phase, which is often very 
thin and is compact, adherent and continuous, with a small 
defect concentration. For example, it has been suggested 
that the enhanced resistance to oxidation of silicon- 
containing alloys may be due to the formation of thin
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layers of SiO^ at the base of the scale (Wood, Richardson, 
Hobby and Bcusted, 1969).

1 .4 Oxide Morphology. Structure and Composition

The rate of oxidation of iron-chromium alloys is 
dependent to a very great extent on the properties of the 
oxide layer formed. Crystal structure (Gulbransen,
Phelps and Hickman, 1946), composition (Caplan and Cohen, 
1952), microstructure (e.g. grain size, sub-grain bounda­
ries), (Caplan, Graham and Cohen, 1972) and gross morpho­
logy (e.g. density, adherence, continuity) all profoundly 
influence the degree of protection which the oxide confers 
to the metal. These parameters are in turn affected by

I

the metallurgical state of the substrate (e.g. annealled, 
work hardened, texture, grain size) as well as the tempera­
ture of oxidation and the gas composition.

1.4.1 Early Stages of Oxidation

Iron-chromium alloys exposed to air are rapidly 
covered with a thin protective oxide layer ca lOOA thick. 
This thin film may have a higher chromium to iron ratio 
than the alloy on which it grows (Vernon, Wormwell and 
Nurse, 1944). The formation of chromium-rich films is 
extremely difficult to prevent and it is doubtful whether 
any oxidation experiments on iron-chromium alloys have 
ever been conducted without it being present.

Several workers have studied the oxidation of thin 
( VA1000A) metal foils in the electron microscope (Jannson,
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1964; Howes, 1967). Both report the formation of nuclei 
possessing a ’’cubic" structure. Howes (1967) however 
suggests that this cubic oxide may in fact be the tetra­
gonal phase S This oxide has a crystal struc­
ture closely related to cubic and only in exceptional
circumstances is it possible to distinguish unambiguously 
the two structures by electron diffraction. The presence 
of tetragonal oxide was unexpected, since from thermodyna­
mic arguments the rhombohedral phase OC-M^O^ would be 
predicted. The presence of was explained
(Howes, 1967) by assuming that interfacial criteria con­
trolled initial oxidation rather than criteria extrapolated
from thermochemical measurements on bulk oxides. With

}

continued oxidation a thin, coherent, rhombohedral oxide,
0< “̂ 2^3 ’ found to develop. These arguments are
developed further in the present work, see ^ 4.5.
Moreau and Benard (1956) have also studied the initial 
oxidation of an Fe-18% Cr alloy and report the formation 
of CrgOg nuclei. However, the temperatures employed were 
higher ( 1200°C) and the oxygen partial pressure of the
gas was lower - 4 x lO”^) than that employed in
the present work.

The nature of the nucléation site is not well estab­
lished. Although Howes (1967) found no association of 
oxide nuclei at the surface with dislocations in the 
metal. Whitlow (1973) asserted that the number of oxide 
nuclei corresponded closely to the estimated dislocation 
density. The initial slow period of oxidation observed
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may be associated with the formation of a continuous film 
of chromium-rich rhombohedral oxide. This is in accord 
with the low ionic conductivity of this phase (Hoar, 1959; 
Meadowcroft and Hicks, 1972). Other forms the initial 
oxide may take have been described by Gulbransen and Copan 
(1959, 1960). These workers showed that under certain 
oxidation conditions (low oxygen partial pressure and the 
presence of water vapour) iron oxidised to form platelets 
and whiskers of haematite oC -FegOg. The growths are 
extremely thin ( ia lOOA) and were ascribed to stress in 
the metal substrate.

In addition to the work reported above on the oxida­
tion of iron-chromium alloys and similar systems the 
following investigations on the initial oxidation of other 
metals is of particular relevance to the present investi­
gation.

Mehl and McCandless (1937) studied the orientation
of oxide films formed on iron and noted that definite
epitaxial relationships existed between the cubic oxide 
and metal such that

(lOO) oxide // (lOO) metal
and [lio] oxide // ^lOo] metal

The oxidation rate was found to be a function of the 
orientation of the metal substrate although no simple 
relationship between rate and orientation was found.
Benard (i960) interpreted the initial reaction as a three 
stage process. Firstly an invisible film is formed
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perhaps only a monolayer or so thick; secondly with con­
tinued oxidation nuclei form; thirdly the nuclei grow 
laterally until the entire surface is covered (see ^ 4.6). 
This sequence has been observed on several metals: iron
(Bavdolle, 1954), nickel (Martius, 1955) and an Fe-18% Cr 
alloy (Moreau and Benard, 1956).

On iron the nuclei density varied with orientation, 
the maximum density being observed on (lOO) metal planes. 
In a series of studies on copper single crystals Lawless 
and Gwathmey (1956) have identified crystal orientation 
relationships between CugO and the copper metal substrates 
These authors considered that the matching of rows of 
closely packed atoms in the metal and oxide was more 
important than matching of individual atoms in determining 
epitaxial relationships and noted that the degree of 
orientation decreased with.increase in film thickness and 
with decrease in temperature. Young, Cathcart and Gwath­
mey (1956) have demonstrated the dependence of oxidation 
rate on crystal orientation of the substrate by means of 
many striking photographs of oxidised single crystal 
spheres. The careful work of Borie, Sparks and Cathcart 
(1962) using X-ray diffraction techniques to study the 
initial oxidation of copper should be noted. By analysis 
of line profiles of the diffraction maxima these workers 
demonstiated the presence of a stress gradient in the oxide 
and also postulated a detailed model of the dislocation 
substructure in growing oxide films.

Before leaving the subject of initial oxidation
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studies it should be mentioned that recently several ele­
gant studies of composition profiles in thin films have 
been published. Of particular relevance is the work of 
Stoddart and Hondros (1972) who have studied the segre­
gation of chromium and other elements in the initial oxide 
films using Auger electron spectroscopy. Indeed with the 
increasing availability of new techniques (electron spec­
trometry, secondary ion mass spectrometry, ion scattering 
spectrometry and X-ray appearance potential spectrometry) 
for surface composition analysis many interesting and 
fundamental studies of the composition of thin oxide films 
will become possible in the near future which should inc­
rease our present scant knowledge in this field.

)

1.4.2 The Formation of Oxide Scales

Oxide scales are generally assumed to be oxide 
layers of thickness greater than one micron. The scales 
are therefore easier to study than thin films and a whole 
range of established metallographic techniques are avail­
able for this purpose. The literature abounds with many 
fine examples of metallographic studies on both pure metal 
and alloy systems.

The processes leading to the breakdown of the initial 
rhombohedral oxide film have been discussed by Yearian, 
Randell and Longo (1956) and Wood and Whittle (1967). 
Oxidation in air produces an outer oxide of iron-rich 

-M^O^ while the inner layer contains less oxygen. 
Wustite, MO, formation does not occur unless the chromium
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additions are very dilute (Seybolt, 1960) and the inner 
layer is usually a mixed spinel; on very high chromium 
steels some CrgO^ may be formed at the base of the scale. 
The outer layer is probably produced by outward movement 
of cations (Pfeil, 1929; Dravnicks and McDonald, 1948; 
Mrowec, 1967). The situation is less clear for oxidation 
in CO/CO^ atmospheres although most workers report the 
formation of a duplex scale consisting of an outer layer 
of magnetite, Fe^O^ (e.g. Antill, Peakall and Warburton, 
1960). Carbon deposition as free carbon or carbide also 
occurs (Antill and Warburton, 1967; McCoy, 1965), 
although the exact location of carbon in the scale is 
uncertain. Considerable carbon penetration into the 
substrate has been noted (Fujii and Meussner, 1967).

Pores in the scale are often observed and have been 
attributed either to scale cracking or vacancy condensa­
tion processes. Cracks may be formed by a variety of 
processes such as stress generation in the oxide due to 
the volume change associated with conversion of metal to 
oxide, temperature cycling (Wood and Whittle, 1964), 
recrystallisation in the oxide (Yearian, Derbyshire and- 
Radavich, 1957) etc; such stress raising processes have 
been reviewed in recent articles by Douglass (1969) and 
Stringer (1970). Evans (1947) has suggested several ways 
in which stresses may result, in cracking of the scale. 
Pores which are produced by a vacancy condensation pro­
cess, resulting from the high concentration of vacancies 
generated as a result of outward movement of metal ions.
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are discussed by Dunnington, Beck and Fontana (1952) and 
further developed in the present work (see ^ 4.4).

1.4.3 Effect of Other Alloying Elements on the 
Scale Structure

Oxidation of most ferrous alloys leads to a duplex 
oxide structure. The outer layer invariably contains 
not only iron but also manganese if this element is pre­
sent in the original alloy, while the inner layer contains 
iron together with most of the other metallic elements 
present (Pfeil, 1929; Antill, Peakall and Warburton,
1968). This segregation effect is well established and 
may be related to the relative diffusion rates of metal 
ions in the close packed oxide lattice (see ^ 4.3). '
Surm=n and Castle (1969) have explained these observations 
for steels oxidised in or CO^/CO atmosphere on the
basis that iron forms volatile compounds in these gases 
(and hence is mobile) while for chromium and most other 
metals no such compounds have been identified. This 
volatility permits gas phase transport of iron to the 
outer oxide. Obviously this explanation is hardly tenable 
for other oxidising environments such as pure oxygen.
The effect of various additions to iron-chromium alloys 
has been examined in some detail. Some additions, e.g. 
molybdenum and vanadium, are clearly undesirable in high 
concentrations since the volatility of their oxides can 
result in a complete loss of protection (Brenner, 1955). 
Even small additions of carbon may be deleterious since ,
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carbon in steels catalyses further carbon deposition from 
<X)/CO^ qases and release of carbon monoxide from the metal 
may cause blistering of an otherwise protective scale 
under more oxidising conditions (Boggs and Kachich, 1969) 
Aluminium additions are in general beneficial since very 
protective Al^O^ scales may form. However the response 
of AlgOg films to thermal cycling is not good and under 
these conditions CrgOg films are better. Rare earth 
additions also are known to be beneficial due, it has been 
suggested, to the keying action of the aci^cular 
crystals formed at the interface (Francis and Whitlow,
1966) or possibly because the large rare earth atoms in 
solution in the metal act as vacancy traps and hence pre­
vent void nucléation (Tien and Rand, 1972; Tien and 
Pettit, 1973).

1 .5 Properties of Oxide Materials

It is apparent from the foregoing discussion that 
the oxidation of metals is determined by the chemical, 
physical and mechanical properties of the barrier layer 
of oxide which separates the metal from its oxidising 
environment. In this section some properties of oxides 
will be reviewed with special reference to oxides forméd 
on iron-chromium alloys: MO, M^O^, “̂ 2^3 ”̂ 2^3 *

1.5.1 Crystal Structures of the Oxides

The oxides of the type MO are typified by 
Wustite, FeO. This has the rock-salt structure (Wells,'
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1962) in which the oxide anions form a cubic close-packed 
arrangement and the divalent metal cations occupy the 
octahedral interstices. The maximum chromium solubility 
in this phase is low ( 1/^2% at 1000°C), which is in accord 
with the predictions of crystal field theory (Dunitz and 
Orgel, 1957) since it is energetically unfavourable for 
chromium ions to occupy fcstrahedral sites. WUstite is 
substantially metal deficient and is best represented as 
Fe^_^0 . Some iron cations are thus in the Fe^* state in 
order to preserve electrical neutrality and some of the 
octahedral sites are vacant. The high mobility of iron 
cations in the oxide has been attributed to this defect 
structure, although recent Mossbauer studies have shown

i

that the defect structure is rather more complicated than 
this simple description (Greenwood and Howes, 1972), The 
oxide is a p-type semiconductor.

Oxides of the type usually possess spinel
lattices. The spinel unit cell consists of cubic close- 
packed arrangements of 32 oxide anions. One half of the 
octahedral interstices are occupied together with one- 
eighth of the tetrahedral sites. In a normal spinel the 
divalent ions occupy the tetrahedral interstices and the 
trivalent ions occupy the octahedral interstices. Fe^O^ 
is an inverse spinel in which half the trivalent ions now 
occupy the tetrahedral sites and the octahedral sites con­
tain both trivalent and divalent ions. This is in accord

3+with crystal field theory, since Fe ions have no pre­
ference for either octahedral or tetrahedral sites while
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2+Fe has a small preference for octahedral sites. Fe^O^
is a good electrical conductor due to the ease of elec-

2+ 3+tron transfer between Fe and Fe in the octahedral sub­
lattice by an electron hopping mechanism, (Robbins, Wert-

3+heim, Sherwood and Buchanan, 1971). Substitution of Cr 
in the spinel lattice causes a variety of changes to occur 
and these have been investigated by a number of workers. 
Yearian, Kortright and Langenheim (1954) studied the 
lattice parameter of the system Fe (̂ ^̂ 2-x ^®x^ ^4 
showed that it initially rises from the value of 8.396 
for the unsubstituted spinel Fe^O^. This has the inverse
structure and this initial rise is in accord with the

3+ 3+ ^larger ionic size of Cr compared with Fe (0.69A and
o0.64A respectively). The inverse structure is maintained 

up to X 0.3, after which the lattice parameter decreases 
with increase in the concentration of substituent. In 
this range of composition the structure changes gradually 
to the normal spinel form. The transition is complete 
when X v/N 1.4 and with continued substitution the lattice 
parameter again rises at a rate similar to that observed 
in the initial region (O x 0.3), until x = 2.
These observations are in agreement with the predictions 
of crystal field theory since chromium, with its high

3+octahedral preference energy, can be substituted for Fe 
in the inverse spinel lattice only up to x VA 1, while the 
normal spinel structure can accommodate chromium in all 
the normally occupied octahedral sites, i.e. up to x = 2 . 
This interpretation of the lattice parameter changes is in
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complete accord with recent Mossbauer spectroscopic 
measurements (Robbins et al, 1971). The changes in 
lattice parameter are also associated with an increasing 
resistivity of the material as the possibilities for 
electron hopping become more limited with increasing sub­
stitution,Fe^O^ is believed to be a metal deficient p-type 
oxide. It should be noted that pure magnetite, Fe^O^, 
is magnetic while the chromium-rich spinel Fe CrgO^ is 
nprt-magnetic. An oxide phase Cr^O^ is also known to 
exist at high temperature as inclusions in chromium 
steels (Hilty, Forgeng and Folkman, 1955). It is not 
however a cubic spinel but a tetragonally distorted spinel 
oxide (c/^ = 0 .86); the distortion is probably caused 
by the Jahn-Teller effect (Dunitz and Orgel, 1957b) since 
the d^ ion, Cr^*, is now present. The Cr^O^ phase has 
not been identified in oxide scales formed on chromium 
steels and it is possibly only formed at high pressures 
such as may be found in the interior of chilled ingots.

V “̂ 2^3 oxides are also usually of the spinel type 
but only -Fe^Og, maghemite, has been well characterised. 
It may be formed by the careful oxidation of magnetite or 
reduction of hojBmatite. The structure is very similar to 
magnetite but ^/g of the metal atoms are replaced by 
vacancies (Wells, 1962). The unit cell is tetragonal 
with a ^/a ratio of 3 and may be regarded as three modified 
magnetite unit cells stacked linearly. No references to 
chromium-containing homologues are known to the author, 
although a cubic CrgOg has been described by Laubengayer
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and McCune (1952). In view of the similarity of the 
structures of magnetite and maghemite it is likely that 
chromium substitution will be governed by similar crystal 
field considerations to those that apply to the system 
Fe(Fe, Ci)^0^. This general similarity of the two struc­
tures makes the unambiguous identification of maghemite 
by electron diffraction extremely difficult since all the 
diffraction maxima due to magnetite also appear in the 
pattern from maghemite. Maghemite does have several 
unique lines but these are either weak or their d-spacings 
so large that they can be detected only with difficulty.
In the author's opinion positive identification is only 
possible from single-crystal spot patterns where many of 
the weaker diffractions are strong enough to be detected.

OC-M^O^ oxide lattices are rhombohedral.
They may be regarded as a hexagonal arrangement of anions 
in which 3 of the octahedral interstices contain triva­
lent cations, the tetrahedral sublattice being unoccupied.
A complete range of solid solution of FegO^ ^^2^3
possible (Wretblad, 1930), again in accord with the predic­
tions of crystal field theory. The lattice parameters of 
the end members ^^2^3 ^^2^3 very similar (a = 5.419,

= 55.28° and a = 5.348, = 55.11° respectively) and
in general the two structures cannot be distinguished by 
electron diffraction. ^®2^3 believed to be an n-type 
oxide while CrgO^ believed to be p-type (Meadowcroft 
and Hicks, 1972). Hence at some intermediate composition 
intrinsic conductivity is expected. Footner, Holmes and
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Mortimer (1967) have invoked this phenomenon to explain 
an observed minimum oxidation rate at a chromium compo­
sition of 18°% for binary alloys oxidised at tempera­
tures from 600° - 900°C,

1.5.2 Thermodynamic Consideration

Thermodynamic principles have often been 
applied to metal oxidation. In general thermodynamic 
constants for bulk materials are known only for pure 
substances. Most oxide scales formed on alloys are 
however solid solutions. Furthermore data are usually 
referred to standard state conditions, i.e. pure bulk 
metal in equilibrium with the corresponding oxide at an 
oxygen pressure of one atmosphere. In a growing oxide 
scale the oxygen pressure would vary throughout the scale 
thickness. In the usual case of oxidation under flowing 
gas conditions equilibrium can never be attained. Hence 
oxidation products may form which would not be predicted 
thermodynamically (Gulbransen, 1965). For example, 
although CrgO^ ^®2^3 both completely miscible in
one another at equilibrium, they do not commonly form con­
tinuous solid solution in oxide scales (Wood, 1962).

The thermodynamic properties of oxides are most con­
veniently presented in the form of free energy vs. tem­
perature diagrams. The diagram. Fig. 1.1, was taken from 
the work of Richardson and Jeffes (1948, 1949) and contains 
information for iron and chromium oxides together with data 
representing the equilibrium between carbon and its various
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Fig.1.1 Free energy vs temperature plot for some binary 
oxides relevant to the present work. Dotted 
line shows the free energy vs temperature 
relationship for CO^ - 1% CO gas mixture.
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oxides. Relatively little data are available for complex 
oxides, although Tretjakow and Schmalzried (1965) have 
estimated that the free energy of formation of most 
spinels from their parent oxides (i.e. AO + B^O^ ^
A BgO^) is V/'5-10 k cals/mol ( vo 20-40 k J mol). It 
can be seen from the diagram that CrgO^ the most stable 
oxide while FSgOg is the least stable. Data for -FogOg 
are not available. This oxide is always thermodynamically 
unstable with respect to ^ ""^^2^3 Lodding and Hammel
(i960) have estimated the enthalpy change associated with 
this transformation to be 47.5 ±2.3 cal g  ̂ ( LA 200 k J
kg-l).

A further restriction on the applicability of classi­
cal thermodynamics to oxidation phenomena arises because 
in many cases the characteristics of the oxidation pro­
ducts do not correspond to those of bulk material. For 
example in the initial stages of oxidation the surface to 
volume ratio of the thin film is very large and interfacial 
phenomena undoubtedly play an important role in determining 
the mechanism. Furthermore oxide scales are often micro­
crystalline or even amorphous and again interfacial effects 
may assume much importance. Unfortunately values for 
interfacial energies in solid systems are not well docu­
mented, which is not altogether surprising since the 
interfacial energy is a continuous function of orienta­
tion. Jones (1971 ) has reviewed interfacial energies of 
pure metal systems and typical values of around 1000 erg 
cm ^ ( 5 1 J m"^) are quoted. Kelly (1966) gives values



- 25 -

for a few ceramic systems and values of </» 1000 erg cm ^
( Ca 1 K m ^ ) would seem typical. Little information is 
available concerning metal-ceramic interfaces but a value 
of 400 erg cm” (0.4 J m ) is given for the interfacial 
energy between iron and wUstite by Turpin and Elliot (1966) 
Values of interfacial energy would be expected to vary 
considerably from one system to another and with orienta­
tion. Simple arguments suggest that they are a function 
of the degree of mismatch between atoms on either side of 
the interfacial plane and of the atomic population of 
these planes (Kelly, 1966).

1.5.3 Atomic Transport Properties

The mobile species in metal oxide systems
are usually ions. Since the metal cation M is usually

2 —  ^  much smaller than the oxygen anion O ( l/\ 0 .7A and 1.4A
respectively) cation transport is usually dominant.

As discussed in section 1.5.1 cations may be regarded 
as occupying the interstices in a close packed array of 
oxide ions, the interstices being of two types according 
to the local disposition of oxide ions. Octahedral 
sites, which are surrounded by six oxide ions all equidis­
tant one from another can easily accommodate ions up to 

o
v/N lA without much lattice distortion. Tetrahedral sites 
lie at the centre of four equidistant oxide ion and being

o
smaller can only accommodate ions up to V/l 0.7A without 
strain. Various workers (Azaroff, 1961; Tilley and 
Stone, 1972) have considered the possible paths that a
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cation may take in moving through a close packed array of 
anions. For cubic anion arrangements the easiest route 
is via alternate, adjacent octahedral and tetrahedral 
sites while for hexagonal anion arrangements an alternative 
route via octahedral sites only is also available. The 
latter route runs parallel to the C-axis and has led 
Tilley and Stone (1972) to postulate a diffusion anistropy 
in hexagonal oxides. Various values for the diffusion 
coefficient are available in the literature (e.g. Askill, 
1971) but in general the data are inconsistent and in 
most cases far outside the temperature range of interest 
(400-600^C) in the present study.

In addition to the importance of bulk diffusion pro­
cesses to oxidation mechanisms it is probable that both 
grain-boundary and surface diffusion play a significant 
role in determining the rate of reaction. Their contri­
butions will be most marked for materials with a high sur­
face or interfacial area to volume ratio. It has been 
shown (Shewmon, 1963; Kofstad, 1966) that the activation 
energy for grain boundary diffusion and surface diffusion 
is less than that for bulk diffusion, i.e. Eg^^in boundary

^ Ebulk ^surface ^^3 ^bulk- can be seen
that the importance of grain boundary and surface diffusion
increases rapidly as the temperature is reduced.

1.5.4 Oxide-Oxide Reactions

The rate of formation of complex oxides from 
pure oxide materials has been studied by several workers.
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While, however, most of these studies are of great academic 
interest, since they enable detail mechanisms for the 
interdiffusion of the atoms to be postulated, they are not 
directly applicable to the present investigation. Recent 
work of Whitlow (1973) on the reaction of a wide range of 
oxides of importance to stainless steel oxidation is more 
relevant. This study showed that FeO and CrgO^ react 
readily at 1000°C to form the spinel Fe CrgO^. A number 
of other reactions involving other oxides (e.g. NiO, MnO, 
SiOg etc.) were also discussed. Unfortunately no studies 
were made of reactions at low temperatures ( ^  800°C ).

1 .6 The Present Investigation
i

)

In the previous sections the literature on the oxi­
dation of iron-chromium alloys has been reviewed with 
particular reference to CO^/CO atmospheres. Some impor­
tant properties of oxide materials have also been discussed. 
It is apparent from this survey that the mechanism of oxi­
dation is by no means well understood. In the present 
work attention is focussed particularly on:

(a) mechanisms involved in formation and breakdown 
of the thin protective films ( ^ 4.5 and ^ 4.6);

(b) atom transport processes associated with the pro­
duction of the inner oxide layer in thicker duplex scales 
together with observed element partitioning effects ( ^4.2,
^ 4.3 and ^ 4.4);

(c) formation of voids within the scale and their sub­
sequent effect on the oxidation reaction ( ^ 4.4).
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The experimental work has involved two complementary 
lines of approach to the problems: a thermogravimetric
study of the reaction kinetics and a detailed investiga­
tion of the morphology, structure and composition of the 
oxidation products. New information is presented from 
which mechanisms have been proposed to account for the 
structure and properties of oxide films formed in the 
initial stages of oxidation on alloys of different chro­
mium content. A model is proposed to interpret the for­
mation of duplex scales on iron—chromium alloys and the 
distribution of elements in the scale. Special attention 
is given to the presence of pores and a periodic vacancy 
condensation process is invoked to explain the distribu­
tion of pores in the inner layer. The importance of 
voids in relation to oxidant transport through the; scale 
is also considered.
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CHAPTER 2 
EXPERIMENTAL PROCEDURES

2,1 Fe-Cr alloys used in the investigation

Most of the experiments were performed on poly­
crystalline material supplied by the Fulmer Technical 
Services. The alloys were prepared by vacuum melting 
electrolytic chromium and carbonyl iron together in 
the required proportions and casting into 500g billets. 
These were cold rolled down to 1mm thickness sheet 
using interstage anneals and cut into coupons approxi­
mately 50mm X lOmm x 1mm. Nominal compositions of the 
alloys are given in Table 2 .1 . ;

Table 2.1
Nominal composition of the polycrystalline 

iron-chromium alloys

Grade 1 
Chromium 
Carbonyl 
Iron

C N S P Mn 0
50

0.02
20

0.02 0.003 0.0015 0.01
120 ppm 
low %

Cast No. Chromium Content Wt % Comments
J 109 5 Uneven thickness
J 110 9

J 111 12
J 112 15
J 113 20
J 115 5
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As-received specimens of each composition were mounted 
in bakelite, sectioned and polished for examination 
under the optical microscope. Etching the specimens 
with acidic ferric chloride revealed a typical cold 
worked structure of elongated grains. The high 
chromium alloys (J 112 and J 113) contained a few 
small inclusions (^O.lmm ^ ) and the remaining alloys 
were almost inclusion free. Portions of the original 
alloy castings were also supplied by the Fulmer Tech­
nical Services and these were subsequently cold rolled 
to produce a few specimens of thickness greater than 
1m m .

In addition to polycrystalline metal oxidation 
experiments were carried out on two single crystals 
of iron-chromium alloys. The single crystals,supplied 
by Metals Research Ltd. as randomly oriented bar 10mm 
diameter, had nominal compositions of Fe-15% Cr and 
Fe-70% Cr respectively and were prepared from 5N purity 
starting materials. The Fe-70% Cr material was rela­
tively inclusion free while the Fe-15% Cr alloys con­
tained inclusions of two types: large inclusions,
visible on polished sections under the optical micro­
scope, which has a rosette habit and thin (lAlOOnm) 
platelets, seen on subsequent etching, up to 1mm long 
and almost always aligned parallel to the [110] 
directions in the crystal. Examination in the electron 
probe microanalyser showed both types of inclusions to 
be chromium rich, no depletion of chromium in the



— 31 —

surrounding matrix was detected.

2.2 Specimen preparation

Polycrystalline specimens were firstly etched in a 
hot solution containing 30% nitric acid , 15% hydro­
chloric acid, 10% hydrofluoric acid and 45% water to 
remove surface contamination. They were then annealed 
in deoxygenated, dry (dew point -196°C) hydrogen at 
1000°C for 2 hours and then allowed to cool slowly in 
the furnace to stabilise their metallurgical structure. 
Although no visual evidence of oxide formation was 
apparent after this operation a further etch was carried 
out to ensure an uncontaminated surface just prior to 
oxidation. A few polycrystalline specimens were elec­
tropolished in a solution of 20% perchloric acid in 
glacial acetic acid at 30V instead of the final etching 
treatment. Optical microscopy of polished sections 
showed the grains to have a wide distribution of sizes 
and the mean grain size increased from some tens of 
microns for the low chromium alloys to several hundred 
microns on the Fe-20% Cr alloy. A scanning electron 
micrograph of a typical etched surface is shown in Fig.2.1

The orientation of the single crystal bars were 
determined using the back reflection Laue technique. 
Approximately parallel sided slabs corresponding to 
(lOO), (110) and (ill) faces were then cut from each 
single crystal using a high speed silicon carbide 
slitting disc. Surfaces were ground using increasingly



Fig.2.1 Etched metal surface prior to oxidation. Scanning electron micrographs X 1000.



Fig 2.1
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finer grades of silicon carbide paper, polished on 6^jji 
and l^m diamond impregnated cloths and finally electro­
polished as described above. Each surface orientation 
was checked by electron diffraction and if necessary 
reprepared until it was within - 3° of the required 
crystal plane. The principle directions in the plane 
were also noted. Surfaces prepared in this way gave 
elongated spot patterns superimposed on a sharp Kikuchi 
pattern, indicating that the surfaces were smooth and 
free from both contamination and mechanical disturbance. 
Some oxidation experiments were performed on single 
crystals given a similar etch treatment to that employed
for the majority of the polycrystalline specimens. The

)etched surfaces were faceted on a fine scale, the domi­
nant facets were (ill) and (100) on all surfaces. 
Reflection of a fine beam of light from a He-Ne laser 
from these surfaces produced broad spots indicating some 
curvature (iaS® ) of the facets.

2.3 Oxidation apparatus

The apparatus used in this study consisted of two 
oxidation reaction systems sharing common vacuum and gas 
supply services. In the first system twelve specimens 
may be oxidised simultaneously to provide samples for 
microstructural characterisation; four specimens may 
be removed individually without disturbing the other 
specimens, the temperature or the gas flow. In the 
other system a single specimen was suspended from a
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sensitive microbalance enabling the kinetics of oxide 
formation to be followed gravimetrically; these speci­
mens were also studied metallographically.

The apparatus is illustrated in Fig. 2.2. In the 
centre may be seen the vacuum trolley, consisting of a 
rotary pump backing a 1” air cooled oil diffusion pump.
A vacuum manifold connects the two oxidation systems to 
the vacuum trolley. The vacuum pumping apparatus 
enables a pressure of 5 x 10 ^ torr (6.6 x 10 ^ Nm”^ ) 
to be attained just above the baffle valve after 16 hours 
pumping. The microbalance (Sartorius, Model 4104) is 
positioned to the right; it will be discussed in more 
detail later. To the left of the vacuum trolley is 
the furnace containing the metallographic specimens; 
the extraction mechanism for removing these specimens 
will be dealt with below.

To the left of the metallographic furnace is the 
gas mixing and humidification equipment.

2.3.1 Temperature measurement and control

The nichrome wound furnaces were controlled by two 
Ether **Mini" controllers capable of maintaining the 
temperature within - 2°C of the set value. The 
sensing elements were chromel-alumel thermocouples 
positioned in silica sheaths close to the furnace walls.

The micrObalance furnace had two coaxial heating 
elements wound in opposite directions, the ratio of



Fig.2.2 The oxidation apparatus. Note the microbalance
rig (right), the vacuum pumps and guages (middle), 
the metallographic furnace (left) and the gas 
control equipment (extreme left).



Fig. 2.2
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the currents in the two windings being adjusted using a 
variable resistance to give no resultant force on the 
ferromagnetic specimens. This arrangement was necessary 
to prevent oscillations of the microbalance readings in 
sympathy with the switching of the furnace controller.

The temperature of the furnaces was monitored 
using chromel-alumel thermocouples adjacent to the 
silica reaction tubes. Thermocouple outputs were 
recorded on a 5mV Ether '̂X actline" sixpoint recorder; 
excess output voltage from the thermocouples was backed 
off using a high stability voltage source. The 
overall sensitivity of the system was 2.5°C/division.
The reference junction for the thermocouples was main-

i

tained at a constant known temperature using a thermo­
static water bath.

2.3.2 Gas composition

Initial studies were made using gas of nominal 
composition COg-l^ CO supplied by Air Products Ltd. 
in cylinders at 260 p ig. The oxygen and water content 
were specified by the manufacturers as <3ppm and ̂ 5ppm 
respectively. For later studies a dynamic mixing 
system was employed in which a nominal CO^-IO^ CO blend 
was diluted to the required concentration (CO^-1% CO) 
using high purity CO^. A schematic diagram of the 
gas control system is shown in Fig. 2.3



COg cas (5 psie)

C02-10;ÎC0.gas
(5 psig)

RotameterRotacoter

   To atmosphere
Humidifier Rotameter Electrolytic 

hygrometer

C2A2 Te furnace 
(metallographic)B2

Rotameter Rotameter

Fig.2.3 Schematic diagram of the gas control apparatus.
Al, A2, Cl, CZ, D Needle valves (see text).
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The gases from the storage cylinders were first 
regulated to a constant pressure (Spsig) and then each 
metered using needle valves Al and A2 and the rota­
meters B1 and B2 in the proportions necessary for the 
required gas mixture. The two gas streams were com­
bined in a manifold and passed through a humidifier 
prior to being distributed via needle valve (Cl, C2 
and D) and rotameters to the two furnaces.

The composition of the gas entering the two 
furnaces was shown by gas chromatography to be iden­
tical indicating that efficient mixing occurred. A 
small bleed of gas (lOml min ^ ) could be diverted 
through a coulometric hygrometer to check the water 
content. The stability of the flowrates was t 20% 
of the set value over a 24 hour period. The gas was 
humidified by allowing water vapour to diffuse through 
a tube into the gas stream using the apparatus shown 
in Fig. 2.4.

The entire humidification apparatus was maintained 
at a constant temperature in a thermostatic water bath. 
It can be shown that provided the partial pressure of 
water vapour in the exit gas is very much less than the 
saturated vapour pressure of the water in the reservoir 
the rate of mass transport of water is given by:
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Piller tube ——  Pyrex diffusion tube

Reservoir

Water

Fig.2.4 Apparatus for addition of water vapour to 
the gas stream.
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dm D PoM
dt 4 RT 1

where D = diffusion coefficient of water vapour in 
CO^-1% CO at the temperature and pressure 
of the system 

d = diameter of the diffusion tube
Po = the saturated vapour pressure of water 
M = molecular weight of water 
R = gas constant 
T = temperature 
1 = length of diffusion tube.

For a given geometry the rate of mass transport 
can be easily adjusted by altering the temperature of 
the apparatus. Using a 90mm x 5mm tube and a flowrate 
of 100ml min  ̂ the water concentration of the gas 
leaving the humidifier could be maintained at 200ppm 
with the apparatus at 26°C. However the water content 
of the gas streams as they entered the furnaces were 
found to vary with time due to the sorption and desorp­
tion of water from the walls of the connecting tubing 
with changes in ambient temperature; this could be as 
much as t ISOppm for large changes over short periods 
of t ime.

2.3.3 Metallographic furnace

Specimens were supported by a stainless steel 
assembly fitted inside a 32mm silica reaction tube,
Fig. 2.5. This assembly consisted of four ^^16" rods
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Fig. 2.5 Specimen holder for metallographic studies.
Eight specimens may he accommodated on the 
specimen hooks and a further four may be 
suspended from the lower fusible nichrome hooks 
These latter specimens may be removed during an 
oxidation experiment without perturbing the. 
oxidation conditions of those remaining.
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symmetrically surrounding a central rod mounted in
Araldite and vacuum sealed with blackwax. This coaxial 
geometry was maintained by pyrophyllite insulating 
spacers at intervals along the rods. Twelve specimens 
could be accommodated; eight suspended from small hooks 
attached to the central support rod and the remaining 
four from short pieces of nichrome wire (32swg) spot 
welded from the central rod to the outer rods. Any of 
these four specimens could be removed individually from 
the reaction zone by passing a current of approximately 
2.5A between the appropriate outer conductor and the 
central rod. This fused the suspension wire and 
allowed the specimen to fall through a ball valve 
(l” bore) into a pyrex collecting tube. After allowing 
the specimen to cool, the collecting tube was isolated 
from the reaction tube and the specimen removed. The 
pyrex tube was re-evacuated before reopening the ball 
valve. The other eight specimens could be removed at 
the end of the experiment after allowing the furnace to 
cool.

2.3.4 The microbalance

The microbalance used was a Sartorius model 4104 
with a maximum sensitivity of l^g; it is based on a 
design by T. Gast. The beam comprises two quartz 
tubes supported by a torsion band suspension.
Deviations of the beam from its equilibrium position 
are detected electromagnetically and the derived error
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signal is used to generate a current in a coil which 
acts to restore the beam to its original position.
This current is thus proportional to the force acting 
on the beam and hence to the specimen weight. The 
balance is equiped with an automatic weight compensa­
tion mechanism such that when full scale deflection on 
the indicating meter is reached an electromagnetic 
force is applied to the beam to reset the meter at zero. 
In this way it is possible to expand the working range 
of the balance by a factor of 100 times without com­
promising its ability to resolve small weight changes. 
The balance output was continuously measured on a chart 
recorder running at constant speed. The balance head 
is enclosed in a massive stainless steel case to ensure 
good thermal stability.

2.4 Evaluation of the oxidation apparatus

Initial experiments with the apparatus were 
designed firstly to evaluate its performance and 
secondly to establish a suitable standard surface 
finish for specimens in the oxidation study. These 
experiments were carried out on the microbalance using 
a simple reaction tube of the type shown in Fig. 2.6a. 
The results showed that an excessive amount of noise 
was generated even at 400®C. For example the peak to 
peak noise level was'/'200|4g , a figure which when com­
pared with the weight gain of «/*500^g on the Fe-20% Cr 
alloy at 400°C after 16 hours exposure was obviously
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A - hangdoivn tube from microbalance (pyrex)
B - métal baffle system 
C - graded glass seal 
D - specimen tube (silica)
E - hangdown wire from microbalance (platinum)
F - silica baffle system
G - specimen

Fig.2.6 Diagram of specimen tube for microbalance 
(a) Original specimen tube 
(b ) Modified specimen tube incorporating 

an efficient baffle system.
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unsatisfactory. Since noise was negligible when the 
specimen was not heated or when it was removed from the 
microbalance suspension it was clearly due to convection 
turbulence in the hot zone. A number of unsuccessful 
attempts were made to reduce the noise to an acceptable 
level which involved altering the flowrates and inserting 
crude baffle systems. It was then found that purging 
the microbalance head with helium reduced the noise to 
v*10^g, presumably by inverting the unstable density 
gradient that caused the convection. An investigation 
of the important variables producing convection lead to 
a simple theory outlined in Appendix 1. On the basis 
of this analysis the baffle system illustrated in 
Fig. 2.6b was constructed which reduced the noise to 
an acceptable level of about 0.5^g at 400°C. Using 
the modified system a slow drift in the microbalance 
reading was then detected. This was caused by stream­
line convection currents in the tare tube due to the 
differential rate of heating (or cooling) of the various 
parts of the apparatus in response to changes in ambient 
temperature. The effect was eliminated by using a 
vacuum-jacketed, silvered tare tube to ensure that the 
counterweight and its surroundings were maintained in 
thermal equilibrium with the massive stainless steel 
balance case.

The oxidised specimens from these early tests at 
400°C were found to be covered with two types of oxide. 
The bottom half of the specimen (the leading edge to the 
gas flow) was covered with a bright red oxide with a
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velvety sheen which in the scanning electron microscope 
was s e e n  to consist of myriads of small whiskers.
Fig. 2.7. Reflection electron diffraction, Fig. 2.8, 
showed only the presence of o C a n d  since no 
chromium (<1%) was detected by electron probe micro­
analysis, the whiskers were essentially haematite.

Transmission electron diffraction patterns 
from individual whiskers showed the whisker axis to be 
^ll2cQ in agreement with the observed arcing in the 
reflection pattern. The top half of the specimen was 
covered with a compact faceted cubic oxide which was 
shown to be a spinel. No whiskers were found on 
specimens oxidised at higher temperatures. Thermo-

Idynamic calculations show that is unstable in
a 00^-1% CO atmosphere at 400°C, indicating that the 
oxygen partial pressure of the gas is higher than that 
predicted from the equilibrium

2 COg ;$== 2 CO + Og
This together with the fact that whiskers were only 
formed on the leading edge of the specimen indicated 
that an appreciable amount of oxygen was present in the 
incoming gas. Further experiments showed that oxygen 
was diffusing into the system via plastic tubing used 
to connect the humidifier to the gas stream and after 
replacement with copper tubing the formation of whiskers 
was virtually surpressed. The presence of whiskers 
thus proved to be a fairly sensitive qualitative test 
of the oxygen impurity level of the gas stream.



Fig,2.7 Fe-5% Cr alloy oxidised at 400°C showing
whisker oxide growth. Scanning electron 
micrograph, X 2500.

Fig.2.8 Reflection electron diffraction pattern from 
specimen oxidised as Fig,2.7.
Not_e oronounced arcing of rings indicating 
^1120y is normal to the specimen surface.
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2.5 Oxidation procedures

2.5.1 Microbalance experiments

After suitably preparing the surface (section 2.2) 
specimens were weighed on an analytical balance. They 
were then transferred to the microbalance, the reaction 
tube evacuated to v'5 x 10 ^ torr (6.6 x 10 ^ Nm ^ ) and 
the cold furnace raised into position. The reaction 
tube was slowly heated taking care that the pressure 
never increased above 5 x 10 ^ torr (6.6 x 10 ^ Nm ^ ) 
in order to minimise specimen oxidation by the out- 
gassing atmosphere. A small weight loss (&A1OO^g) 
from the specimens was usually noted during this

ioperation. When the oxidation temperature was reached 
gas was admitted via a needle valve until the pressure 
was slightly greater than atmospheric. The outlet 
stop cock of the microbalance was then opened and the 
time was noted, this being taken as the start of the 
oxidation experiment. At the end of the experiment 
the furnace was lowered in order to cool the specimen 
rapidly, the specimen removed from the apparatus and 
reweighed on an analytical balance. The total weight 
gain calculated from the initial and final weighings 
was always within O.lmg of the value obtained from the 
continuous microbalance record.

Some experiments were also carried out by raising 
the hot furnace at the desired oxidation temperature 
around the specimen suspended in the already flowing
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gas. The reaction tube took about 3 minutes to reach 
the oxidation temperature under these conditions.

2.5.2 Oxidation of specimens in the metallographic 
furnace

The operations leading to the commencement of an 
oxidation run were essentially similar to those outlined 
in the first paragraph above. The specimens suspended 
from nichrome fuses were removed rapidly from the hot 
zone by blowing the fuse as described previously. The 
remaining specimens were allowed to cool slowly in the 
gas stream by switching off the furnace. The furnace 
took l/'lO hours to cool to room temperature and the oxi­
dation time was arbitrarily assumed to have elapsed 
1 hour after the furnace was switched off. In most 
experiments the metallographic specimens were weighed 
before and after oxidation and the weight gain compared 
with the microgravimetric record.

2.6 Examination of oxidised specimens

The morphology, composition and crystal structure 
of the oxidation products has been investigated using a 
variety of techniques on many types of specimens.

Most oxide scales formed on the alloy were layered 
structures and, while the outer surface may be examined 
easily, information from the lower layers in the oxide 
can only be gained by either sectioning or successive 
removal of the outer surface. Polished sections have
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been prepared by a variety of techniques. Normal hot 
mounting in Bakelite or allyl phthalate resins was 
satisfactory for oxidised specimens when both oxide 
layers were fairly compact and had the advantage that 
very good contact between the specimen and mount were 
obtained. On more fragile specimens,where the oxide 
is porous and easily fragmented,methacrylate cold 
mounting resins or vacuum impregnation with a low 
viscosity polyester resin had to be employed. In 
these cold mounting processes and particularly with 
polyester resins considerable contraction occurs on 
curing causing the oxide to become detached from the 
metal. This effect can be avoided by mounting the 
specimen between mild steel plates and using iron ' 
filings as a filler for the resin. When an electri­
cally conducting mount was required, as for electron 
probe microanalysis, sections were prepared using a 
silver-filled epoxy resin or solder. Mounted speci­
mens were ground on successively finer grades of 
silicon carbide paper and polished using diamond 
impregnated cloths. Care was taken during grinding 
and polishing to maintain the specimen edge transverse 
to the direction of abrasion and to use the minimum 
possible load consistent with a reasonable rate of 
polishing. This was necessary to minimise "tear out" 
of the fragile and brittle oxide, and to prevent 
excessive rounding of the specimen edge. A few 
minutes on a vibratory polishing machine often
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improved the surface finish. Sections were also pre­
pared by fracturing the specimen at liquid nitrogen 
temperatures. Again this method worked well for 
compact oxides, but it failed for the more fragile 
oxides. On many specimens the outer oxide layer 
could be detached simply by lifting it carefully with 
a needle, an operation often assisted by first quen­
ching the specimen in liquid nitrogen. The underlying 
oxide could then be readily studied using many tech­
niques. The detached outer oxide could also be 
characterised in isolation. Characterisation of the 
oxide layer adjacent to the metal was accomplished by 
dissolving the metal in an anhydrous, saturated solution 
of iodine in methanol (Vernon, Wormwell and Nurse, 1944) 
and examining the detached film. It was unnecessary
to completely dissolve the metal; once sufficient 
metal had been removed the oxide could be teased off 
with a needle. It was also possible to sample indi­
vidual oxide layers observed on polished sections by 
making a scratch in the selected oxide layer using a 
microhardness indentor. The debris produced oy the 
cutting action of the diamond indentor was then removed 
using a two stage extraction replica technique (Adams 
Silva and Spiers, 1960). The scratch mark is readily 
visible on the replica in the transmission electron 
microscope with the debris particles on either side. 
Particles may then be characterised by selected area 
electron diffraction. Extraction replicas have also
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been used to study friable oxide layers and oxide 
surfaces with weakly adherent oxide particles, whiskers 
etc. attached.

The examination of thin oxide films V' lOOnm is 
much more restricted, at least with the equipment 
available for the present study. Oxide surfaces may 
be examined either attached to the metal or after 
removal by dissolution of the substrate in an anhydrous, 
saturated solution of iodine in methanol. These
stripped films may be picked up on electron microscope 
grids for examination. Extraction replicas taken from 
the outer surface have also been examined.

2.6.1 Optical microscopy ^

Using a low power stereomicroscope with oblique 
illumination the oxidised.specimen surface was examined. 
This gave information on the gross surface topography 
of the specimens, the extent of lateral growth of 
different oxide phases and, on specimens with very thin 
oxide films, any variation in interference tint from 
one grain to another caused by differences in oxide 
thickness and optical properties. Many of the surfaces 
were very rough and studies were limited by the small 
depth of focus of the optical microscope restricting the 
magnification to a maximum of about XlOO if all parts 
of the surface were to remain focussed.

Polished sections through the oxide scales were 
examined in a normal metallurgical microscope in both
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the unetched condition and after various etching treat­
ments. In the unetched condition image contrast 
derived mainly from the pore structure of the material 
and from polishing artefacts such as "tear out" of the 
brittle porous oxides. Some contrast from the various 
layers was also evident as colour variations. It was 
difficult to draw quantitative conclusions regarding 
the pore structure of the various layers due to arte­
facts although the total scale thickness and the rela­
tive thickness of the different layers could be esti­
mated as well as grain boundary and internal oxidation 
effects. Taper sections were occasionally employed 
but gave unreliable results due to differential poli­
shing of the various layers. }

A number of different etchants were used, each 
selected to enhance a particular micro-structural 
feature. Etching in 50% hydrochloric acid in methy­
lated spirit delineated the various scale layers by 
rapidly dissolving magnetite, Fe^O^, and leaving the 
iron-chromium mixed oxides, (Fe, Cr)gO^ and (Fe, CrjgOg, 
and the metal relatively unattached. The grain 
structure of the underlying metal was best revealed 
using nital etch (5% nitric acid in methylated spirit) 
for the lower chromium alloys and a mixture 2.5% nitric 
acid and 7.5% hydrochloric acid in water was effective 
for the higher chromium alloys.
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•2.6.2 Scanning electron microscopy

In the scanning electron microscope (SEM) a fine 
electron beam ( i/^lOnm minimum spot diameter) is formed 
and is scanned across the specimen in a raster. The 
incident electrons interact with the specimen in 
several ways, electrons and electromagnetic radiation 
of various energies being emitted. Either the emitted 
radiations or the electrons absorbed may be used to 
form the image. Electrons leaving the specimen are 
detected using a scintillator and the resultant light 
signal passed down a light pipe to a photomultiplier.
The photocuirrent generated is used to modulate the 
intensity of an electron beam synchronously scanning a 
similar but larger raster on the fluorescent screen of 
a cathode ray tube. By controlling the current through 
the scanning coils in the electron optical column the 
area of the raster on the specimen surface may be 
altered. The magnification is simply the ratio of 
the raster dimensions on the display tube and on the 
specimen. The resolution is controlled by the spot 
size and the characteristics of the detected signal.
A more detailed account of the SEM is given in 
Amerlinckx and Hearle, Sparrow and Cross (Booker,
1970, Hearle, Sparrow and Cross, 1972).

The SEM is most commonly used in the emissive mode 
which utilises secondary electrons. These have a low 
energy « 5 0 e V ) and hence originate very close to the
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surface (<5nm), their small escape volume enabling a 
high spatial resolution to be achieved (VllOnm minimum) 
A positively-biased grid (+ 200V) in front of the scin­
tillator is used to attract these low energy electrons 
into the detector. High energy electrons are hardly 
deviated by the low potential applied to the grid.
This mode of operation has been extensively used in the 
present investigation, using Cambridge Instruments S2 
and S4 Stereoscan instruments and a JEOL JXA 50A elec­
tron probe microanalyser, to study the detailed mor­
phology of oxidised surfaces attached to the substrate 
as well as stripped and cleaved oxide surfaces. The 
high resolution enables small particles to be located 
and, since little or no specimen preparation is -

required, few artefacts are present. This is a great 
advantage of the technique over replica studies in the 
transmission electron microscope where it is often 
difficult to be certain that an observed feature is the 
result of the oxidation process or merely adventitious 
matter introduced during lengthy specimen preparation. 
Very little information on the crystal structure of 
fine particles can be obtained in the SEM however. In 
this study the SEM has been found extremely useful for 
locating features of interest prior to making detailed 
microstructural analysis using extraction replica tech­
niques in the transmission électron microscope.

The emissive mode has also been used to study 
fracture sections through oxide scales. In this way
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information on pore sizes, shapes and distribution may 
be obtained without the artefacts introduced by 
mechanical polishing procedures. Unfortunately, since 
accurately plane sections are not produced and because 
fracture always occurs along planes of weakness (such 
as a plane containing many voids) quantitative inter­
pretation of void structure is impossible. Polished 
sections have also been studied in the SEM. Usually 
this examination was carried out in conjunction with 
electron probe microanalysis, using the X-ray detection 
systems on the Cambridge Instruments 52 and 84 and the 
JEOL JXA 50A. Information on composition variations 
in the specimens could be obtained using either the 
absorbed or the reflected electron image. In the ' 
former mode the beam induced current in the specimen 
is used to form the image while in the latter case high 
energy electrons reflected from the surface are utilised 
The use of two reflected electron detectors mounted 
symmetrically at a high angle with respect to the 
specimen surface has been found to be particularly 
useful since the effect of surface topography may be 
minimised by using the sum of the signals from the two 
detectors or the effect of composition variations may 
be minimised by using the difference signal to form the 
image (Kimoto and Hashimoto, 1966). This facility for 
forming images showing essentially composition or topo­
graphic contrast is available on the JXA 50A electron 
probe microanalyser.
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Extraction replicas and stripped oxide films have 
also been examined by forming images from electrons 
transmitted through the thin specimen. This scanning 
transmission electron microscopy (STEM) has several 
advantages over the conventional direct imaging elec­
tron microscope (DIEM). In the DIEM the electrons 
after interacting with the specimen have to be focused 
onto a screen to form the image. As the specimen 
thickness increases the amount of inelastic scattering 
of the beam by the specimen increases. The resultant 
large energy spread of the electrons transmitted reduces 
the resolution of the image formed due to chromatic 
aberrations in the final lenses. Furthermore because 
most of these scattered electrons are not used for 
forming the image a great loss of intensity results.
In STEM these disadvantages are not present since there 
is no requirement for an electron lens after the 
specimen. There are other advantages to the STEM 
system: the high gain of the scintillator/photomulti­
plier type of detector fitted to the instrument enables 
images to be obtained using smaller beam currents and 
thicker specimens while the ability to process the 
signal (e.g. by non linear amplification, differentia­
tion etc.) enables information to be extracted which 
is not always apparent in the images obtained in the 
DIEM. Three basic modes of STEM are available on the 
JXA 50A electron probe microanalyser. Firstly only 
the undeviated electrons from the incident beam may be
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utilised resulting in contrast analogous to a normal 
bright field image of a DIEM. Secondly, a single 
diffracted beam may be used to produce an image similar 
to a normal dark field image in the conventional elec­
tron microscope. Thirdly, all the scattered radiation 
may be used to form an image. There is no direct 
counterpart of the latter type of image in the DIEM ; 
it is particularly useful for studying thick specimens, 
since most of the electrons which are transmitted will 
have been inelastically scattered by the specimen. 
Interpretation of contrast obtained in this mode is 
sometimes difficult. In the present study it has been 
found that bright field STEM images may be produced at 
50kV from specimens which are opaque to lOOkV electrons 
in the DIEM.

2.6.3 Electron probe microanalysis

Electron probe microanalysis provides a means of 
obtaining chemical composition data from micro-volumes 
of material and has been usefully employed in a number 
of aspects of the present work. The electron optics 
of the electron probe microanalyser are basically simi­
lar to those of the scanning electron microscope (fre­
quently the two instruments are combined as in the 
JXA-50A electron probe microanalyser) but here X-rays 
produced by electron bombardment are detected and 
analysed. The X-ray spectrum produced contains lines 
of discrete wavelength characteristic of the elements
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within the exited volume superimposed on a background of 
continuous brem^strahlung ("white") radiation.
Analysis of the X-rays is usually achieved by crystal 
spectrometry (wave-length dispersion) or by pulse height 
analysis techniques (energy dispersion). The intensity 
of a characteristic X-ray line gives a measure of the 
concentration of the element in the exited volume. The 
technique may be used to study any element in the periodic 
table from beryllium upwards. The size of the electron 
spot on the specimen depends on the electron optics and 
the required beam currents. Beam currents commonly 
employed for microanalysis by crystal spectrometry are 
in the range 1-lOOnA which gives spot sizes typically 
between 0.1 and Due to the higher efficiency of
energy dispersive systems much lower beam currents 
(ipA-lnA) may be employed enabling spot sizes down to 
lOnm to be employed. The spatial resolution of elec­
tron probe microanalysis is determined in part by the 
electron spot size and also by the dimensions of the 
X-ray source which are determined by the extent of 
electron diffusion and the penetration of the exited 
X-rays (Anderson, 1967). Typically the X-ray source 
iso^0.5|Am but it may vary considerably depending on the 
element analysed, the beam potential, the substrate, 
the electron spot size etc. Detection sensitivity 
again depends on many factors; values of lOOppm have 
been reported in favourable cases. Qualitative 
analysis of specimens is performed by examination of
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the X-ray spectrum and comparing the peak positions with 
those tabulated by the instrument manufacturer for each 
element. The spectrometer may then be set to a parti­
cular X-ray line for quantitative studies .

The electron probe may be positioned on a selected 
point on the specimen and the intensity of the line 
recorded using a scaler. The distribution of a given 
element along a line in the specimen surface may be 
determined by either translating the specimen mechani­
cally beneath the static probe or by sweeping the probe 
across the surface using scanning coils located in the 
electron optical column, and monitoring the intensity 
of the X-ray signal on a rate meter. A two dimensional 
X-ray image may also be obtained by using the X-ray sig­
nal to modulate the intensity of a cathode ray tube 
display while the probe is scanned in a raster on the 
specimen surface.

Studies have been made of the distribution of 
alloying elements in sections through oxide scales on 
metals and the composition of particles and thin oxide 
films detached from the substrate by mechanical or 
chemical means (section 2.6) have been estimated. 
Sometimes it proved difficult or impossible to strip 
oxides from the metal surface, particularly when the 
substrate was very smooth. In some of these cases 
microanalysis was possible with the oxide attached to 
the metal. In order to improve the spatial resolution
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soft X-ray spectra were used for the analysis, at low 
beam potentials to minimise electron penetration.

In general. X-ray intensities are not directly 
proportional tc the concentration of the emitting ele­
ment. The electron and X-ray interaction processes 
taking place within the sample may give rise to signi­
ficant X-ray absorbsion, fluorescence and atomic number 
effects which have to be taken into account in quanti­
tative work. These effects together with proposed 
correction procedures have been discussed by many 
workers (Martin and Poole, 1969. Bishop, 1968).

However these effects are fairly small (vn10% error) 
for the K lines of iron and chromium in the Fe-Cr-0 ' 
system for take off angles ̂ 20° and at the commonly 
used beam potentials. Much of the raw X-ray intensity 
data on polished sections through the oxide scale has 
been converted to element concentrations simply by 
using the substrate metal as a reference standard and 
assuming a linear proportionality. This crude proce­
dure works fairly well because either the chromium/iron 
ratio is similar in oxide and metal or the oxide is 
essentially iron oxide. Hence absorption and fluores­
cence corrections tend to be small and the largest 
source of error is due to the change in atomic number 
on going from the substrate to the oxide. The total 
errors are unlikely to exceed 5% relative for the beam 
energies normally used (l5-25kV). In many cases
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greater accuracy than this would have been unwarranted 
since the oxides were never smooth, compact and flat as 
required for accurate quantitative analysis. In a few 
instances where the data was obtained at high X-ray 
take off angles (which tends to minimise errors due to 
unfavourable surface topography) and with good counting 
statistics the more refined correction procedure of 
Ziebold and Ogilvie (Ziebold and Ogilvie, 1964) has 
been applied.

Electron probe microanalysis of stripped oxide films 
and extraction replicas is much more difficult than the 
examination of bulk specimens since thin specimens may 
be damaged by large incident beam currents. In addi­
tion the electron optical resolution must be sufficient 
to locate fine particles and other areas of interest.
The use of low beam currents (<lnA) enables high resolu­
tion secondary electron images to be obtained and also 
minimises specimen damage but results in low X-ray count 
rates. Some compromise is necessary and the best wor­
king conditions vary from specimen to specimen and from 
instrument to instrument; generally specimen currents 
in the range 1-lOnA were used. Some analysis was 
carried out on an AEI EMMA4 instrument (Cooke and Dun- 
cumb, 1968) which is a transmission electron microscope 
designed also for micro-analysis of thin specimens. 
Conversion of microanalysis data from thin films into 
specimen composition is complicated by the unknown 
fraction of electrons lost from the sample by transmission
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and backscattering. This fraction is a function of the 
specimen thickness which will in general be unknown (at 
least on a localised scale). The technique adopted in 
the present study has been to measure chromium to iron 
ratios rather than attempt to determine absolute con­
centrations. Firstly a ratio was obtained from the 
measured CrK intensity from the thin specimen and a 
bulk chromium standard; a similar ratio was also 
determined using FeKo(from the specimen and a pure iron 
bulk standard. Now for thin films, absorption and 
fluorescence corrections are usually negligible while 
for the pure metal standards the corrections are usually 
small. Hence the ratio of the two intensity quotients 
is to a first approximation the ratio of the concentra­
tions of elements in the specimen. The result of this 
procedure is probably accurate to within v» 5% of the 
true concentration ratio. Further refinement of the 
correction procedure would be unwarranted since the 
statistical accuracy of the measured intensity ratios 
is often worse than this at the low count rates invol­
ved.

2.6.4 Reflection electron diffraction

Electron diffraction studies on oxidised metal 
have been carried out using a high resolution diffrac­
tion stage fitted to a JEOL JEM 6A electron microscope. 
In this technique the electron optics are used to pro­
duce a fine beam of electrons which are brought to a
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focus on the fluorescent viewing screen. The beam 
strikes the specimen at glancing incidence and the 
diffraction pattern produced is recorded on a photo­
graphic plate located beneath the screen. Due to the 
limited penetration of electrons through solids 
(several lOOnm at lOOkV) the glancing incidence tech­
nique provides diffraction patterns only from the 
immediate surface regions of the substrate. With a 
smooth specimen electron penetration may be limited 
to a depth of approximately Inm, which makes the method 
ideally suited for studying thin oxide films and for 
assessing the quality of the metal substrate (perfec­
tion of single crystal surfaces, presence of mechani­
cally deformed layers and contaminant films produced 
during preparation, etc.). It has been extremely 
valuable for investigating early stages of the oxida­
tion process, particularly the growth of oriented 
oxides on single crystals of metal. With rougher 
specimen surfaces, as may be produced by etching the 
metal or by continued oxidation, the electron diffrac­
tion pattern is related mainly to the surface asperities 
projecting into the electron beam. Hence sensitivity 
to the presence of thin surface films is reduced but 
features such as enhanced grain boundary oxidation may 
be examined.

Identification of oxide phases was achieved by 
comparing d-spacing measurements from the AS1T4 powder 
diffraction file. Values of d-spacings were calculated
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using the simple formula =   where r^^^ is
^hkl

the distance between the centre spot (000) and the 
diffracted position (hkl), L is the distance from the 
specimen to th€‘ photographic plate and 'N is the elec­
tron wavelength (Andrews, Keown and Dyson, 1971).
Errors involved in these measurements were usually 
less than 2% for r=20mm. Orientation analysis of 
single crystal patterns was carried out using the 
reciprocal lattice/Ewald sphere construction (Andrews 
et al, 1971; Hirsch, Howie, Nicholson, Pashley and 
Whelan, 1965). The interpretation was confirmed by 
comparing observed interplanar angle with calculated 
values (Andrews et al, 1971) for the particular Bravais 
lattice.

2,6.5 Transmission electron microscopy

The transmission electron microscope is essentially 
analagous to the optical microscope except that an elec­
tron source replaces the light source and glass lenses 
are replaced by magnetic electron lenses. The princi­
pal advantage of using electrons is that their short 
wavelength (to0.004nm at lOOkV ) enables a much higher 
resolution to be attained (typically v'0.3nm for modern 
electron microscopes operating at lOOkV ). Since elec­
trons interact very strongly with matter only very thin 
(<100nm) specimens may be examined in transmission. 
Detailed descriptions of the operation of the transmis­
sion electron microscope (THVI) and interpretation of
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data have been given by Hirsch et al, 1965; Kay, 1965.

A complementary technique, selected area diffrac­
tion (SAD), is available on most electron microscopes.
This facility may be used to characterise the crystal 
structures of small volumes of material located in the 
electron microscope image. In the present study an 
AEI EM802 has been used to analyse small particles 
^50nm diameter extracted from the specimen surface. 
Information obtained on stripped oxide films includes 
crystallite size and shape, phase identification and 
distributions in polyphase, structures, orientation 
relationships etc.

)

2,6.6 X-ray diffraction

Three X-ray methods have been used to study oxidised 
metal surfaces. Fragments of oxide detached from the 
metal surface may be ground and examined using ordinary 
X-ray powder photography. A Debye-Scherrer camera of 
11.46cm diameter (Straumanis geometry) was used in these 
studies with either CrKo<or CoKoCradiations. Compari­
son of the observed d-spacings with the ASIM powder 
diffraction file was used for identifying the oxide 
phases. Accurate lattice constants were determined by 
plotting the apparent lattice parameter against the 
Nelson-Reilly function (Azaroff and Beuiger, 1958)

Cos^G Cos^0
\ (-----  +    ), where G is the Bragg angle, and

SinG G
extrapolating to G = 2. Information on the composition
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of spinel solid solution could be obtained by comparison 
of the lattice parameter with published data (Yearian, 
Kortwright and Langènheim, 1954).

The second X-ray method used was the glancing-
angle-edge-irradiated technique (Isherwood and Quinn
1967). Oxidised specimens were mounted in a Debye-
Scherrer camera (5.73cm diameter, Straumanis geometry)
with the specimen inclined 30°-45° to the X-ray beam sf
that only the edge of the specimen was irradiated.
Sharp diffraction lines are produced by this technique
and, since usually diffraction arcs at low and high
angles may be observed on both sides of the beam colli-

7T/mator and the beam trap, the 0 = 0  and 0 = '2 positions
I

may be accurately established. This together with the 
use of the substrate metal as a calibration standard 
enables fairly accurate d-spacings to be deduced. The 
technique enabled small specimens to be examined and by 
removing successive layers from the substrate, the 
variation of specimen properties with depth could be 
studied. Additional information about the specimens 
could often be gained by close examination of the 
patterns. For example cobalt KoCradiation causes 
chromium to fluoresce but not iron. Hence if chromium 
is present in significant quantities within the X-ray 
penetration volume a high background on the film will 
be evident due to the fluorescent radiation. Spotty 
rings indicate a fairly large crystallite size 
(^lO^m typically) in the specimen whilst line broadening
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may be attributed to a number of factors including 
crystallite size, microstradns and composition gradients. 
Oxidised materials with a coarse grain structure 
(^lOO^m) often show many Laue spots from the substrate 
superimposed on the film. Deformation of the metal 
causes curvature of the diffracting crystal planes and 
this leads to an elongation of these Laue spots.
Although this additional information is largely quali­
tative in nature it was often used to direct the course 
of subsequent investigations using more powerful tech­
niques. Because of the large amount of information to 
be gained by the use of a glancing angle X-ray beam, 
most oxides of thicknesses greater than about l^m were 
examined by this method. '

A powder diffractometer has also been employed to 
study oxidised metal specimens. Again removal of 
successive layers provided a means for investigating 
variation of structure with depth. The diffractometer 
was equipped with an argon proportional counter and a 
pulse height analyser. Using this arrangement almost 
any incident X-radiation may be used since the effects 
of unwanted X-ray fluorescence in the specimen could be 
eliminated by suitable adjustment of the pulse height 
analyser. By choosing different energy radiations the 
depth of oxide sampled could be altered since penetra­
tion depth is a function of X-ray wavelength. For the 
diffractometer geometry it may be shown (Cullity, 1956) 
that 50% of the diffracted intensity occurs from a layer
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0.69 SinG
of thickness ----------, where 0 is the Bragg angle, and

2 ^
jU is the mass absorption coefficient of the substrate.
It can be seen that the sampled depth depends on ̂  and
0 and it will be a maximum for a given specimen when

0.69Sin0 = 1. Typical values of ----  for the common crys-
2fX

tallographic X-radiations in iron are given below:

Radiation CrK CoK CuK MoK
t 50% max. fLm 3.9 7.5 1.4 11.6

Hence CuK is the most useful for thin films while thick 
scales are best examined using MoKoCX-rays. In the 
present work oxide films as thin as lOOnm have been 
detected. The presence of diffractions from the sub­
strate was sometimes a useful indication that the whole 
of the oxide film was being sampled. MoKXradiation has 
not been used in the diffractometer method since the 
argon proportional counter is very inefficient for this 
wavelength.
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CHAPTER 3
EXPERIMENTAL RESULTS

3.1 Oxidation kinetics

The observed oxidation kinetics for the whole range 
of alloys investigated may be divided into two types of 
behaviour related to alloy composition.

Alloys belonging to the first group (5, 9 and 12%
C r ) showed an initial region in which the oxidation rate 
approximated to a linear rate law

w = k*t
This linear region was of comparatively short duration 
( 1/̂ 10 hours). The oxidation rate soon began to decrease 
with increasing scale thickness, the rate eventually 
approximating closely to the parabolic rate law

= k"t
This behaviour was typical of the lower chromium alloys 
at all temperatures. Fig. 3.1 shows the weight gain-time 
curve of an Fe-5% Cr alloy oxidised at 600°C characteristic 
of this type of oxidation. The transition from linear 
to parabolic kinetics did not occur after a reproduceable 
time or weight gain.

Alloys containing larger amounts of chromium (15 and 
20% C r ) exhibited a more complex kinetic behaviour.
After an initial rapid weight gain the oxidation rate 
decreased markedly with time until the thickness of oxide 
was sufficient to give interference colours. The reaction
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Fig.3.1 Weight gain vs time curve for typical 
Fe-5% Cr alloy oxidised at 500°C.
Note the slow transition from linear 
to parabolic oxidation kinetics.
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subsequently proceeded very slowly (too slow to permit 
accurate weight gain data to be obtained) and then 
increased rapidly with time according to a rate law of 
the form

w = k'" t^ where n >  2 
During this period of increasing oxidation rate, thick 
oxide nucleated on the initial thin film and grew until 
it covered the entire surface. Once coverage of the 
surface by this thicker oxide was complete the kinetics 
became parabolic. The time required for the onset of 
parabolic oxidation was very variable; a range of times 
from 0.5 - 150 hours was recorded for several specimens 
of the same alloy. Fig. 3.2, the weight gain vs. time 
curve for a 15% Cr alloys at 600°C is typical of this 
kine+ic behaviour. The three regions discussed above 
will be referred to as the primary, transitional and 
secondary oxidation stages in this investigation and are 
designated I, II and III in Fig. 3.2. Some specimens 
gave a stepwise transition from the primary to the secon­
dary stages, see Fig. 3.3. Note that these steps occur 
at roughly equal weight gain intervals.

A complete summary of the kinetic data for the whole 
alloy series at 400°C, 500°C and 600°C is given in Tables 
3.1a - 3.1c, respectively. It should be.noted that
the final parabolic oxidation constants for all the alloys 
are very similar for any given temperature and that they 
closely parallel the parabolic rate constants for pure 
iron. Experiments on pure iron were performed at one
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Fig.3.2 Weight gain vs time curve for typical Fe-15% Cr 
alloy at 600°C. mote the three separate 
types of kinetic behaviour: type I the
primary oxidation stage, type II the transi­
tional oxidation stage, and type III the 
secondary oxidation stage.
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Fig.3.3 Plot of the instantaneous parabolic
rate constant vs weight gain
for an Fe-20% Cr alloy oxidised at 
6C0°C. Note the change in behaviour 
occurs at equal weight gain increments.



TABLE 3.1 - Summary of kinetic results for Fe-Cr alloys 

(a) 400°C results:

Cr
(wt

in alloy 
%)

Parabolic rate constant 
kg^ m sec  ̂ x 10^^ t 0.3 Comments

0 1.1 No linear to parabolic 
transition observed

5 0.7
9 0.9

12 - Variable - not parabolic
15 - ) Not parabolic oxide 

) thickness tends to a
20 - ) limiting value lOOOA

(b) 500°C results:

Cr
(wt

in alloy 
%)

Parabolic rate constant 
kg^ m”*̂ sec x 10^ t 0.5 Comments

5 1 .5
9 1.2 '

12 1.1
15 - ) Variable - 

 ̂ not parabolic20 -

(c ) 600°C results:

Cr in alloy 
(wt % )

Parabolic rate constant 
kg^ m”^ sec  ̂ x 10^ t 0.3 Comments

5 1 .2
9 0.9

12 0.7
15 0.7 1 Primary oxidation may
20 1.2 1 ) occur for several hrs. 

I . .. _ .... .



- 65 -

temperature only, 400°C, and it was interesting to note 
that no initial linear region was observed, parabolic 
kinetics being obeyed from the start of the oxidation.
A plot of the log. parabolic rate constant for all alloy 
compositions versus the reciprocal temperature is given 
in Fig. 3.4. It can be seen that the points for each 
temperature studied lie close to a straight line. The 
activation energy calculated from the slope of this line 
was found to be 120 kJ mole”^ .

3.2 Observations of the structure of oxidised specimens

In the previous section it was shown that the oxida­
tion kinetics of iron-chromium alloys may, in general, be 
divided into three stages, each stage being associated 
with a different characteristic reaction rate which was 
dependent on temperature. Microstructural examination 
of the oxidised specimens showed that the nature of the 
solid oxidation products could also be related to the 
three oxidation stages. In this section the microstruc­
ture of the oxide formed at the three temperatures 
studied (400°C, 500°C and 600°C) will be described for 
each alloy in turn. In some cases it has proved conve­
nient to group together information on several alloy 
compositions and to describe in detail the behaviour of 
a single alloy in that group together with important 
distinctions between this alloy and the remainder of the 
group.

The general survey of etched Fe-Cr alloys is followed
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by some observations of the effect of specimen thickness 
on the oxide scale morphology; this part of the study has 
been carried out on the Fe-9% Cr alloy. The final sec­
tion is concerned with studied on alloy single crystals 
of Fe-15% Cr and Fe-70% Cr composition oxidised for times 
up to 2 hours, the main interest here being in the struc­
ture and growth sequence of thin oxide films formed during 
the early stages of reaction.

3.3 Etched polycrystalline specimens oxidised at 600°C

3,3.1 Fe-5% Cr alloy

Scanning electron microscopy showed that after 
the initial oxidation period the outer surface of the 
oxidised specimens was rough and faceted, Fig. 3.5.

An optical micrograph of a polished section cut 
perpendicular to the specimen surface is shown in Fig.
3.6. A two-layer oxide is clearly revealed containing 
coarse pores in the outer layer concentrated at the 
oxide-oxide interface. The two layers were of comparable 
thickness. The inner layer was also porous and the pores 
were elongated parallel to the specimen surface. Some 
evidence of grain-boundary penetration of the oxide was 
apparent.

Fracture sections examined in the SEM showed that 
the two oxide layers were readily detached from one 
another and from the substrate metal. Scratches on the 
substrate surface introduced by abrasion of a normal
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etched surface prior to oxidation were found replicated 
at the oxide-oxide interface. Fig. 3.7a. The inner 
layer, Fig. 3.7b, consisted of several regularly spaced 
lamellae separated by fine pores.

Glancing angle X-ray diffraction patterns from the 
oxidised metal specimens could be indexed on the basis of 
a spinel structure. Mechanical removal of the outer 
oxide layer enabled similar X-ray studies to be carried 
on the inner layer, the patterns containing diffractions 
from a spinel structure together with diffractions from 
the alloy substrate. Element profiles through the oxide 
scale were measured using the microanalysis attachment of
a Stereoscan S2 SEM. Using Fe KoC and Cr Ko<X-radiations

)

the chromium was shown. Fig. 3.8a and Fig. 3.8b, to be 
segregated in the inner layer. The distribution of 
chromium in the inner layer was uniform and comparison of 
the X-ray emission in^tensities from both the oxide and 
the substrate gave a value of 7.5 wx % Cr in the inner 
layer.

The apparent low chromium content of the outer layer 
decreasing from the oxide-oxide interface may be due to a 
fluorescence effect, or smearing during specimen preparation

3.3.2 Fe-9% Cr and Fe-12% Cr alloys

After 120 hours oxidation the outer surface 
of the Fe-9% Cr alloy was faceted in a similar manner to 
the oxidised Fe-5% Cr alloy.



Fig.3.5 Fe-5% Cr alloy oxidised at 600°C. Outer
surface. Scanning electron micrograph X 5500

Fig.3.6 Section through oxidised Fe-5% Cr alloy showing 
large pores in both inner and outer oxide layers 
Note elongation of pore in inner layer.
Optical micrographs X 550.

Fig.3.7 Fracture sections through oxide scale.
Scanning electron micrographs. Note 
(a) polishing marks on inner oxide surface 
X 300 and (b) lamellar structure of inner 
oxide associated with pores X 1300.

Fig.3.8 Section through oxide scale.
Scanning electron micrographs X 600 with 
superimposed X-ray line scans along X Y 
for (a) iron and (b) chromium. Note 
particularly the depletion of chromium in 
the outer oxide.
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Glancing—angle X-ray diffraction from the as-oxidised 
surface of an Fe-9% alloy showed that spinel oxide was 
present, the sharpness of the diffraction lines indicating 
that the oxide was of uniform composition, stress free and

oof particle size ^2000A. The outer oxide was hard and 
brittle and it was readily detached to reveal a friable, 
brown—coloured underlying oxide layer which "ghosted" the 
grain structure of the underlying metal. X-ray diffrac­
tion studies from the inner layer also indicated the 
presence of a spinel oxide. Considerable line broadening 
in the back—reflection region was evident together with 
sojne diffractions from the underlying metal substrate.
The X-ray film appeared fogged when compared with the 
pattern obtained from the outer layer; this was associa­
ted with a high chromium content in the inner layer which 
fluoresced when excited by the incident Co radiation 
used in this work.

Extraction replicas were prepared from the exposed 
inner oxide layer and examined in the transmission elec­
tron microscope. The extracted particles were mostly 
rods of diameter <.1000A, the fine particle size explaining 
the observed X-ray line broadening. Rods severalyAm in 
length were occasionally found aligned together in clusters 
but most were much shorter, lyÂ ^̂  in length. Selected 
area electron diffraction showed that the filamentary 
microcrystals had a spinel structure with |̂ 11]J parallel 
to the rod axis. In addition small (<500A) platelets 
were present most of which could not be identified
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positively by SAD. A few patterns could be indexed on 
the basis of a carbide structure of the type although
since only one orientation was observed the identification 
must be regarded as tentative. Electron probe micro­
analysis showed that the chromium distribution in the 
scale was similar to that observed on previous specimens 
although the concentration of chromium in the inner layer 
was hi^er. Careful measurements indicated a chromium 
content of 13 wt % in the inner layer on the Fe-9% Cr 
alloy as compared with the corresponding value of 7.5 wt % 
for the Fe-5% Cr alloy.

A sequence of optical micrographs taken from polished
sections through the Fe-9% Cr alloy after different oxida-

)
tion times are shown in Fig, 3.9a-e. It can be seen that 
initially the oxide forms in patches on the metal surface 
and then spreads laterally, eventually forming a continuous 
duplex layer. The two layer structure is apparent even 
after only 30 minutes growth. A complementary series of 
X-ray diffraction patterns from these specimens showed 
that a rhombohedral phase was present together with spinel 
in the early stages but with increasing coverage of the 
surface by the duplex layer, the rhombohedral phase 
disappeared. Even in the initial stages (<.30 minutes) 
the rhombohedral oxide was only a minor component of the 
scale compared with the spinel phase.

After 50 hours oxidation, a regularly spaced lamella 
void structure was formed within the inner layer, more



Fig.3.9 Sections through oxidised Fe-9% Cr alloy. 
Optical micrographs X 500.

(a) Oxidation time 0.5 hr. Note duplex structure al 
already starting to form.

(b) Oxidation time 20 hrs. Note absence in porosity 
from inner scale.

(c) Oxidation time 45 hrs. Note porosity in inner 
layer.

(d) Oxidation time 53 hrs. Note detachment of 
oxide from metal.

(e) Oxidation time 142 hrs. Note lamellar pore 
distribution in inner layer.

(f) As (e) but etched. Note internal oxidation 
layer in the metal.
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pronounced than that formed on the Fe-5% Cr alloy. 
Transverse cracks through the scale were occasionally 
observed which may be due to thermal stresses developed 
during cooling. A narrow zone of internal oxidation 
was apparent in the metal adjacent to the oxide, Fig.
3.9f, after etching the section in 50% hydrochloric acid 
in methylated spirit.

The Fe-12% Cr alloy behaved in an entirely analogous 
fashion to the Fe-9% Cr alloy. The measured chromium 
content of the inner layer was found to be 18% and the 
internal oxide zone was more extensive for this alloy.

3.3.3 Fe-15% Cr alloy
!

Specimens oxidised under these conditions 
exhibited very variable kinetic behaviour, often showing 
a very prolonged primary oxidation stage (up to 100 hours ) 
After the transitional stage the final parabolic rate 
constant (0.7 x 10"^^kg^ m ^ sec ^ ) was similar to that 
of other compositions at this temperature (see Table 3.1).

During the primary oxidation stage the specimens 
were covered with a thin film of variable thickness as 
shown by the variation of the interference colours from 
one grain to another. Reflection electron diffraction 
from the oxidised surface showed the presence of a rhom­
bohedral phase of the typeCK-MgOg. Scanning electron 
microscopy of oxidised specimens removed from the furnace 
during the transitional stage of oxidation. Fig. 3.10a, 
clearly indicated that the oxide growth was non-uniform.
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The thicker oxide areas appeared to grow preferentially 
in regions close to grain boundaries and its surface 
morphology closely resembled that observed on the lower 
chromium alloys when covered by the duplex scale. The 
oxide nuclei may be seen, Fig. 3.10b, to form at the tips 
of asperities on the etched substrate.

The oxide films were chemically stripped and the 
underside of the oxide flakes examined in the SEM. The 
thin areas clearly replicate the original etched struc­
ture of the metal substrate. Fig. 3.10c, while in thicker
areas a nodular type growth habit was evident. Examina­

is
tion of these thin films in the transmission electron 
microscope by selected area electron diffraction indicated 
that the crystal structure of thin areas was rhombohedral 
OC-M^O^. Single crystals of thin oxide often extended 
over large areas, of the order of the metal grain size, 
and contained sub-boundary networks. Some evidence of 
the tetragonal phase ̂ -M^O^ was also found. In thicker 
areas spinel oxide was identified; a typical pattern from 
these areas is shown in Fig. 3.11a together with its 
indexed diagram. Fig. 3.11b. Analysis of a large number 
of diffraction patterns established the following crystal 
orientation relationships between the different oxide 
phases.

M  O o  and [loïo]

As oxidation proceded a small fraction of the spinel 
oxide nuclei grew laterally and thickened; polished
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sections, Fig. 3.12, showed the typical duplex oxide 
structure in the thicker spinel regions. The oxide- 
oxide interface is clearly seen to be located at the 
position of the original metal surface as inferred pre­
viously from the surface marker studies on the Fe-5% Cr 
alloy, see Fig, 3.7a. The absence of lamella voids in 
the inner layer was typical of specimens with a low 
surface coverage of spinel. Eventually as oxidation 
continued the entire surface was covered with a continuous 
spinel film and from this point in time, the kinetics 
obeyed a parabolic rate law.

4
Specimens examined during the secondary oxidation 

stage showed the development of lamella voids in the inner 
layer. Also noticeable was a marked increase in the 
extent of the internal oxidation zone. Microanalysis 
of the oxide scale gave a value of 23% for the chromium 
content of the inner layer, the outer layer being magne­
tite, Fe^O^.

3.3.4 Fe-20% Cr alloy

The general structure and morphology of the 
oxide growth during the primary and transitional oxidation 
was similar to the oxidation products on the Fe-15% Cr 
alloy, a marked variability of the primary oxidation 
period again being found. During the transitional period 
two features were located on the specimen surface not 
found on other oxidised alloys. Firstly, near grain 
boundaries clusters of spherical particles < ^ m  diameter



Fig.3.10 Fe-15% Cr alloy oxidised at 600°C.
Scanning electron micrographs. Note
(a) the non uniform growth of oxide 
on the surface X 75, (b) the preferential
nucléation of oxide at aspérités X 1000.
The underside of the stripped oxide film (C ) 
shows the finer structure of the inwardly 
growing oxide X 500.

Fog.3.11 Fe-15% Cr alloy oxidised at 600 C. Trans­
mission electron diffraction pattern from 
stripped oxide film. (a) typical diffrac­
tion pattern and (b) indexed diagram of this 
pattern showing orientation relationship 
found between ^ - M  and Fe^O^. 
o represents a diffraction from Fe^O^ and 
X represents a diffraction from the oc-M^O^.

Fig.3.12 Section through oxide formed on Fe-15% Cr
alloy at 600°C. Optical micrograph X 350.
Note that the oxide-oxide interface corresponds 
to the original metal surface.
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were found, Fig. 3.13. Secondly, whisker particles were 
located within the grain boundary groove. Fig. 3.14.
Both types of particles were extracted from the surface 
using a replica technique and examined in the transmission 
electron microscope. The whiskers were found to have a 
rhombohedral structure with |\l2oJ parallel to the whisker 
axis. The spherical particles were however too opaque 
to 100 keV electrons to record a diffraction pattern.
These particles were therefore examined in a high voltage 
electron microscope using 1 MeV electrons but again no 
diffraction patterns could be obtained, from which it 
wa€ concluded that these particles must be amorphous.
This lack of crystallinity is consistent with the high 
electron absorption and the spherical growth habit of the 
particles. Both types of particles were examined in an 
EMMA-4 instrument and analysis of the data showed that 
the grain-boundary whiskers were chromium rich and that 
the spherical particles contained little or no chromium 
but were rich in iron. Further microanalysis using a 
JXA 50A instrument showed that the spherical particles 
contained oxygen.

The structure developed during the secondary stage 
of oxidation of this alloy was significantly different 
from those described previously. Scanning electron 
microscopy showed that the surface of the oxide scale had 
a faceted surface similar to specimens of other compositions 
Polished sections examined under the optical microscope.
Fig. 3.15a, showed a two-layer scale with a very porous
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outer layer. The inner layer was very compact and fea­
tureless and the interface with the metal was smooth 
except for the occasional step which was shown, by etching, 
to be associated with grain boundaries in the metal. A 
fine structure in the inner layer could just be resolved 
in the optical microscope. Fig. 3.15b. Examination of 
polished sections in the SEM using the reflective mode.
Fig. 3.16, showed the presence of three layers. The 
outer layer (vr»15y4m thick) was porous, particularly at 
the oxide-oxide interface; beneath this was a thinner 
{\n5jAm thick) intermediate layer of fine-grained oxide 
and adjacent to the metal was another thick (^/>ll^m thick) 
layer. Removal of successive layers of oxide followed by 
X-ray diffraction examination showed only spinel was pre­
sent. The innermost layer was very adherent and could 
not be removed mechanically or chemically from the metal.
It was therefore sampled using the scratch technique out­
lined earlier (Section 2.6). Oxide debris from this
scratched layer was examined in the transmission electron 
microscope and shown by SAD to be a mixture of oxide and 
metal. To confirm this conclusion accurate microanalysis 
across the oxide section was performed by point counting 
at 2 ^ m  intervals using a Microscan 5 instrument. The 
high X-ray take off angle of this instrument (75°) mini­
mises the effects of specimen topography and the results 
obtained were corrected using the procedure of Ziebold 
and Ogilvie for absorption, fluorescence and atomic number 
effects. The corrected results are shown in Fig. 3.17. ,



Fig.3.13 Fe-20% Cr alloy oxidised at 600°C.
Note spherical particles often associated with 
grain boundaries. Scanning electron 
micrograph X 2000.

Fig.3.14 Fe-20% Cr alloy oxidised at 600°C.
The area shown corresponds to a grain boundary 
groove in the metal. Note the fine whisker­
like particles. Scanning electron 
micrograph X 5000.

Fig.3.15 Section through Fe-20% Cr alloy oxidised at 
600°C. (a) Optical micrograph X 1000.
Note the very porous outer layer. The 
inner layer (grey band to the right of the 
outer oxide) is slightly out of focus.
(b) Optical micrograph X 2500 of inner 
scale layer. Note the fine granular 
appearance.

Fig.3.16 Section through Fe-20% Cr alloy oxidised at 
600°C. Note the three layer scale.
Scanning electron micrograph (reflective mode) 
X IGOO.
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The outer oxide is virtually chromium-free (the small 
amount of chromium detected may be due to the iron radia­
tion emitted in the outer layer exciting the nearby 
chromium rich layer; a more complete discussion of 
these fluorescent effects has been given by Reed and 
Long, (l963 ).- The intermediate layer is chromium rich 
(Cr = 32 wt %) and the total metal content of the oxide . 
corresponds closely to the theoretical value (in72 wt %) 
for iron-chromium spinel. In the innermost layer the 
total metal content increases in a linear fashion from 
72 wt % at the intermediate oxide-innermost oxide inter­
face to 100 wt % in agreement with diffraction results 
from the sampled layer. This innermost layer is clearly 
an extensive zone of internal oxidation. ^

3.4 Etched polycrystalline specimens oxidised at 500°C

3.4.1 Fe-5% Cr and Fe-9% Cr alloys

Scanning electron microscopy of specimens 
oxidised at 500°C showed a similar surface topography to 
that found on samples oxidised at 600°C although the 
roughness of the oxide surface was on a finer scale. A 
taper section, Fig. 3.18, through the oxide again showed 
a duplex scale structure with some porosity in both 
layers. A scanning electron micrograph. Fig. 3.19, 
taken from fracture sections shows clearly that the 
porosity is concentrated at the oxide-oxide interface.
The inner oxide layer is somewhat thinner than the outer 
layer at this stage of the oxidation (lOO hours) although



Fig.3.18 Taper section ( 4:1) through Fe-5% Cr alloy
oxidised at 500°C. Optical micrograph X 1000

Fig.3.19 Fracture section through Fe-5% alloy oxidised 
at 500°C showing porosity at the oxide-oxide 
interface. Note the shape of these voids. 
Scanning electron micrograph X 4500.
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with continued oxide growth their thicknesses tended to 
become equal. Electron probe microanalysis through the 
polished taper section showed that the inner layer is 
enriched in chromium compared with the metal and that the 
outer layer is virtually pure iron oxide, but due to the 
thinness of the oxide layers quantitative information 
could not be obtained. X-ray diffraction studies showed 
only the presence of spinel oxide.

3.4.2 Fe-12% C r . Fe-15% Çr and Fe-20% Cr alloys

Oxidation of these specimens occurred very 
rapidly up to a film
thickness of 0.3|jm, subsequent oxidation proceeding 
extremely slowly, <5 j^g/hr. Reflection electron diff­
raction from the oxidised surfaces gave patterns which 
could be indexed on the basis of spinel oxide. Electron 
diffraction analysis in the transmission electron micro­
scope of films chemically stripped from the substrate 
metal showed that finely—polycrystalline and randomly- 
oriented rhombohedral oxide covered most of the surface. 
Some areas of spinel oxide were found which were also 
finely polycrystalline and showed no marked texture.

3.5 Polycrystalline specimens oxidised at 400°C

3.5.1 Fe-5% Cr and Fe-9% Cr alloys

The oxidised specimens had a similar surface 
topography to 5% and 9% Cr alloys oxidised at 500°C. A 
polished taper - section through the oxide scale formed on
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the Fe-5% Cr alloy showed the scale to consist of a single 
oxide layer, Fig. 3.20a, with a columnar growth habit,
Fig. 3.20b. X-ray diffraction studies carried out with 
the oxide layer attached to the metal showed only spinel 
was present. Flakes of oxide mechanically detached from 
the metal were examined on both sides in a scanning elec­
tron microscope with a microanalysis attachment and were 
shown to contain virtually no chromium (<C0.5%). 
Examination of the substrate metal with some pieces of 
scale still attached confirmed that no chromium was pre­
sent in the scale; in areas where the scale was absent, 
however, the chromium concentrate was found to be higher 
than that from the unoxidised metal used as a standard. 
Fig. 3.21 shows a Cr KoC line scan across an oxide flake 
resting on the substrate. This enhanced chromium content 
in the substrate was attributed to either the presence of 
a thin chromium—rich rhombohedral layer or to enrichment 
of chromium in the metal phase. To decide between these 
two possibilities the substrate was scraped clean of the 
spinel layer, lightly polished on a Ijum diamond impreg­
nated cloth for a few seconds to remove any protruding 
particles and thoroughly cleaned. Reflection electron 
diffraction of the surface showed the presence of a 
rhombohedral phase of the type indicating that a
layer of chromium—rich rhombohedral oxide had formed 
between metal and spinel. This layer was not visible 
on a taper section in the optical microscope. Fig. 3.22. 
Since diffractions from the metal were also present in the-
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pattern the rhombohedral oxide was either very thin or 
dispersed in an internal oxidation layer. The spotty 
nature of the observed diffraction arcs, however, is con­
sidered more consistent with the former interpretation 
since internal oxidation layers observed at higher tem­
peratures were very fine grained.

3.5.2 Fe-12% C r . Fe-15% Cr and Fe-20% Cr alloys

These alloys oxidised rapidly at first to 
form thin oxide layers exhibiting interference colours. 
Subsequent oxidation was then very slow ^  5 ug hr ^
Optical microscopy revealed colour differences from grain 
to grain, indicating some dependence of the growth kinetics 
and/or optical properties of the film upon the crystallo- 
graphic orientation of the substrate.

Reflection electron diffraction patterns from diffe­
rent parts of the Fe-20% Cr specimen surfaces showed the 
presence of both spinel and rhombohedral oxide phases, 
most patterns, however, conforming to the former struc­
ture. Using next the glancing angle X-ray technique Laue 
spots together with diffraction lines from the metal were 
observed but no oxide was detected. Since unoxidised 
specimens gave only Laue spots due to the large grain 
size of the material (of the order cf several hundred 
microns) the presence of ferrite lines indicated a 
reduction of grain size in the surface regions . No such 
reduction was apparent under the Optical microscope 
possibly because it was beyond the resolution of this 
technique.
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Oxide flakes chemically stripped from the substrate 
tended to curl into tight rolls indicating a stress gra­
dient within the oxide film. Examination in the trans­
mission electron microscope showed the very fine grained 
nature of the oxide, Fig. 3.23. Selected area electron 
diffraction confirmed the presence of both rhombohedral 
and spinel oxide, the latter existing as patches on the 
substrate surface. The mean grain size was less than 
lOOOA. The small amount of oxide present together witn 
the X-ray line broadening associated with the fine par­
ticle size probably accounts for the absence of any oxide 
lines in the X-ray diffraction pattern.

Electron probe microanalysis of the stripped films
)

indicated that the Cr/Fe ratio was approximately 2:1 un 
the Fe-20% Cr alloy. However, the specimens tended to 
disintegrate under the electron beam, which made analysis 
very difficult and would account for the wide scatter of 
the results t 100%.

Similar results showing chromium enrichment in the 
oxide film were obtained on the other alloys although 
scatter in the microanalysis data prevented determination 
of significant differences in film composition.

3.6 Further observations on lamella void formation and
the effect of specimen thickness

The presence of sheets of oxide separated by voids 
was a common feature of all continuous duplex oxide scale, 
structures formed upon specimens oxidised at 600°C.



Fig.3.20(a) Taper section ( '^ 6:1) through Fe-5% alloy 
oxidised at 400°c. Note apparent 
absence of inner layer. Optical micro­
graph X 500.

Fig.3.20(b) As (a): fracture section. Note columnar
habit of scale. Scanning electron micro­
graph X 16000.

Fig.3.21 Fe-Cr alloy oxidised at 400°C. Flake of
oxide lying on substrate. Scanning electron 
micrograph with superimposed chromium K 
line scan X 50. Note depletion of chromium 
in the oxide flake.

Fig.3.22 Taper section (^10:1) of metal-oxide 
interface. Optical micrograph X 1500

Fig.3.23 Oxide film stripped from oxidised Fe-20% Cr 
alloy oxidised at 400°C. Note non-uniform 
growth. Transmission electron micrograph 
X 40000.



Pig. 3.20(a) Pig. 3.20(b)

Pig. 3.21 Fig. 3.22
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(It should be noted however that small patches of duplex 
oxide formed during the transition stage never showed this 
effect.)

Specimens of Fe-9% Cr alloy of thickness 0.5mm,
1.0mm and 2.1mm were prepared simultaneously to ensure 
that the prepared surfaces were closely similar and oxi­
dised together in the metallographic furnace at 600°C for 
120 hours. The visual appearance of the oxidised speci­
mens was generally similar to previously studied Fe-9% Cr 
specimens although the scale on the thinnest specimen, 
0.5mm, was covered with a network of fine cracks. All 
the oxide scales were much more readily detached from 
samples oxidised in the metallographic furnace than from 
specimens oxidised on the microbalance. The fragility 
of oxide layers made the preparation of metallographic 
sections difficult. Oxidised specimens were mounted by 
vacuum impregnation with a low viscosity polyester resin 
and polished using successively finer grades of abrasive. 
Examination under the optical microscope showed that the 
fragile inner layer was severely damaged. In no case 
was mounting resin found within the pores. Oxidised 
specimens cooled slowly in the metallographic furnace 
always had a large lamella void at the oxide-metal 
interface filled with a very loose powdery oxide, whereas 
those oxidised in the microbalance rig (where specimens 
are cooled rapidly from the oxidation temperature) rarely 
showed this feature; this explains the very ready detach­
ment of scales on the former group of specimens.
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Measurements were made of the distance from the oxide- 
oxide interface to the first lamellar void and of the 
distance between successive lamellar voids on a number 
of areas of the specimens. These results, together with 
data obtained on other alloys are summarised in Table 3.2.

Although the number of lamellae was constant for any 
one specimen, the interlamellar spacing varied from point 
to point as indicated in Table 3.2. It should be noted 
that no lamellar voids were observed on the Fe-20% Cr 
alloy within the duration of the experiment. On the 
thinnest specimen (0.5mm) lamellar voids were very fine 
and the oxide so badly damaged by the specimen preparation 
procedure that only an upper limit to the interlamellar

I
spacings could be specified. The distance between the 
first formed lamella and the oxide-oxide interface 
generally increased with increasing chromium content and 
the interlamellar spacings varied in an approximately 
linear manner with specimen thickness. Attempts to pre­
pare fracture sections for examination in the SEM were 
unsuccessful since the fragile scales always detached 
from the metal on impact. Particles extracted from the 
surfaces exposed by cleaving the scale along a lamella 
void were similar to the rod-like particles discussed in 
Section 3.3.2 and they were analysed on an AEl EMM A4 
instrument and shown to have a composition similar to the 
mean composition of the inner oxide layer.



TABLE 3.2 - Effect of specimen thickness and chromium content on 
lamellar void spacings in the inner oxide

Cr in alloy 
(wt % )

Specimen thickness 
(mm)

a 1
( m) ( m)

5 1.0 3 (i 1) 3
9 1.0 6 (± 2) 3
9 2.1 12 (i 3) 6
9 0.5 6 {- 2) 2

12 1.0 10 (- 3) 3
15 1.0 13 (- 4) 3

1 20 1.0 20 -

Distance from oxide-oxide interface to first 
visible lamellar void.
Distance between successive lamellar voids.
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3.7 The early growth of oxide films on Fe-Cr alloys 
including alloy single crystals

In the preceding sections the formation of thin 
rhombohedral oxide films on etched polycrystalline 
materials has been described. These films form during 
the primary oxidation stage and are gradually replaced 
during the transitional oxidation period by regions of 
thicker spinel oxide. The duration of the primary 
period is very irreproduceable, even for simultaneously 
prepared specimens oxidised concurrently, indicating that 
the formation of the initial film depends on factors
which are not easily controlled. These factors may
include the nature of the residual gas atmosphere in I
which the specimen is brought up to temperature, chemical 
and structural inhomogenities in the surface regions of 
the specimen and chemical and structural changes occurring 
at temperature. To provide more information on the
initial oxide growth processes, experiments were carried
out on electropolished alloy single crystals cut to 
expose 6-00), (l 10) and (l11) surf aces, containing 15 wt % Cr 
and 70 wt % Cr, as well ascnelectropolished Fe-20% Cr 
polycrystalline alloys at 600°C. The morphology and 
texture of the oxide films is described together with 
the growth sequence of the different phases which can 
form.

3.7.1 Fe-15% Cr alloy single crystals

After 10 minutes oxidation at 600°C, the
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bright electropolished surface had become dull, although 
still retaining some metallic lustre. The (lOO) face 
gave strongly arced reflection electron diffraction 
patterns, see Fig. 3.24a and 3.24b taken with the beam 
along jlOC^anc^l^ directions respectively in the substrate 
metal. These patterns show that a single-crystal layer 
of cubic oxide oriented with a cube face parallel to the 
metal surface has formed with the direction in the
oxide parallel to the [lO^ direction in the metal. It 
is difficult to distinguish between spinel oxide, M^O^, 
(cubic a = 8.39ÔA) a n d ( t e t r a g o n a l ,  a = 8.33A,
%*'= 3.0). However, the presence of a 200 diffraction 
in Fig. 3.24a, together with 510 and 710 diffractions 
seen in Fig. 3.24b, is firm evidence that the tetragonal 
phase is present, while the closely—spaced pairs of diff­
ractions, such as 333 (M^O^ ) and 339 ( '^-M^O^ ) circled in 
the pattern, show that spinel oxide has also formed. No 
evidence of rhombohedral oxide, OC-M^O^, was found.
These data were confirmed by transmission electron diff­
raction studies on oxide films removed from the metal. 
Electron probe microanalysis of the stripped layer showed 
that it contained chromium and iron, with a CriFe ratio 
of 2.0 i 0.5. The value was obtained using a beam vol­
tage of 25kV and comparing K-spectra X-ray counts with 
those from pure metal standards; no corrections for 
absorption and fluorescence were made since it was assumed 
that such effects would be small in the standards and 
negligible in the thin film. It was noticeable that the, 
film tended to curl convex to the metal substrate, due to
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a stress gradient within the layer.

After 30 minutes oxidation, similar electron diff­
raction patterns of oriented V a n d  were
obtained from the (lOO) face of the metal. Oxide
crystallites were now well developed. Fig. 3.25, 
appearing as truncated octahedra formed by (ill) 
planes and the (lOO) plane parallel to the substrate.
This layer when stripped was too thick for transmission 
studies in the lOOkV electron microscope but some 
detail was observed at 50kV using the STEM facility of 
the JXA 50A electron probe microanalyser. Using a

4
beam of lOkeV electrons to excite K-radiation and pure 
metal standards, a CriFe ratio of 1.2 1 0.05 was mea­
sured from the side of the film originally adjacent to 
the metal and a ratio of 1.1 t 0.05 from the gas-oxide 
interface. In order to improve tht sensitivity of the 
technique to differences in surface composition, lower 
probe energies were then employed to reduce the electron 
penetration. Using 5keV electrons and recording Cr LoC 
and Fe Lo<. lines, Cr:Fe ratios of 1.5 ^  0.1 and 1.0 - 0.1 
were obtained from the respective sides of the oxide 
layer. These data demonstrate that the oxide adjacent 
to the métal was significantly richer in chromium than 
the gas—oxide interface.

Reflection electron diffraction of (llO) and (ill) 
faces oxidised for times up to 1 hour showed the presence 
of MgO^ with indications of ^ . The patterns were , 
essentially one-degree-oriented with the (lOO) plane in
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the oxide lying parallel to the substrate surface; regions 
of two-degree-oriented oxide, with ĵ lio) in the oxide para­
llel to [lOoJ in the metal, were found on the (llO) metal 
surface.

3.7.2 Fe-70% Cr alloy single crystals

A similar series of oxidation experiments 
carried out on this crystal showed, in all cases, the 
formation of a finely polycrystalline film of rhombohe­
dral oxide. Fig. 3.26, irrespective of substrate orien­
tation. The oxide layers were very much thinner than 
those produced on the Fe-15% chromium single crystals 
after comparable oxidation times. After 30 minutes 
oxidation only a pale straw-coloured oxide film was pro­
duced which was highly reflecting. The colour intensi­
fied somewhat with further oxidation but even after 2 
hours the colour was only à pale green-straw. The thin 
films could not be removed from the substrate without 
severe fragmentation, even with the application of a 
thick carbon support layer and microanalysis was there­
fore carried out with the oxide attached to the metal.
Three measured intensity ratios are plotted in Fig. 3.27 
as a function of the incident electron energy. The 
first, curve A, shows the ratio of Fe Lo< X-ray emission 
from oxidised and unoxidised alloy and it can be seen 
that, as the probe voltage is reduced, the ratio decreases 
to zero at 3.7keV. Curve B shows the ratio of Cr 
X-ray emission from oxidised and unoxidised alloy. The 
complex shape of curve B may be related to X-ray peak



- 86 - .

shape effects. Curve C shows the ratio of Cr Lc< X-ray 
emission from a pure Cr^Og sample and the unoxidised 
metal. The important feature of curves B and C is that at 
the electron energy where the Fe Lc< emission ratio is 
zero, the Cr Loc ratios are the same within experimental 
scatter. The results indicate that the thin surface 
oxide is essentially CfgOg.

3.7.3. Polycrystalline specimens

The surface of the electropolished iron-20% 
chromium alloy oxidised for 10 minutes exhibited marked 
differences in the rates of oxidation of different grains, 
as evidenced by the range of interference colours observed; 
preferential oxidation of grain boundaries was also noted. 
Fig. 3.28. Reflection electron diffraction patterns 
showed only spinel oxide, the sharpness of the diffrac­
tions indicating that the pattern was produced by grain- 
boundary oxide projecting into the path of the electron 
beam. Transmission studies on stripped films enabled 
three types of oxide growth to be distinguished. Some 
areas consisted of a thin film of finely polycrystalline 
(<,100A) rhombohedral oxide; a number of larger crystals 
of -M^O^ together with traces of }{ “̂ 3^3 were found, as 
well as regions of spinel oxide. Longer oxidation caused 
the oxide nucleated at grain boundaries to spread across 
the entire surface.
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Fig.3.27 Oxidised alloy as Fig.3.26. Electron 
probe microanalysis measurements as a 
function of electron energy with beam 
normal to the surface. Curve A shows 
the ratio of Fe L and curve B the ratio 
of Cr L from oxidised and unoxidised 
alloys; the ratio of Cr L from pure 
CrgOg and unoxidised alloy is indicated 
by curve C . Note that at just below 
4 keV the X-ray emission from the oxidised 
alloy is essentially the same as that from 
pure Cr^Og•



Fig.3.24 Fe-15% Cr alloy single crystal oxidised at
400*^0. Reflection electron diffraction 
patterns of (lOO) face.
(a) Beam along <^100^ metal showing presence 
of single crystal cubic oxide. Note doubling 
of spots due to M O  and ^  - M O  eg. 333 (M„0 ) 
and 339 ( ^  -M^O ; circled.
(b) Beam along <fllO^ metal. Note presence 
of diffractions of type hlO (h odd) eg. 510 
(circled).

Fig.3.25 Oxidised alloy as Fig.3.24 showing growth
*' habit of oxide crystallites; arrow denotes 

100 \  in metal. Scanning electron 
micrograph X 50000.

Fig.3.26 Fe-70% Cr alloy single crystal oxidised at
600°C for 10 minutes. Reflection electron 
diffraction pattern showing presence of 
finely polycrystalline .

Fig.3.28 Electropolished polycrystalline Fe-20% Cr
alloy oxidised at 600°C. Scanning electron 
micrograph showing preferential growth of 
spinel at grain boundaries.
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The oxidation behaviour of the electropolished 
iron-15% chromium polycrystalline alloy was similar to 
electropolished iron-20% chromium alloy.
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CHAPTER 4 
DISCUSSION

4.1 General

In the previous section it was shown that analysis of 
the kinetic data from a range of polycrystalline alloys 
containing 5, 9, 12, 15 and 20% Cr oxidised at 400, 500 and 
600°C in CO^ - 1% CO based gas indicated that their oxida­
tion behaviour could be separated into three stages; these 
have been termed the primary, transitional and secondary 
stages. The primary stage is associated with a relatively 
slow oxidation rate producing oicide films typically 
CT» 1000 A thickness. During transitional oxidation the 

reaction rate increased at first and then decreased until 
eventually parabolic growth kinetics were observed. This 
parabolic or secondary stage was associated with the growth 
of thicker films ( ^  ly* m ) consisting of two layers. The 
duration of the primary stage was dependent markedly on the 
oxidation temperature and alloy composition. In the 
secondary stage of oxidation the parabolic rate constants 
were found to be dependent on temperature and substantially 
independent of alloy composition. It was apparent that 
some samples had not fully entered secondary oxidation 
within the duration of the experiments (up to 150 hours). 
Since all experiments showed essentially the three stages 
of oxidation it is convenient to present the discussion in 
terms of the fundamental processes involved in each stage 
as outlined below.
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The following section of the discussion, ^ 4.2, is 
concerned with the mass transport processes occurring during 
the secondary stage. It is shown that the duplex nature 
of the oxide and the relative thicknesses of each of the 
layers may be accounted for by diffusion processes control­
led by the outward migration of cations through the oxide 
scale. In Section 4.3 the element distributions in the 
duplex scale are discussed. A model is then proposed which 
explains these segregation effects by considering possible 
diffusion paths through the oxide lattice and relating the 
mobility of a cation to the difference in stabilisation 
energies for octahedral and tetrahedral sites as estimated 
from crystal field theory. The proposed model is extended 
to other related systems and is compared with observations 
of other workers. The outward movement of metal ions 
creates vacancies in the metal and in Section 4.4 the con­
densation of these vacancies' to form voids is discussed.
Based on the observation that voids form as lamellae parallel 
to the metal surface, it is proposed that vacancy condensa­
tion occurs at the metal-oxide interface by a cyclic process 
and that the interlamellar separation may be related to 
interfacial energy factors. Evidence is also presented 
which indicates that the inner oxide layer grows by gas- 
phase transport of oxidant (via pores in the oxide) to the 
metal surface.

The structure and growth characteristics of thin oxide 
films formed in the initial (primary) stage of oxidation 
are dealt with in Section 4.5. It is shown that this stage
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is associated with the presence of a relatively protective 
oxide on the metal which is structurally different from the 
spinel produced in the faster parabolic oxidation stage and 
that its formation depends upon a number of factors which 
include alloy composition, metal orientation and surface 
treatment. Complementary results obtained from oxidised 
single crystals of iron-chromium alloy enable the crystal 
structures and orientation relationships of the thin oxide 
films to be characterised. The structure and growth se­
quences of thin oxide films found on both single crystals 
and polycrystalline materials is then explained using values 
of tlie chromium solubility of the various phases estimated
using crystal field theory together with considerations of

Jinterfacial and strain energy factors.

The final section of the discussion ( ^ 4.6) is con­
cerned with the region of transition from primary to secon­
dary oxidation. It is shown that this may be related to 
the nucléation of spinel oxide at sites usually close to 
grain boundaries or at asperities on the surface and its 
growth laterally across the entire surface, from which 
point in time parabolic kinetics are observed. A model 
for the growth of spinel nuclei is developed and shown to 
account for the observed shape of the kinetic curve. In 
particular it is suggested that the small and systematic 
discontinuities detected in the kinetic curves are associa­
ted with localised breakdown of the initial protective oxide
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4.2 Mass Transport Processes Occurring During the Formation
of Thick Oxide Scales

Experimental observations have shown (Fig. 3.7a) that 
the thick oxide scales formed on all alloys during the 
secondary oxidation stage are similar. In particular the 
ratio of the thicknesses of the inner and outer oxide layers 
tends to a value of 1 as the oxidation proceeds (Fig. 3.6) 
It is noteworthy that the interface between these two layers 
coincides with the original metal surface (Fig. 3.12).
This structure suggests that the outer layer is formed by 
migration of metal atoms (or ions) outwards while the inner 
layer is produced by the inward diffusion of an oxygen con­
taining species. The outward movement of cations through 
the oxide layer is consistent with the unconstrained growth 
morphology observed at the outer oxide surface, Fig. 3.5. 
Composition measurements indicate that chromium is concen­
trated in the inner scale layer (see ^ 4.3) while the outer 
layer is essentially pure Fe^O^. The oxidation rate is 
virtually independent of the chromium content of the mate­
rial which implies that diffusion of cations through the 
outer layer is the rate determining process. As a conse­
quence of this outward movement of cations, space is crea­
ted below the original metal interface which is filled with 
inner oxide. This mechanism is in accord with the observed 
thickness ratio as the following analysis shows.

If the total weight of metal oxidised is W, then the 
volume of the vacated space below the original metal surface
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due to the outward diffusion of metal may be written as
and the weight of inner oxide which fills that space

as Up /p , where p and p are the densities of the metal* o f̂ m' rm ro
and oxide respectively. Putting f equal to the weight
fraction of metal in the oxide, the weight of metal in the
inner oxide will be W f p /p and in the outer oxidef o r m
W(l - f p /p ). Thus the volume of the outer oxide is / o V m

W (l - f yo ) / yO^f and hence the ratio of the thick ­
nesses of the inner to the outer oxides, R, may be written
R = f yO^/ f . Taking = 7.8 x 10^ kg m “^,

3 -3- 5.2 X 10 kg m and f = 0.72 for spinels of general
formular Fe (Fe^ , Cr )0 the thickness ratio R is 0.93.2-x' X 4
This is close to the experimentally determined value (CA 1) 
and thus lends some support to the transport mechanism pro­
posed above.

From kinetic data the activation energy for the oxi­
dation was found to be 130 kJ mol”“ (Fig. 3.4) (31 k cal mol™^) 
Published data (Himmel, Mehl and Birchenall,1953) for the 
activation energy of lattice self diffusion of cations in 
^^3^4 u^55 k cal mol  ̂ (230 kJ mol  ̂) is somewhat
higher than the 130 kJ mol  ̂ determined from the oxidation 
process. It may be deduced therefore that appreciable 
grain-boundary diffusion of cations occurs at these low 
oxidation temperatures (the activation energy for grain- 
boundary diffusion is approximately one half the lattice 
diffusion value, i.e. vA 120 kJ mol”*̂ ).

The growth of the inner layer of oxide in the space
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created by the outward moving cations requires transport 
of an oxygen-containing species across the outer layer.
The possibility that oxygen anion diffusion is responsible 
is unlikely in view of published data (Castle and Surman, 
1969) which shows that anion diffusion in FegO^ is too slow 
to account for the rapid build up of inner oxide. Evi­
dence will be discussed later which supports a mechanism 
based on the diffusion of gaseous oxidant through the scale.

4.3 Segregation Effects in Oxide Scales

It was demonstrated in section 3.2, 
that" when duplex scales were formed on iron-chromium alloys, 
chromium is essentially absent from the outer layer giving 
an outer oxide, Fe^O^, and an inner oxide consisting of an 
iron-chromium spinel (Fig. 3.17). The effect of alloy 
composition was to change the composition of the inner layer 
such that the ratio of the weight fraction of chromium in 
the inner scale to the weight fraction of chromium in the 
metal was always 1.5. Similar observations of element 
partitioning in oxide scales on alloys abound in the litera­
ture. Pfeil (1929) showed that most of the transition ele­
ments with the exception of manganese, were concentrated 
within the inner layer of oxide formed on alloy steels in 
air at 1000®C. The findings have since been substantiated 
and extended by a large number of workers. For example, 
Brenner (1955) found molybdenum concentrated in the inner 
scale on iron-molybdenum alloys oxidised at 1000"C.
Moreau (1953) reported a similar effect on iron-chromium
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alloys and Rahmel (1962) found that vanadium, chromium, 
silicon and molybdenum were confined to the inner oxide 
scale of the respective binary iron alloys oxidised at 
1000°C in oxygen. Similar partitioning behaviour has been 
observed on more complex iron alloys, both ferritic and 
austenitic, and also in a variety of oxidising environments.
In work comparable with the present study. Ant ill, Peakall 
and Warburton (1968) noted duplex scales on steels oxidised 
in CO^ gas in which the inner oxide contained chromium ard 
molybdenum while iron and manganese were distributed 
throughout the double layer.

However, despite the large accumulation of data on
segregation effects in oxide layers there appears to have

i
been little attempt to explain this behaviour apart from 
Surman and Castle (1969) who invoked a vapour phase trans­
port mechanism to account for segregation of chromium in the 
inner layer of oxide.

4.3.1 The Diffusion of Cations in Close Packed Oxides

Most oxide lattices may be regarded as close- 
packed arrangements of oxide ions containing cations in the 
octahedral and tetrahedral interstices. Only a fraction 
of these interstices are normally occupied, for example, 
only one quarter of the sites are occupied in an A B^O^ 
spinel, and cation diffusion through the lattice may occur 
via unoccupied interstices.

Azaroff (1961) and Tilley and Stone (1972) have considered
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possible diffusion paths for cations in close-packed anion 
lattices such as and the preferred route in cubic
structures was shown to be via alternate, adjacent octa­
hedral and tetrahedral positions; diffusion via similar 
interstices, e.g. tetrahedral-tetrahedral or octahedral to 
octahedral, was considered less likely due to the severe 
lattice distortion involved in these modes of cation 
transfer.

The diffusion coefficient D, of a cation in a close 
packed oxide may be expressed as an Arrhenius equation of 
the ^form

D = D exp - (E )/RTo ^ a
where D is a constant, E is the activation energy, R theo ' a
gas constant and T the temperature. Fig. 4.1 shows a
plot of the potential energy of the system during transfer
from an octahedral to a tetrahedral site. It can be seen
that the activation energy E^ is composed of two components
E^ and E^. E^ may be regarded as the strain energy of the
system associated with the passage of the cation between
the trigonal arrangement of anions separating the two types
of interstice, while E^ is the energy difference between
a cation placed in a tetrahedral field and in an octahedral
field. E is shown in Fig. 4.1 as an octahedral site P
preference. The strain energy E^ is primarily a function 
of the repulsive interaction between ions as their electron 
orbitals interpenetrate and thus depends on the classical 
ionic radius. However, for the first-row transition metals



P O T E N T I A L
E Ü EK GY

Tetrahedra-i
site

Octahedral
sitetransition state]n s on s

REACTION lOORLINATE

Fig.4.1 Diagram showing energy change during 
cation transfer from a tetrahedral 
site to an octahedral site in a close 
packed oxide.
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ions of similar charge have very similar sizes, see Table 
4.1. Thus the value of would be expected to be appro­
ximately constant for ions of a given charge. The value
of E for the transition metal ions is the difference in P
the energy of a cation in sites of four and sixfold co­
ordination. This difference may be related to the diffe­
rence in the crystal field stabilisation energy for a 
cation in each site respectively and is termed the crystal 
field preference energy (CFPE). Values, calculated from 
spectroscopic data by Dunitz and Orgel (1957), are given 
in Table 4.1.

In order of increasing crystal field preference energy, 
the series may thus be written:

3+ 3+ 3+ 3+ 3+ ^for trivalent ions Fe , Ti , V , Mn , Cr
2+ 2+ 2+ 2+ 2 +for divalent ions Mn , Fe , Co , Cu , Ni

This order of increasing crystal field preference energies
should correspond to the order of decreasing cation mobility
through close-packed oxide lattices.

4.3.2 Evaluation of the Proposed Model
Since lattice diffusion controls the rate of

oxidation of many pure metals (Kubaschewski and Hopkins,
1967) the parabolic rate constant may be written
log k = log k -E /2303 RT -E /2303 RT ^ ^ o s p
where k is the parabolic rate constant. In Fig. 4.2 log k 
is plotted against E^ for the first row transition metals. 
The oxides of the metals used here have close-packed cubic



TABLE 4.1 - Crystal field preference energies (CFPE) and 
ionic radii for transition metal ions

Ion Number of 
d electrons CFPE^ 

kJ mol ^
T • 2Ionic Oradius A

Ti3+ 1 29 0.76
V3+ 2 54 0.74
Cr3+ 3 158 0.69

4 96 0.66
5 0 0.80
5 0 0.64

Fe2+ 6 17 0.76
Co2+ 7 31 0.74

8 86 0.72
Cn2+ 9 64 -

 ̂Values from Dunitz and Orgel (1957). 

^Values from Wells (1962).
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anion lattices except CrgO^ where the anions are situated 
on a hexagonal sublattice. Azaroff (1961) has shown that 
in the hexagonal structure adjacent octahedral interstices 
parallel to the c-axis form possible diffusion paths. 
However, two thirds of these positions in CrgO^ will be 
already occupied by cations and either the diffusing cation 
will have to by-pass the occupied site by way of a tetrahe­
dral interstice or the occupying cation must be displaced 
to a tetrahedral position to create an octahedral vacancy. 
These two processes are energetically equivalent and in 
both cases the rate of transfer of the cation is determined 
by t*he difference in energy when placed in an octahedral or 
tetrahedral position as in cubic close-packed structures.

jHigh temperature oxidation data (T >  lOOOK) have been used 
in Fig. 4.2 wherever possible since at lower temperatures 
(T ^ 800®K) grain-boundary diffusion may be important.
Titanium and copper are omitted from Fig. 4.2 since the 
former oxidises by inward diffusion of oxygen via anion 
defects (Kubaschewski and Hopkins, 1967) and neither tita­
nium nor copper form oxides with close-packed anion lattices

In the case of vanadium, volatility of the pentoxide 
precludes quantitative measurements of oxidation rates at 
high temperatures and, consequently, low temperature results 
were used. The points in Fig. 4.2 lie close to straight 
lines of slope ^^2.303 RT which indicates, to a first appro­
ximation, that the variation of through the series is 
small compared with variations in E^. It should also be 
noted that the magnitude of the strain energy term E^,
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Fig.4.2 Plot of log k vs Ep for Fe, M n , Co, Ni, Cr 
at 668 K, 0, 910 K, 13 , and 1429 K, A  .
The lines are of slope i/2.303 RT passing 
through the centroid, “t~.
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estimated from the intersection of the three lines as 
159 kJ mol”^ , is of the same order of magnitude as some of 
the octahedral site preference energies, E^, given in 
Table 4,1.

The observed scatter of points about the straight
line may be attributed to a number of factors. For
example, since trivalent ions are smaller than divalent
ions, they may pass more easily between the trigonal
arrangement of anions which separate one type of interstice
from the other and result in a smaller value of E . Tri-s
valent cations will be more stable in the transition state 
than divalent ions of the same ionic radius since attrac­
tive coulombic interactions between the trivalent cation

)

and the trigonally disposed anions are greater than for a
divalent ion. These effects are most clearly seen from

3+ 2 +the positions of Fe and Mn in Fig. 4.2 where for
E = O, E is smaller for the trivalent ion. In the case p ’ s
of rocksalt structures e.g. FeO, CoO and NiO, all the 
available octahedral sites are filled and vacancies may 
have to be present for appreciable diffusion to occur, 
adding an extra term to the activation energy, E^, for 
these elements. For vanadium the activation energy may 
well be lower than that predicted due to a significant con­
tribution from grain-boundary diffusion to the low-tempera- 
ture oxidation rate in this case.

The correlation thus established between parabolic 
oxidation rate and crystal field preference energy for a
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number of first row transition elements leads to the 
following conclusions: (i) oxidation of these elements
is controlled by lattice diffusion of cations through the 
oxide via octahedral and tetrahedral sites and (ii) rate 
of diffusion of cations is determined principally by the 
crystal field preference energy which may be similar in 
magnitude to the strain energy term arising from ion-ion 
interactions in the transition stage.

4.3.3 Application of the Model to Segregation of 
Elements in Oxide Scales on Alloys

The virtual absence of chromium from the outer
oxide on ion-chromium alloys oxidised at 600°C is in accord

3+ 'with the above hypothesis that the Cr ion will diffuse
with difficulty through spinel oxides. Since all the
chromium was retained by the inner oxide the concentration
of chromium in this layer may be calculated as follows.
It was shown in Section 4.2 that the weight of inner oxide
produced by oxidation of a weight W of metal was W
If the weight fraction of chromium in the metal is then
the weight of chromium in the inner layer (assuming none
diffuses into the outer layer) will be Wf^. Thus the
weight fraction of chromium f^ in this layer is given by

'm
—

" /®o

substituting values for p^ and p^ (see ^ 4.2) gives f^ =
1.5 f^ in close agreement with the experimentally determined
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values for all the alloys when parabolic kinetics are 
followed.

This treatment of partitioning of transition metal
alloyants in oxide scales is very general and can account
for many of the observations in the literature. Various
workers e.g. Antill et al (1968) and Pfeil (1929), have
shown that manganese (the only other common element forming 

5 2 +a stable d wn, Mn , with = O) is present in both
layers. Analysis of Pfeil's results indicate that the 
mobility of the common transition elements in iron oxide 
decreases in the order Fe : Mn : V : Ni : Cr, which corres-K
ponds closely with the predictions of the above model.
The partitioning reported by Pfeil was less marked than in

i
the present study, i.e. the concentration gradient at the 
interface was less steep, but the much higher temperatures 
employed in Pfeil's work ( ^  1000°C) would result in more 
interdiffusion of the cations. Indeed the element distri­
bution in these high temperature scales may be treated 
simply as diffusion into a semi-infinite medium (the outer 
oxide scale) and the concentration profile would be given 
by an equation of the form:

C X
C(x, t) = —  (1 + erf )

2 2/Dt
where x is the distance measured relative to the original
metal surface and C is the inner scale composition remote
from the boundary ( = 1.5 f^; see above).

Surman and Castle (196 9) have considered segregation -
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using an alternative approach. They suggest that in steam 
and possibly carbon dioxide, the formation of volatile com­
pounds is responsible for the growth of the outer layer.
For example iron is known to form a volatile hydroxide 
while no such compound has yet been characterised for 
chromium and thus segregation of chromium in the inner 
oxide formed on iron-chromium alloys may be explained. 
However, such considerations are unlikely to account for 
the segregation effects observed on the wide variety of 
transition metal systems for which published data are 
available.

Although the cation diffusion model was developed 
primarily to account for partitioning in oxides formed on 
ferrous alloys it can be seen to be generally applicable 
to transition metal alloy systems. For example the higher 
concentration of nickel in the inner layer of a duplex 
oxide scale on cobalt-nickel and manganese-nickel alloys 
(Kubaschewski and Hopkins, 1967) is clearly in accord 
with the proposed model.

4.4 Vacancy Condensation and Void Formation in Duplex
Oxide Scales

It has been shown, ^ 4.3, that the duplex nature of 
the oxide and the relative thicknesses of each of the 
layers may be accounted for by diffusion processes which 
are controlled by the outward migration of cations through 
the scale. Evidence is presented showing that the outer
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layer, Fe^O^, consists of columnar crystals which contain 
voids, the void fraction decreasing with distance from the 
oxide-oxide interface. Voids were also found in the 
inner layer and were usually arranged in lamellar distri­
butions parallel to the oxide-metal interface. Prolonged 
oxidation caused a succession of lamellar voids to develop 
at regular spacings. It was also found that distances 
between successive lamellar voids were independent of alloy 
composition, although the distance from the oxide-oxide 
interface to the first visible lamellar void increased with 
chromium content. It is proposed that these void struc- 
tures may be explained using a model which considers the 
generation of vacancies during the oxidation process and 
their subsequent condensation to form the aforesaid voids.

It is worth noting that, although considerable infor­
mation is now available on the formation and behaviour of 
vacancies in materials subjected to irradiation, quenching 
or mechanical treatment, the part played by vacancies in 
oxidation reactions has received relatively little atten­
tion. The frequent occurrence of void dispersions in 
oxide scales have been attributed, as long ago as 1952 
(Dunnington, Beck and Fontana, 1952), to the precipitation 
of vacancies formed during the oxidation process. However 
direct experimental verification of the hypothesis was not 
provided until much more recently when studies on the 
growth of dislocation loops in metal foils oxidised in 
the electron microscope were reported (Hales, Dobson and
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Smallman, 1968). No quantitative description of the 
vacancy concentrations produced by the oxidation reaction 
was, however, forthcoming from this work. In the present 
work a value for the vacancy fraction is estimated from 
the lamellar void spacings. A value for the energy to 
precipitate the first vacancy is also calculated and com­
pared with the value deduced from surface energy changes 
accompanying lamellar void formation.

It may be shown that the vacancies injected into the 
metal as the outer oxide is formed will be fairly mobile. 
Direct information on the diffusion rates for vacanciesk
in iron-chromium alloys at 600°C is not available but a 
high mobility may be inferred using comparative data on 
vacancy migration energies, E^. Using values given by 
Smallman (1970), E^ for iron, copper and nickel are 0.76 eV,
1.1 eV and 1.5 eV respectively. The vacancy jump frequen­
c y , , may be written 60 = Z V  exp ^ / k T  , where Z is 
the co-ordination number and is the atomic vibration 
frequency. Hence for iron at 600°C, tJ = 3.2 x 10^ sec ^ . 
This value is of the same magnitude as jump frequencies 
for copper at 1000*C (4.1 x 10^ sec ^ ) and nickel at 1100°C 
(3.4 X 10® sec ^ ), at which temperatures vacancies are 
known to be mobile in these metals (Appleby and Tylecote, 
1970, Hales and Hill, 1972). Thus it would be expected 
that diffusion of vacancies would readily occur in the 
lattice of the iron-chromium alloy at the oxidation tem­
perature and that the diffusion rate would be further 
enhanced by a grain-boundary contribution at this temperature
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Initially these vacancies will be retained in solution 
until their concentration exceeds a critical level when 
they condense into voids at suitable precipitation sites. 
The appearance of voids aligned parallel to the metal- 
oxide interface indicates that this is the preferred site 
for oxidised iron-chromium alloys. In other metal-oxide 
systems voids are sometimes found at grain boundaries, e.g. 
copper (Appleby and Tylecote, 1970) and nickel (Hales and 
Hill, 1972). There is evidence that the metal can retain 
a high concentration of vacancies, since samples slowly 
cooled in the oxidation furnace were usually found to con­
tain‘d a void at the metal oxide interface whereas rapidly 
cooled specimens did not. The likelihood of stress con­
tributing to void formation may be discounted because rapid 
cooling would favour the formation of an interfacial void 
as the mode of stress relief.

It follows that, after vacancy condensation has 
occurred, the vacancy excess in the metal would have to 
increase to the critical fraction before further vacancy 
rejection can take place. This would necessitate further 
oxide formation, by which time the metal-oxide interface 
would have advanced a discrete distance into the metal.
Thus the periodic character of lamellar voids may be 
explained.

4,4.1 Growth of Inner Laver of Duplex Scale

The presence of voids in the inner layer indi­
cates that growth of inner oxide may not take up completely
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the space created by vacancy condensation. Such a situa­
tion can arise when the rate of growth of the inner layer 
becomes less than the rate of vacancy injection into the 
metal. As the oxide scale thickens the rate of growth of 
the inner layer becomes dependent upon the rate of supply 
of gaseous oxidant through pores and channels in the oxide 
scale. It is apparent that penetration of gaseous oxidant 
occurs readily in the early stages of oxidation, since the 
distance between the oxide-oxide interface (the original 
metal surface) and the first-formed lamellar void is usually 
greater than interlamellar void spacings. Table 3.2. In 
the Tater stages of oxidation, pores and channels in the 
outer layer become blocked by growth of oxide within them, 
as evidenced by the location and shape of voids close to the 
oxide-oxide interface in that layer. Fig. 3.18. In accord 
with this view, the occurrence of oxide crystals of fila­
mentary habit in lamellar voids within the inner oxide is 
indicative of a growth process limited by gas-phase diffu­
sion. Lamellar voids are not observed in the 20% chromium 
alloy, which suggests that the growth rate of the inner 
oxide is not significantly reduced in this case. The 
effect may be attributed to the high affinity of chromium 
for oxygen, which enables the 20% chromium alloy to oxidise 
more readily than lower-chromium alloys in low partial 
pressures of oxidant. This explanation would also account 
for the effect of chromium content of the metal on the 
location of the first-formed lamellar voids. Table 3.2.

The presence of voids in the inner oxide scale does
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not significantly interfere with the rate of outward move­
ment of cations since the parabolic rate constant is inde­
pendent of the void structure in scales, Table 3.1. This 
may be attributed to the presence of the filamentary crys­
tals which bridge voids and provide a diffusion path for 
cations. The high surface to volume ratio ( >  4 x 10 ) 
of the filamentary crystals suggests that surface diffusion 
may be the mode of transport of cations (Tagati, 1957).
This view is supported by the high level of chromium found 
in these crystals, i.e. lattice diffusion of chromium is 
difficult in spinel oxides ( ^ 4.3) implying that an alter­
native mode of transport is involved.

4.4.2 Vacancy Condensation Model ^

The critical fraction of vacancies in the metal 
required for condensation to take place at the metal-oxide 
interface may be estimated from the interlamellar void 
spacing. Consider a piece of metal sheet, thickness t^ 
and area A, covered with a layer of oxide containing lamellar 
voids of spacing tg. Since oxidation occurs on both sur­
faces, the vacancy fraction injected into the metal is 
given by 2t2A/t^A = 2t2/t^, (^9 ti); assuming no plastic
deformation occurs at the oxidation temperature.

The use of typical experimental values from the pre­
sent study of t^ = 10~® m and t2 = 3 x 10~^ m. Table 2 ,
gives a vacancy fraction of 6 x 10 This value is much

—  12greater than the equilibrium vacancy fraction of 10 
calculated using the quoted value for energy of vacancy
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formation of 2.13 eV for iron (Smallman, 1970). The
excess vacancy fraction is higher than values reported on
materials quenched from temperatures close to the melting
point ( tr» 10 ^), but is of the same order of magnitude as
excess vacancy concentrations produced by irradiation
( L ^ I O  ; Cooper, Koehler and Marx, 1955). Quantitative
data on vacancy concentrations caused by oxidation treat-

—2ment are not readily available, although a value 10 can 
be inferred from a study on Fe-Cr-Al-Y alloys. (Tien and 
Rand, 1972).

The minimum vacancy concentration, C, for vacancy pre-k
cipitation to occur in the manner proposed can be expressed 
as C = C g . exp E^/kT , where is the equilibrium vacan­
cy concentration and E^ is the maximum energy required to
induce a vacancy to condense at the interface. Using the
above values for C and and taking T = 873 K and k = 1.38
X 10"23 gives E = 2.7 x 10“^^ J.^ V

An alternative approach to this problem is to consider
the creation of a new internal surface by separation of the
oxide-metal interface. The surface free energy change per
unit area, ^  F^, may then be written ^  F^ = ( - % ^ ) ,
where , Vo are the specific surface free energies
for metal-vapour, oxide-vapour and metal-oxide interfaces
respectively. The cross-sectional area of a vacancy is

2given approximately by d , where d is the atomic spacing 
—1 0(= 2.5 X lO”  ̂ m), and hence the average energy to induce 

each vacancy to condense at the interface is E ^
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“2Taking Otn - 1.4 Jm” (Jones, 1971), and reasonable estimates 
for Jm ^ (Turpin and Elliot, 1966) and
Xg ^  1 .0 Jm"^ (Kelly, 1966) gives ( ^  o - Y m o  )
2 Jm ^ , and 1.3 x 10 J. This is the average
energy per vacancy to form an extended two-dimensional void. 
Despite the approximations involved in both calculations, 
the values of E estimated by the two methods are in satis-V
factory agreement. In principle E^ calculated from the 
vacancy condensation model is expected to be higher, since 
more energy would be required to precipitate the first 
vacancy than to enlarge the cluster by subsequent vacancy 
absorption.

According to the model, with thicker specimens more 
vacancies would have to be produced to reach the critical 
level, and therefore a correspondingly thicker oxide film 
would have to be formed on the metal surface. Indeed if 
the above assumptions remain valid, a direct relationship 
between specimen thickness and interlamellar spacing would 
be expected. This conclusion is qualitatively supported 
by the changes in interlamellar spacings observed in the 
three specimens of iron-9% chromium alloy of different 
thicknesses. Table 3.2. It also follows that at inter­
secting surfaces a higher local vacancy flux would be injec­
ted into the metal than at a planar surface, leading to a 
greater incidence of voids at specimen corners as observed 
by other workers (Mrowec,1967 ) .



- 109 -

4.4.3 The Role of Voids in Determining the Course of 
the Oxidation Reaction

From the information accumulated on the struc­
ture und properties of oxide scales it would be expected 
that the presence of voids in the layer may affect the oxi­
dation reaction in one or more of thé following ways.

(I) The ready detachment of some oxide layers is frequencly 
reported in the literature and it is clear from the present 
work that when voids are present within the scale they may 
act as regions of mechanical weakness. Hence in practical 
applications of such alloys where detachment of oxide from 
metal may occur as a result of stresses imposed, for exam-

i

pie by thermal cycling or impact, a consequent reduction 
of the protective character of the scales would occur.

(II) Evidence has also been presented showing that voids
enable gaseous oxidant to reach the metal and react to form
the inner layer. Thus voids have an important role in
determining the microscopic transport properties of the
scales. In particular, restricted rate of permeation of
gas through the finely porous scale would result in the gas
adjacent to the metal surface becoming increasingly richer
in CO as a consequence of the reaction

xM + CO^ M O + CO.2 ^ X
It should be noted that this oxidation reaction proceeds 
with no volume change. The gas adjacent to the metal thus 
becomes increasingly carburising and as a result carbon
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from the gas would be deposited either as free carbon or as 
carbide. This reaction may be represented 

2 CO (c) + COg
where represents free or combined carbon. In this
reaction there is a net consumption of the gaseous phase 
and the resultant pressure gradient developed across the 
scale would increase the flux of gas reaching the metal and 
would correspondingly increase the rate of growth of the 
inner oxide.

(Ill) It is also envisaged that the presence of voids in 
an oxide may impede the lattice diffusion of cations and 
reduce the rate of growth of the outer oxide layer. The 
importance of this will, of course, depend on the nature 
of the void distribution, and the possible contribution of 
surface diffusion to cation migration cannot always be 
ignored. Indeed experimental data presented in this work 
suggests that surface diffusion may be important where the 
surface to volume ratio is high as in the development of 
filamentary microcrystals of oxide across voids ( ^ 4.4.1).

It is evident from the above considerations that, in 
general, porosity in scales is undesirable and that preven­
tion of void formation is of importance in the design of 
high temperature alloys. Since vacancy condensation is 
believed to be intimately associated with void formation 
the addition of elements to the alloy which stabilise vacan­
cies in solution as vacancy-solute complexes may be benefi­
cial, a view shared by other workers (Tien and Pettit, 1972)
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Alternative approaches to controlling porosity could 
involve the incorporation of a fine dispension of second 
phase particles, with a low energy of adhesion to the 
alloy, to act as vacancy sinks. The addition of solutes 
which increase the grain-boundary energy (and thus reduce 
the interfacial adhesion) may also be effective by inducing 
vacancy condensation at these sites rather than at the 
metal-oxide interface where it is shown to cause scale 
detachment.

In other studies on commercial iron-chromium alloys 
the ^formation of extensive lamellar void structures simi­
lar to those observed in the present study, is rare. It 
is conceivable that commercial alloys contain traces of 
elements which act to suppress vacancy condensation in one 
of the ways suggested above while the much ’’purer” alloys 
used in the present study do not. The metallurgical con­
dition of the alloys would also, undoubtedly, have an 
influence and dislocations may provide sinks for the 
vacancies.

It would be of great interest to study a series of 
alloys with controlled additions of selected elements and 
to observe any subsequent changes in void structure. In 
this connection it is relevant to note the work carried out 
on void production during irradiation damage. Smidt and 
Sprague (1973) in particular have shown that the addition 
of solute atoms of appreciably larger diameter than the 
solvent atoms suppresses the formation of radiation-induced
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voids in metals by acting as vacancy traps.

4.5 The Early Growth of Oxide on Fe-Cr Alloys

It has been shown that the oxidation of alloys con­
taining greater than 12% chromium often starts slowly.
This stage is associated with the growth of a thin rhom- 
bohedral oxide. The stability of this initial oxide 
film varies considerably depending on the alloy composi­
tion, orientation and surface treatment. This initial 
highly protective stage has been observed by a number of 
workers on iron-chromium alloys. (E.g. Yearian, Randell 
and *Longo, 1956; Wood and Whittle, 1967).

Three oxides may form on iron-chromium alloys in the
initial stages of oxidation by CO^ at 600°C, oC-M^O^, 
y  “̂ 2^3 MgO^, each phase containing varying amounts

of iron and chromium.

In this section, the crystal structures and orienta­
tion relationships of thin oxide films formed on iron-
chromium alloys are first discussed. This is followed by 
an explanation for the different oxide phases found in the 
present study. In the treatment initial oxide growth is 
first discussed followed by consideration of subsequent 
oxide growth; crystal field theory, interfacial and strain 
energy effects are invoked to account for observed oxide 
growth sequences.



— 113 —

4.5.1 Oxide Structures and Orientation Relationships

Studies on single crystals of iron-15% chromium 
alloy have shown that cubic oxides ( ^  -M^O^ and M^O^) grow 
such that cube faces of oxide and metal are parallel. The 
epitaxial cubic oxide formed on the (lOO) metal face has 
^11^ in the oxide parallel to £lO(^'in the metal. Fig.
3.24. The separation of cations along these directions

o o
is 2.96A and 2.87A for oxide and metal respectively,
corresponding to a mismatch of 3%; the spacing between the

o
close-packed rows in the oxide (5.92A) is twice (within 3%) 
that, in the metal. Such close correspondence between 
cation arrangements in the two lattices favours the high 
degree of epitaxy observed. The same orientation relation­
ship was found by Howes (1967) on iron-28% chromium alloy. 
The manner in which these oxide films curled upon removal 
from the metal indicated they were subject to a compressive
stress at the metal-oxide interface, which would be expected

o
from the difference in cation spacings in oxide (2.96A) and

o
metal (2.87A).

The observed orientation relationships between the 
spinel (S) and rhombohedral (R) lattices may be written: 
(0001 )j^//(lll )g; J^lOloJ p// ^llC^g. Thus the close-packed 
planes of anions are parallel, as was also deduced by Howes 
(1967). The present work, however, indicates that close- 
packed rows of anions are parallel in these oxides. The

o
closest separation of anions in the (0001) plane is 2.86A

o
and in the (ill) plane is 2.96A, giving a mismatch of 4%,
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considerably less than the 18% mismatch which follows from 
the alternative interpretation by Howes.

When the rhombohedral and spinel oxides were thin, the 
metastable phase, V “̂ 2^3 be observed. In thicker
layers little ^-M^O^ was found, either because it was too 
thin to be detected or because it transformed to OC-M^O^ 
or during the oxide thickening process. %  -M^O^ is
structurally very similar to spinel, M^O^, and therefore 
these oxides were difficult to distinguish by diffraction 
methods. When ^-M^O^ was unambiguously identified, it 
was «always found oriented with cube edges of the subcell 
parallel to the cube edge of the spinel unit cell.

)
4.5.2 Factors affecting Initial Metal Oxidation

The nature of the initial oxide film formed on 
an alloy will depend largely upon the activity of the 
elements in alloy and in oxide and upon the oxygen potential 
of the gas phase. While quantitative estimates may, in 
principle, be made using a thermodynamic approach, the lack 
of relevant data together with the non-equilibrium situation 
which exists during oxidation precludes rigorous calculation 
However, for iron-chromium alloys oxidised at 60C°C in 
00^-1% CO gas, the high affinity of chromium for oxygen 
suggests the formation of an initial oxide film richer in 
chromium than the metal. This is in accord with present 
observations where, for example, an almost pure chromium 
oxide was found on the iron-70% chromium single crystal.
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The maximum amount of chromium which can be dissolved 
in the oxide film will be related to crystal structure and 
may be estimated using crystal field theory as follows.
The phases ^  -M^O^ and may be regarded as
close-packed arrangements of anions containing cations in 
octahedral and tetrahedral interstices. A unit cell of 
spinel has 16 of the 32 octahedral sites and 8 of the 64 
tetrahedral sites occupied by cations. Now Dunitz and

3 +Orgel (1957) have shown that Cr has a strong preference,
2+ 3+Fe a weak preference and Fe no preference for octahe-

3+dral sites and hence a maximum of 16 Cr ions may be
K 2 +accommodated in the spinel lattice, giving (Fe^ )̂
3 +(Cr^ )^ 0^2 with a chromium-iron (wt ) ratio of 1.87.

y  may be regarded as a defective spinel with one
ninth of the cations removed from octahedral sites, i.e.
(Fe^^ )̂  (Fe^ 5 >C] )q ^12’ where Q  represents a cation

3 +vacancy. Information concerning the solubility of Cr
in V  “̂ 2^3 available but it may be deduced that a

3+maximum of 16 Cr ions can be accommodated in octahedral
3 +sites b y 'replacement of Fe and transfer of the cation 

vacancies to tetrahedral sites, giving (Fe^^ )̂
3+(Cr^ )̂  with a chromium-iroji ratio of 2.79. In the

OC -M^Og structure the cations occupy only octahedral sites 
and hence a complete range of mixed iron-chromium oxides 
from Og to OC^-Cr^O^ is possible. It should be noted,
however, that in CO^-l^ CO gas at 600°C progressive sub­
stitution of chromium by iron will eventually render 
OC -M^Og unstable with respect to spinel.
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Thus solubility limits are predicted for chromium in 
from crystal field considerations, and 

chromium-rich -M^O^ (Cr:Fe ^  2.79) is expected to form 
on high chromium alloys. Oxides on lower chromium alloys 
would be expected to contain more iron and formation of 
% -MgOg or MgO^ phases is possible. ^  “̂ ^2^3 not 
usually a stable phase but it may be stabilised in the 
presence of an interface. This is seen to occur in oxi­
dation of the iron-15% chromium single crystal where epi­
taxial growth of ^-M^O^ indicates a strong stabilising 
influence from the metal-oxide interface. The degree of 
stabilisation is dependent upon atom arrangements at the 
interface, being favoured by a high atomic population and 
close matching of the atom spacings in the interfacial 
plane. For example, on many grains of iron-20% chromium 
alloy electropolished prior to oxidation, OC-M^O^ formed 
from the commencement of oxidation suggesting that the sub­
strate orientation did not stabilise -M^O^, while on 
other grains ^  “^2^3 produced. Etching the polycrys­
talline metal tended to expose more low index crystal planes 
of (lOO) type and, consequently, a higher proportion of 
^-M^O^ was found on etched iron-20% chromium alloy.

The total free energy of formation of an oxide phase 
on a metal, ^  G , may be expressed as the sum of the volume 
free energy, the interfacial free energy,^ , and
the strain energy, ̂  Gg : G = G^ + ^  G^ "*■ /\g^ —
As the oxide film thickens, and A  will increase in.
magnitude while /^G^ will remain substantially constant.
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Hence the influence of J\Gj. will be significant in the 
early stages of oxidation but will progressively decrease 
as the reaction proceeds. Its importance during initial 
oxidation of metal to -M^O^ or V “̂ 2^3 be estimated
by rewriting equation 1 as ^ G ^  = A  + A g ^ ^  ,
where the terms now represent the difference between the 
free energies of formation of ^  -M^O^ on metal and of

on metal. It will be assumed that A g ^^ is smal".
compared with other terms when the oxide is thin. A Gy^
is simply the free energy change for the to “̂ 2^3
transformation and, since the corresponding entropy change 
will" be small, will approximately equal the enthalpy
change, given as 47.5 i 2.3 cal g”  ̂ (2 t 0.1 x 10^ J kg”^ ) 
for the y  "FegOg to -Fe^O^ transformation (Lodding and 
Hammell, 1960). The interfacial energy for coherent 
growth of ^  observed on metal will be much smaller
than that associated with the observed incoherent growth of 
finely polycrystalline oC-M^O^ and a value of lJm~^ will, 
therefore, be assumed for the difference in interfacial 
energies.for the metal-oxide systems. Equating A to 

shows that the difference in interfacial energy is 
comparable to the difference in volume free energy for an

o
oxide thickness of lOA. This estimate indicates the
order of magnitude of the interfacial effect in these thin
films. The strain energy in an incoherent film of oC-M^O^ 
will be very much less than the strain energy in a coherent 
film of “̂ 2^3 t h a t A G g ^  is approximately equal to 
A  Gg for ^ ”̂ 2^3* ^be estimated strain energy in a film'
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of ^  ”^2^3 thick with a metal-oxide mismatch of 3%
(see g  4.5.1) is approximately one tenth of and
A  Gj^, justifying the omission of from the above
calculation.

4.5.3 Factors affecting Subsequent Oxide Growth

While solid state diffusion processes are not 
important in the initial oxidation stage, as the oxide 
thickens they become increasingly significant in determin­
ing the subsequent course of the reaction. In iron- 
chromium oxides cation diffusion predominates (Holmes and 
Mortimer, 1973) and Azaroff (1961 ) has shown that, for
spinels, the most probable diffusion path is via alternate,

I
adjacent octahedral and tetrahedral interstices. The ease 
of migration of a cation via the Azaroff mechanism is 
determined principally by the octahedral site preference

34-energies of constituent cations of the oxide; thus Cr
34-moves with difficulty while Fe moves readily through the 

spinel lattice. A similar effect is predicted for ^  “̂ 2^3 
since it may be regarded as a defective spinel (see ^4.5.2) 
For OC-M^Og, Azaroff has shown that octahedral interstices 
parallel to the c-axis provide possible diffusion paths. 
Two-thirds of these positions will be already occupied by 
cations and, either the diffusing cation will have to bypass 
the occupied site by way of a tetrahedral interstice, or the 
occupying cation must be displaced to a tetrahedral position 
to create an octahedral vacancy. In both cases the rate 
of movement of the cation through OC-M^O^ is determined by
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the octahedral preference energy as in cubic close-packed 
oxide s t r uct ur e s .

Such considerations have been invoked to explain seg­
regation of transition elements which often occurs in oxide 
scales on alloys ( .̂ 4.3). In the present con­
text for ^3^4 Phases, the different

3+ 3+ 2 +mobilities of Cr , Fe and Fe would result in a pro­
gressive enrichment of iron at the oxide-gas interface as 
the oxide film thickens. As a consequence, transitions 
from one oxide to another become possible during the course 
of oxidation. Structural evidence from the present study 
shows that the transitions "^2^3 ^  and ^ "^2^3
to occur, indicating that in these cases 'jJ-M^O^ ;
becomes destabilised as oxidation proceeds, i.e. the stabi­
lising influence of the interface becomes decreasingly sig­
nificant. The importance of interfacial effects has also 
been demonstrated experimentally in the solid state oxida­
tion of Fe^O^ to }( -FogOg. It was shown (Egger and Feit- 
knecht, 1962) that the reaction may proceed by one of two 
possible paths, the choice being determined by the particle

o
size of the material. Small particles (^3000A) oxidised
firstly to ^  "^^2^3 followed by a transition to oL-P'egGg,

o
while larger particles (^>5500A) oxidised directly to 
O^^-Fe^O^* Hence a high surface area to volume ratio pro­
moted the formation of K-FegOg.

4.5.4 Oxide Growth Sequences

The principles outlined in this paper can
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account for the oxide growths observed in the present work, 
including the complex oxidation products formed on the 
electropolished iron-2095 chromium alloy. The oxide layers 
found on individual grains on this alloy can be explained 
by one of three proposed growth sequences, (a) formation of 
O^-M^Og, (b ) initial formation of ^ "^2^3 which undergoes a 
transition to and (c) initial formation of ^-M^O^
which undergoes a transition to :

(a) The formation of a single oxide phase consisting of 
finely polycrystalline O<-M^0g occurs on those grain orien­
tations which present a high index plane to the oxidisingk
gas. The degree of interfacial stabilisation is insuffi­
cient to support the formation of metastable V  and
thermodynamically stable oC-M^O^ is produced from the start 
of oxidation. Mismatch between the metal and C^-M^O^ is 
evidenced by the finely polycrystalline texture of the 
oxide phase. This type of film is fairly protective and 
is also found on iron-70% chromium single crystal.

(b) Formation of metastable ^  ”̂ 2^3 ibe commencement of 
oxidation occurs on metal grain orientations which exert a 
strong stabilising influence on the oxide film. The film 
grows epitaxially as thin crystals on the metal and contains 
some stress due to mismatch at the interface. As the film 
thickens the stabilising influence of the interface decrea­
ses. Experimental results suggest that this occurs when 
the chromium-iron ratio in the outer oxide has fallen suffi­
ciently 1.87) to permit formation of M^O^. This type '
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of oxide growth is much thicker than the OC-M^O^ film formed
on other grains of the same alloy, case (a), and is also
found on the iron-15% chromium single crystals. The in­
creased cation diffusion through -M^Og/M^O^ films is 
believed to be due to the higher proportion of relatively 
mobile Fe cations in these films compared with the chromium- 
rich Oi-M2O3 films (see ^ 4.5.3).

(c) The oxide growth sequence to may be
regarded as a case intermediate between (a) and (b), where 
the influence of substrate orientation is sufficient for 
^-M^Og to form initially but is less than in (b). Thus 
an earlier transition to a thermodynamically stable phase 
occurs, in this case to rhombohedral oxide as evidenced byI
the coexistence of large single-crystal films ofOC-M^Og 
oriented epitaxially with ^-M^O^. ^  “^2^3 grow epi­
taxially on the metal because of the small metal atom mis­
match at the oxide-metal interface and the -M^O^ may 
then grow epitaxially on % " ^ 2^3 the closely matching
anion layers. Only a very thin layer of ^-M^O^ on the 
metal appears to be required for promoting oriented

growth and its absence causes to grow in
a finely polycrystalline form as in (a).

Thus, the choice of oxide growth sequence between 
case (b ) and case (c) depends upon chromium concentration 
at the oxide-gas interface when continued formation of 

-M^Og becomes energetically unfavourable (see ^  4.5.2), 
a high chromium content in the K  “̂ 2^3 Pbase favouring the ,
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transition to rather than to with its limited
chromium solubility.

4.6 Oxidation Kinetics in the Early Stages

It has been demonstrated in ^ 3 . 1  that the early stages 
of the oxidation reaction yields segmented oxidation curves 
(Fig. 3.3). The discontinuities are seen to occur at

-2roughly equal weight—gain intervals for example at 1.5 x 10 
—2kg m at 600*C. The corresponding vacancy fraction in­

jected into the metal for these weight—gain increments may 
be calculated, assuming that the vacancy concentration 
returns to its equilibrium value after each discontinuity, 
as

W f ,)
C = ——  X —

where W = 2 x weight—gain/unit area (the factor 2 arises
because two metal surfaces must be considered),yO^ is the
density of the metal, f is the ratio of the weight of iron
and oxygen in the oxide film and t is the thickness of the
metal. At 600*C, W = 3 x 10 kg m and for iron-chromium

3 3alloys v/N 7.9 X 10 kg m . For a spinel—type oxide 
f = 2,6. Substituting these data together with a value 
1 mm. for the specimen thickness gives a vacancy fraction 
of 9.9 X 10 It should be noted that this value corres­
ponds closely to the vacancy fraction required to induce 
the formation of lamellar void distributions in thicker 
oxide scales formed on these alloys at this temperature.
( 6 X 10 see ^ 4.4.2.)
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A second important feature of the early stages of oxi­
dation is the development of islands of spinel oxide on the 
thin film of protective rhombohedral oxide (Fig. 3.12).
This observation together with the discontinuities in the 
oxidation rate curve suggest that breakdown of the thin 
rhombohedral oxide occurs when the free energy accompanying 
vacancy supersaturation is sufficient to exceed the work of 
adhesion of the oxide-metal interface. A void is then 
nucleated beneath the oxide layer and the oxide above the 
void becomes mechanically unstable and collapses under the 
external pressure of gas (Howes, 1968) to allow direct 
access of gaseous oxidant to the surface of the alloy.
Since the surface of the alloy is now depleted in chromium 
as a result of the formation of chromium-rich rhombohedral 
oxide, spinel oxide is formed. This interpretation is con­
sistent with the observed morphology of oxide growth which 
shows thin, strongly adherent oxide forming a continuous 
phase with isolated islands of spinel growing on some 
grains.

It may be proposed that the nucléation of voids beneath 
the rhombohedral oxide becomes more difficult in the later 
stages of oxidation as the number of areas of low inter- 
facial free energy become fewer (the interfacial free 
energy is a function of the crystal orientation of the 
substrate and the surface morphology) and thus void nucléa­
tion beneath the spinel oxide islands become increasingly 
favoured. This change in the type of preferred site for 
nucléation of voids is also encouraged by the high flux of
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vacancies created in these areas by the fast growing spinel 
oxide. Thus in the later stages very few new spinel 
nuclei are formed but those already present grow larger 
and larger until coalescence of spinel oxide patches 
occurs.

Consider now the growth of an isolated island of 
spinel; Fig. 4.3. At position 1 the reaction is limited 
by diffusion through the oxide film and hence would be 
expected to thicken parabolically according to a law of 
the form

Wk
where W is the weight gain, kp is the parabolic rate con­
stant and t is the time.

At position 2, however, the oxidation reaction pro­
ceeds rapidly since it is not limited by solid state 
diffusion processes, the high flux of vacancies in these 
regions contributing to the breakdown of the adjacent 
rhombohedral oxide. Hence lateral growth of the island 
would be expected to be linear. If the islands are 
assumed to be circular the radius would vary with time 
according to a law of the form

r = k^ t
where r is the radius and k^ is a linear rate constant. 
This form of lateral growth kinetics is in accord with the 
observations of other workers (Boggs, 1961; Beck, Heine, 
Caule and Pryor, 1967).

If the surface contains n islands of spinel per unit
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area the fraction of the surface covered with oxide while 
the patches are small and do not impinge on one another is 
given by

A = n 7t 
O

= n 7T (k^ t )
where A is the fraction of the surface area covered with s , .
spinel. By statistical arguments, Evans (i960) has shown 
that as r increases the fraction of the total area covered 
is given by

As = 1 - exp [-n TT (k^ t
which reduces to the above equation when t —^O. Hence the
fraction not covered with spinel, i.e. covered with rhom­
bohedral oxide, is given by

A^ ' = exp IjnTT (k^ t )*̂  ^
Thus the total weight gain per unit area of the specimen 
is given by

W = kp J T  {l - exp [-n rC (k^ t
+ f(t) . exp 7C (k^ t 

f(t) is the function representing the rate of growth of 
the thin rhombohedral film and can be ignored except at 
small t since it is very much smaller than k^y/^ under
these conditions. The experimental weight gain curve for
an iron-15% chromium alloy. Fig. 4.4, was analysed using 
this model and a good fit was obtained (except at short 
oxidation times) giving the following result

W = 5.5 X 10“^ 7 T  [l - exp - (5.6 X 10“^ t^ )j ......4.1
—2where W = weight gain in kg m and t is in hours.

At low values of weight gain the influence of the
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Fig.4.4 Oxidation of Fe-15% Cr alloy at 600°C in CO^-based 
gas. Solid curve shows experimental data.
Broken curve is derived from equation 4.1.
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initial rhombohedral film is apparent and the difference
between the calculated curve and the experimental curve is
approximately constant in this region. This difference 

-4 -2is lA 1.3 X 10 kg m corresponding to a rhombohedral 
oxide film of thickness ^  800A, a value consistent with 
the observed electron transparency of this oxide. Thus 
the whole oxidation curve may be expressed by the equation 
W = 5.5 X 10"^ yfT [l - exp - (5.6 x lO”^ t^ )J + 1.3 x lO'^

It should be noted that this treatment correctly pre­
dicts the slope of the steeply rising part of the oxidation
curve to be 2.5 as follows: 

P 1 - exp - n"7T (k^ t ) j
^  ["?T(k^ t f jw ■p

t — ^ 0
i.e. W of

It is interesting to note also that the equation pre­
dicts the coverage of the surface by spinel increases 
slowly at first and then rises rapidly to a value corres­
ponding to complete coverage.

Thus the growth kinetics of the initial and transitional 
oxidation stages may be explained on the basis of sequential 
breakdown of the initial oxide film, due to vacancy conden­
sation, in the early stages of oxidation forming spinel 
nuclei. The number of nuclei remains constant after this 
initial period but the nuclei increase in size until even­
tually the whole surface becomes covered with the charac­
teristic duplex oxide scale.
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CHAPTER 5 
CONCLUSIONS

This chapter is a brief summary of the main conclu­
sions drawn from the study of oxidation of Fe-Cr alloys 
in COg-based gas. The formation of duplex scales is 
first considered followed by the treatment of initial 
oxidation.

The formation of a duplex oxide scale on the alloys 
has been explained on the basis of a rate—controlling 
outward movement of cation through the scale via a solid- 
state diffusion process together with simultaneous inward 
transport of oxidant to form the inner layer. A consi­
derable weight of indirect evidence is presented which 
suggests that this latter process occurs via a gas-phase 
transport mechanism. The- inward transport of oxidant to 
the metal-oxide interface is shown to become more difficult 
as the oxidation proceeds as a result of pore blocking pro­
cesses occurring in the outer oxide. Thus the formation 
of inner oxide is slowly suppressed and eventually growth 
of the inner layer becomes insufficient to fill completely 
the space created by the outwardly moving cations . In 
this way the considerable voidage found in the inner scale 
is explained.

The observation of the regularly spaced, lamellar 
voids in the inner oxide is evidence that voids are formed 
by a cyclic process. It is then proposed that solution '
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of vacancies, created by outward migration of cations, 
occurs in the metal until a critical concentration is 
exceeded. Calculation of the critical vacancy fraction 
from the measured lamellar void spacings gives values 
VA 6 X 10 ^ at 600°C. Typical interfacial energy values 
are shown to be commensurate with the free energy asso­
ciated with the maximum vacancy supersaturation.

The segregation of alloying elements within the 
duplex oxide has also been studied and explained on the 
basis of a cation diffusion model. An analysis of the 
diffusion path networks for cations in close-packed oxides 
suggests that in cubic oxides transport via alternate, 
adjacent octahedral and tetrahedral interstices is most 
likely while for rhombohedral oxides an alternative route 
via octahedral sites only is available. The relative 
rates of cation diffusion in these oxides is then explained 
by considering the potential energy variation when a cation 
is transferred from one site to another. It is shown 
that the activation energy for this process may be regar­
ded as the sum of two terms, a strain energy term and a 
site preference energy term. The former term is fairly 
constant for transition metal cations while the latter term 
may be calculated using crystal field theory. The pre­
dictions of the analysis accord well with the present work 
as well as previous data published by other workers.

The initial oxidation has also been investigated and 
it has been shown that the composition and character of the
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metal surface are important in determining the type of 
oxide formed on particular metal grains. New information 
on the nature of metal-oxide orientation relationship is 
presented which suggests that metastable V  "^2^3 be
the first oxide to form and as a result of the decreasing 
influence of the oxide-metal interface this oxide subse­
quently transforms to either rhombohedral oxide, 
or to cubic spinel, M^O^, as the oxide film thickness. 
Using crystal field theory it is shown that the structure 
of the transformation product depends on the ratio
of the oxide film at the time of transformation. From an
analysis of the kinetics of the initial oxidation it is
also suggested that the breakdown of the thin, protective,

i
rhombohedral films formed in the initial stages is asso­
ciated with vacancy condensation at the metal-oxide inter­
face leading to spinel nucléation. On this basis discon­
tinuities observed in the kinetics of oxidation are accoun­
ted for. The subsequent oxidation kinetics are explained 
by simultaneous lateral and vertical growth of spinel 
nuclei. The onset of parabolic kinetics is associated 
with coalescence of the spinel covered areas to form the 
characteristic duplex scale.
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Ê r/JüS, U.R., 1960, The Corrosion and Oxidation of Metals, 
Arnold, London.
FOOTNER, P.K., HOLMES, D.R., and MORTIMER, D ., 1967,
Nature, 216, 54.
FRANCIS, J.M., and WHITLOW, W.H., 1966, J. Iron Steel 
Inst., 204, 355.
FUJII, C.T., and MEUSSNER, R.A., 1960, Naval Research 
Laboratory, Washington, U.S.A., Report No. NRL-5506.
FUJII, C.T., and MEUSSNER, R.A., 1967, J. Electrochem.
Soc., 114, 435.
GENSCH, C., and HAUFFE, K., 1951, Z. Phys. Chem., 196, 427.
GREENWOOD, N.N., and HOWE, A.T., 1972, Reactivity of 
Solids, Chapman and Hall, London.
GULBRANSEN, E.A., PHELPS, R.T., and HICKMAN, J.W., 1946, 
Ind. Eng. Chem. (Anal. Ed.), 18. 640.
GULBRANSEN, E.A. and COPAN, T.P., 1959, Disc. Faraday.
Soc., 28, 229.



GULBRANSEN, E.A., and COPAN, T.P., 1960, Nature, 186, 959.
GULBRANSEN, E.A., 1965, Corrosion, 2]̂ , 76.
HALES, R ., and HILL, A.C., 1972, Corros. Sci., 3^, 843.
HALES, R ., HILL, A.C., and WILD, R.K., 1973, Corros. Sci., 
13, 325.
HALES, R ., DOBSON, P.S., and SMALLMAN, R.E., 1968, Metal. 
Sci. J., 2, 224.
HAUFFE, K., and GENSCH, C ., 1950, Z. Phys. Chem. 195, 116.
HEARLE, J.W.S., SPARROW, J.T., and CROSS, P.M., 1972,
The Use of the Scanning Electron Microscope, Pergamon 
Press, Oxford.
HILTY, D.C., FORGENG, W.D., and FOLKMAN, R.L., 1955,
Trans. A.I.M.E., 203, 253.
HIRSCH, P.B., HOWIE, A., NICHOLSON, R.B., P ASHLEY, D.W., 
and WHELAN, M.J., 1965, Electron Microscopy of Thin 
Crystals, Butterworths, London.
HOAR, T.P., 1959, Modern Aspects of Electrochemistry,
No.11, Ed: J.O.M. Bockris, Butterworths, London, 279.
HOLMES, D.R., and MORTIMER, D ., 1973, Corrosion Conf.,
Bath University.
HOWES, V.R., 1967, Corros. Sci., 7, 735.
HOWES, V.R., 1968, Corros. Sci., 8 , 221.
HUSSEY, R.J., MITCHELL, D.F., CAPLAN, D., and COHEN, M ., 
1972, J. Mat. Sci., 7, 1125.
ISHERWOOD, B.J., and QUINN, T.E.J., 1967, Brit. J.
Appl. Phys., 12, 717.
JANNSON, S.A., 1964, Proc. 3rd European Conference on 
Electron Microscopy, Prague, p.73.
JERSON, W.B., ANTILL, J.E., and WARBURTON, J.B., 1965, 
British Corrosion Journal, ^,15,
JONES, H., 1971, Metal Sci. J., 2, 15.
KAY, D ., 1Q65, Techniques for Electron Microscopy, 
Blackwell, London.
KELLY, A., 1966, Strong Solids, Oxford University Press.
KIMOTO and HASHIMOTO, 1966, The Electron Microprobe, Eds: 
McKinley, Heinrich and Wittry, Wiley, New York, p.480.



KOFSTAD, P., 1966, High Temperature Oxidation of Metals, 
Wiley, New York.
KUBASCHEWSKI, O., and HOPKINS, B.E., 1962, Oxidation of 
Metals and Alloys, Butterworths.
LAUBENGAYER, A.W., and McCUNE, H.W., 1952 , J . Amer .
Chem. Soc., 74.» 2362.
LAWLESS, K.R., and GWATHMEY, A.T., 1956, Acta. Met., 4, 153.
LAWLESS, K.R., 1974, Rep. Prog. Phys., 37, 231.
LODDING, We, and HAMT4ELL, L., i960. Anal. Chem., 657.
MALDY, J., 1965, Rev. Met. Mem. Sci., 62, 439.
MARTIN, P.M., and POOLE, D.M., 1971, Metallurgical 
Transact ions.
MARTIUS, U.M., 1955, Canad. J. Phys., 33, 466.
McCOY, II .E., 1965, Corrosion, 21., 84.
MEADOWCROFT, D.B., and HICKS, F.G., 1972, Conference on
Electrical, Magnetic, and Optical Properties of Ceramics, 
British Ceramic Soc., London, p.33.
MEHL, R.F., and McCANDLESS, E.I., 1937, Trans. Am. Inst.
Min. metall. Engrs., 125, 531.
MOREAU, J ., 1953, Comptes Rendus, 236, 85.
MOREAU, J., and BENARD, J ., 1956, J. Chim. Phys., 787.
MROWEC, S., 1967, Corros. Sci., 7_, 563.
PFEIL, L.B., 1929, J. Iron Steel Inst., 119, 501.
REED, S.J.B., and LONG, J.V.P., 1963, X-ray Optics and 
Microanalysis, Eds: H.E. Pattee, V.E. Cossiett and A. 
Engstrom, Vol.3, p.317. Academic Press, New York.
ROBBINS, M.G., WERTHEIM, G.K., SHERWOOD, R.C., and 
BUCHANAN, D.N.E., 1971, J. Phys. Chem. Solids, 717.
RAHMEL, A., 1962, Z. Electrochem., 66, 363.
RICHARDSON,F.D., and JEFFES, J.H.E., 1948, J. Iron Steel 
Inst., 160, 261.
RICHARDSON, F.D., and JEFFES, J.H.E., 1949, J. Iron Steel 
Inst., 163, 397.
ROLLS, R ., 1973, Reviews of High Temperature Materials,
1, 397.



SEYBOLT, A.U., 1960, J. Electrochem. Soc., 107, 147.
SHEWMON, P.G., 1963, Diffusion in Solids, McGraw-Hill,
New York.
SMALLMAN, R.E., 1970, Modern Physical Metallurgy, 
Butterworths.
SMIDT and SPRAGE, 1973, Scripta Met., %, 495.
STODDART, C.T.H., and HONDROS, E.D., 1972, Nature, 237,
90,
STRINGER, J., 1970, Corros. Sci., 10, 513.
STRINGER, J., 1972, Werkstoffe und Korrosion, 2» 747.
SURMAN, P.L., and CASTLE, J.E., 1969, Corros. Sci., £,
771.
SURMAN, P.L., 1973, Private Communication.
TIEN, J.K., and RAND, F.S., 1972, Scripta Metall., 55.
TIEN, J.K., and PETTIT, F.S., 1972, Metallurgical Trans­
actions, 2, 1587.
TILLEY, J.D., and STONE, F.S., 1972, in 7th International 
Symposium on the Reactivity of Solids, Eds: Anderson, 
Roberts and Stone, Bristol.
TRETJAKOW, Von J.D., and SCHMALZRIED. H ., 1965, Berichce 
der Bunsen-Gesellschaft fur Physikalische Chemie, 69.?
396.
TURPIN, M.L., and ELLIOT, J.F., 1966, J. Iron Steel Inst., 
204, 217.
VERNON, W.H.J., WORMWELL, F., and NURSE, T.J., 1944, J. 
Iron Steel Inst., 150, 81.
WAGNER, C ., 1933, Z. Phys. Chem., 2^, 25.
WAGNER, C., 1936, Z. Phys. Chem., 3^, 447.
WAGNER, C ., and GRUNWALD, K., 1938, Z. Phys. Chem., 40, 
455.
WELLS, A.F., 1962, Structural Inorganic Chemistry,
Oxford University Press.
WHITLOW, W.H., 1973, Ph.D. Thesis, University of Bath. 
WOOD, G.C., 1962, Corrosion Sci., 2?
WOOD, G.C., 1971, Oxidation of Metals and Alloys, A.S.M.,
p.201.



WOOD, G.C., and WHITTLE, D.P., 1964, Corros. Sci., £.
WOOD, G.C., and WHITTLE, D.P., 1967, Corros. Sci., %,
763.
WOOD, G.C., RICHARDSON, J.A., HOBBY, M.G., and BOUSTEAD, J., 
1969, Corros. Sci., 2> 859.
WRETBLAD, Von P.E., 1930, Zeitschrift fur Anorganische 
und Allegenûeine Chemie, 189, 320.
YEARIAN, H.J., KORTRIGHT, J.M., and LANGENHEIM, R .H.,
1954, J. Chem. Phys., 22, 1196.
YEARIAN, H.J., RANDELL, E.C., and LON GO, T.A., 1956, 
Corrosion, 12? 515t.
YEARIAN, H.J., DERBYSHIRE, W.D., and RADAVICH, J.F.,
1957, Corrosion, L3, 597t.
YEARIAN, H.J., BOREN, H.E., and WARR, R.E., 1965,
Corrosion, 22? 561t.
YOUNG, F.W., CATHCART, J.V., and GWATHMEY, A.L., 1956,
Acta. Met. 145.
ZIEBOLD, T.O., and OGILViE, R.E., 1964, Anal. Chem.,
36, 322.



APPENDIX I



APPENDIX I

4. THE REDUCTION OF NOISE IN MICROBALANCES 
DUE TO THERMAL CONVECTION

M. G. C. Cox, B. McEnaney and V. D. Scott
School o f  Materials Science, Bath University,
Bath, England

ABSTRACT
The sensitivity o f microbalances used to study solid-gas reactions at high temperatures 

and at pressures greater than about 200 Terr is often limited by high noise levels due to thermal 
convection in the hot zone. Since such noise levels are associated with density gradients in the gas, 
they arc made worse by the use o f dense gases, high pressures and steep temperature gradients in 
the hot zone. These effects arc illustrated by reference to a Gravimetric study, using a Sartorius 
microbalance, o f the oxidation o f F e -C r alloys at 4 0 0 -6 0 0  C in carbon dioxide based gas at 
atmospheric pressure. In this chapter, upward flow of gas at a rate of ~ 8 cm m in"‘ over samples 
suspended in a cylindrical silica hang-down tube resulted in unacceptable noise levels o f — 150 jig. 
A simple theoretical analysis o f convection in a closed cylindrical tube is presented which accounts 
both for this behaviour and for related noise effects reported by other workers which are due to 
a number o f other variables. In agreement with the analysis it was shown that injection o f helium 
into the furnace tube above the specimen significantly reduced the noise level. As an alternative 
approach based on the analysis, severgl designs o f baffle within the furnace tube are considered. 
These considerations lead to a choice o f baffle which is shown to reduce noise levels to ~  0.5 Mg- 
I t  is also shown that non-turbulent convection currents in the tare tube may cause a zero drift 
with changes in ambient temperature. This effect is minimized by ensuring thermal equilibrium  
between the tare tube and the balance case.

INTRODUCTION
The sensitivity of microbalances used to study solid-gas reactions at high 

temperatures and at pressures greater than about 200 Torr is often limited by high 
noise levels associated with thermal convection in the hot zone. This effect has been 
encountered in work in this laboratory on oxidation o f Fe—Cr alloys in carbon 
dioxide based gas at atmospheric pressure and 4 0 0 -6 0 0 °C . This chapter comprises 
a microgravimetric study o f the kinetics of oxidation using a Sartorius microbalance. 
Model 4104, and structural examination o f the oxidation products using a variety o f  
optical and electron-optical techniques.

A  preliminary part o f the microgravimetric work using a plain, silica furnace 
tube assembly (Fig. 1) showed that the balance was essentially noise-free at room 
temperature but that the noise level increased rapidly with temperature reaching an 
Unacceptably higli level (~  150 jug) in the operating temperature range (400—600°C). 
Variations in flowrate of the gas had little effect on the noise level over the range
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Fig. 1. Preliminary design of furnace tube.
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Fig. 2. The effect of volumetric flowrate of COj -1%  CO gas at atmospheric pressure 
on the apparent weight of a silica coupon (50 x 10 x 1 mm’ ).
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b-^50 ml (STP) min'^ but caused a marked change in the zero position, the specimen 
becoming apparently lighter with increasing flowrate (Fig. 2); this effect has been 
noted previously.* Removal of the metal specimen from the furnace while leaving 
the hang-down wire in position resulted in a decrease in noise level to a very low 
value (~  0.5 )ug). It was thus apparent that the noise was caused by momentum 
transfer from turbulent gas to the specimen.

Convection currents in a column of gas subjected to a temperature gradient 
result from density differences between gas in the hot and cold zones, such move­
ments being opposed by frictional forces in the gas. In principle, it is possible to 
analyse the movement of gas by the use of the equations developed in the study of 
convective heat transfer. However, this approach would also require the determination 
of the momentum transfer from the gas to the suspended specimen in order to deter­
mine the resultant noise in microbalances and the rigorous solution of the problem is 
likely to be complex. An attempt at a solution of this problem has been made by 
Schiirman e ta l}  for non-turbulent convection currents in a microbalance case.
Equations were derived for the forces acting on the balance due to shear effects and 
kinetic effects of gas flow. Fair agreement was obtained between predicted and experi­
mental dependence of these terms on the heat input to the balance case, but the 
equations did not predict the experimental variation with pressure of the forces 
acting upon the balance. In this chapter, an approach to the problem of turbulent 
convection in furnace tubes is developed, which at best can be regarded as semi- 
quantitative. However, it illuminates the contribution that various parameters make 
to noise level in microbalances due to convection and can be used to interpret the 
results of a number of workers in this field.

THEORETICAL CONSIDERATIONS
Consider a gas contained in a vertical, cylindrical tube of radius r, and subjected 

to a temperature gradient between an upper cold zone at temperature and a lower 
hot zone at temperature The driving force for convection is simply the unstable 
density gradient between the hot and cold zones. The pressure difference 7 between 
the two zones is given by

T=&Z,(Pc-Ph) 0)
where g is the acceleration due to gravity, L is the distance between the hot and cold 
zones and and Pc are the density in the hot and cold zones respectively. I f  the flow 
in the tube is streamline then this driving force is opposed by friction in the gas, i.e. 
the viscous resistance of the tube X. For unidirectional streamline flow in a cylindrical 
tube of radius r  and length L  the viscous resistance is given by the Poiseuille equation

X=8T?I/r  ̂ (2)

where rj is the viscosity of the fluid. The effect of multidirectional streamline flow 
imposed by the geometry of the furnace tube (Fig. 1) is to modify the value of the 
constant by a small amount. In general the linear flowrate 0 will be given by an equation
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of the form o - y f K  which for a plain cylindrical tube becomes

The dynamics of such a system are determined by the Reynolds number which is
given by

N n= 2pa rlri (4)

For values of JVr below a critical value, usually of the order of 10’ , flow will be stream-
line while values of Â r in excess of the critical value result in turbulent flow.

Putting p = Pm the mean density of the gas, and substituting for o in Eqn. (4)
gives

A. m

For an ideal gas, p -P M jR T  where Pis the pressure of gas of molecular weight A/at 
the temperature T and R is the gas constant, hence

U7h)l (6)-

A value of the minimum pressure for onset of turbulence may be obtained for Eqn. (6) 
by putting a critical value of A r̂ (e.g. A r̂ = 10^) and the following values of the other 
parameters appropriate to the present study: = 0.981 m s*̂  ;r  = 10 mm;A/= 44 g mol"^ 
for carbon d i o x i d e = 8.4 J K“* mor* ;i7 = 1.9 X 10'^ N m"^ s for carbon dioxide 
at 500 K; and T*. = 300 K and = 700 K. This yields a value of P = 37 kN m‘  ̂ -  
280 Torr.

The critical value of ATr in furnace tubes used with microbalances will not be 
identical to that for a plain cylindrical tube but it is reasonable to suppose that it is 
of the same order of magnitude. In support of this view the onset of noise in micro­
balances is generally observed at a pressure of the order of 100-400 Torr, in broad 
agreement with the value calculated from Eqn. (6).

As previously mentioned the calculation a priori of the noise level produced in a 
microbalance from convective, turbulent gas flow over a suspended specimen is likely 
to prove a formidable task, and consequently, the following semi-empirical correlation 
is presented. If  the Reynolds number of the system is not much above the critical 
value, then the intensity of turbulence and hence the noise level % will be some function 
of A^r . Robens  ̂ has shown that for various gases noise levels in microbalances are a 
linear function of pressure. Comparing this result with Eqn. (6) where A^r a  P  ̂ suggests 
that for turbulent flow the relation between x and A^r is of the form x = or,

1/2 .3/2
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cn
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ll/TMn/Tc-l/THir̂ ’ xIO'K-‘
Fig. 3. The effect of temperature on noise intensity plotted according to Eqn, (7). 

Data from ref. 4.

This equation may be tested by comparing the predicted temperature dependence of 
noise level with that observed by Cahn and Schulz.** Figure 3 is a plot of noise intensity 
versus [I/Tm (l/Tc -  1/7^)| from the data of Cahn and Schulz and the approximate 
straight line obtained lends some support to the validity of Eqn. (7).

Equation (7) also illustrates the relative importance of various parameters on the 
production of noise in microbalances due to thermal convection, (i) The effects of 
variation o f f  and T on x have been discussed, (ii) Equation (7) predicts thatx ^ 
and although this relationship has not been tested, it is known that noise levels due to 
convection increase sensitively with increase in the radius of the hang-down tube.
(iii) Equation (7) also predicts a direct relationship between x and Af/rj, a molecular 
parameter of the gas. Values of this function for various gases are given in Table 1. It  
can be seen that, for example, hydrogen and helium would be expected to have rela­
tively little effect on noise levels compared with argon and carbon dioxide, in agree­
ment with observations made by us and other workers. It should be noted that although 
from kinetic theory 77 a  , the effect on x of the variation of 77 with T over the range 
300-800 K may be neglected compared with the effect on x of the function

PRACTICAL CONSIDERATIONS
Since noise due to thermal convection arises from an unstable density gradient, 

reduction of such noise requires stabilization of the column of gas. Two methods were 
considered; introduction of light inert gas at the top of the tube, and incorporation of 
an effective baffle to prevent turbulent movement of gas.

If  downward diffusion of a light gas against an upward flow of a dense gas results 
in inversion of the density gradient then a stable system will result. Accordingly, a
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Table 1. Values of the function M/r} for various gases.

Gas Af (g mol‘ ‘ )
7Î at 0“C 

(10-‘ N m ‘ * s)
M/t] (10"* g mol"' 

N"' s-' m»)

H, 2.02 8.4 0.24
He 4.00 18.8 0.21
CH. 16.00 10.3 1.55
NH, 17.00 9.15 1.86
Nc 20.2 29.9 0.68
N, 28.00 16.6 1.69
0, 32.00 19.2 1.67
At 39.9 21.0 1.90
CO, 44.00 13.8 3.19

L.J L.J L . .J

(A) (B) (C)

Fig. 4. Modifications to the furnace tube to reduce thermal convection.

Stream of helium gas was introduced into the balance case in counter current to the 
upward flow of carbon dioxide; this modification reduced the noise level to less than 
1 /Jg. Although this method was effective, it was unsuitable in the present work since 
the partial pressures of reactant and product gases in the hot zone were unknown.

As an alternative three designs of baffle were considered (Fig. 4). In the first 
[Fig. 4(a)] a close-fitting, single baffle plate was placed immediately above the speci­
men to minimize convective mixing of hot and cold gas. The tube around the hang- 
down wire was narrow in order to reduce convection in this area and to increase the 
upward velocity of hot gas, thus minimizing back-diffusion of cold gas. The disadvan­
tages of this design are (i) the baffle must be accurately constructed and carefully
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, located to be effective and to prevent mechanical fouling of the suspension; (ii) con­
vection currents above and below the baffle plate arising from conductive and radiative 
heat-transfer across the baffle plate are a possibility. Tlie second design [Fig. 4(b)] 
incorporating a vacuum-jacketed hang-down tube overcomes the latter limitation but 
difficulties of manufacture and location are increased.

It was apparent that the only relevant parameter of Eqn. (7) which could be 
easily varied was (1/7^ -  1/7^) which could be reduced by reducing the effective 
separation between the hot and cold zones. (The radius of the tube in the hot zone,
10 mm minimum, was fixed by the size of the steel specimens). The third design 
[Fig. 4(c)] which was adopted exploited this principle and consisted of a series of 
close-fitting, convoluted baffles which effectively separated the gas into a series of 
small compartments, the small temperature difference between the top and bottom 
of a compartment reducing (1/7^ -  1/7^) to a low value. The noise level with this 
arrangement was less than 0.5 fjg for a specimen of steel at 600 (± 3)°C in flowing 
carbon dioxide at atmospheric pressure, the balance case being at 25°C.

After incorporation of the baffle, it was noted that small changes in ambient 
temperature produced large changes in the apparent weight of the specimen. This 
effect was attributed to non-turbulent gas movements between the tare tube and the 
balance head, of the sort considered by Schiirman e ta l }  Tlie effect was eliminated 
by installation of a vacuum-jacketed tare tube which ensured thermal equilibrium 
between the tube and the balance head.
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