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CHAPTER I
INTRODUCTION

Advances in science and technology have increased the demand for
materials capable of withstanding the effects of aggressive enviromnmental
conditions., As a result, a wide variety of alloy systems have been deve
eloped to overcome the inadequacies of pure metals, In the field of
metal oxidation, however, complications arise since the mechanisms of
alloy oxidation are more complex and not as well understood as those for
pure metals, Numerous oxidation mechanisms are described in the litera-
ture, but very few have been formulated on a mathemaéical basis, Advances
in the latter situation are mainly associated with the subject of internal
oxidation.,

Wagner has attempted to theoretically descride,on & mathematical
basis, the mechanism of oxidation for alloys in which one component is
or behaves as a noble element. Interesting oxide morphologies may
developg if diffusion in the alloy phase is the rate contrélling process,
Consequently, 1n.the present investigation, experiments were initiated
to selectively oxidize iron to wustite from iron ~ nickel alloys.

Since the diffusive flux of iron in wustite is extremely rapid
at elevated temperatures, it was hoped that diffusion in the alloy phase
would be rate controlling, Other oxides,in addition to wustite, will
form on iron -~ nickel alloys in air or oxygen; héwever. these were sup~
pressed by using CO2 -~ CO atmospheres as the oxidizing gas. Preliminary

tests revealed the formation of subscale in the alloy phase, and that



most of these alloys oxidized at linear rates, These observations
violate the basic aasumptiqna of present theory. Subsequently, experi-
ments were carried out in order to determine the mechanisms associated
with these phenomena,

In the following sections, the results of these experiments
are presented. The constant rate of uptake of oxygen from the gas
phase is theoretically described in terms of a rate limiting phase
boundary reaction, and the internal oxidation process is qualitatively
explained on the basis of the principles of diffusion in multicomponent
systems, These sections are preceded by a review of metal oxidation

theory and publications pertinent to this study.



CHAPTER II
REVIEW OF THE LITERATURE
2.1 Introduction

A metal or alloy in a gaseous énvironment constitutes a very
complex chemical system, and in many cases & concise interpretation
of experimental data can only be formulated with difficulty. A few
decades ago, many investigators thought that the mechanism of metal
oxidation was one of simple diffusion of metal or non-metal 1ions
through the oxide lattice. However, a marked increase in the number
of publications in the field of metal oxidation has Qignificantly
contributed to the understanding of this complex subject. It is
generally accepted that many other factors may influence the reaction
process, such as metal and oxide structures and oxide compositions,
oxygen solution in the metal phase, nucleation,and mechanical proper-
ties of the oxides.

It 1s the purpose of this chapter to present a summary of
metal and alloy oxidation prinbiples 1ﬁcorporating properties of metal
oxides, éeneral concepts of metal - gas reactions, empirical and
theorétical rate equations and the theories of internal oxidation. A
complete description may be had on consultingone of the standard works
in this field 1:2:3,4,

2.2 Oxidation of Metals

2.2.,1 Oxide Structures

Phenomena in metal - gas reactions may be related to the differ-

ent zones of activity, namely, the gas phase, the oxide - gas interface,

3



the oxide phase, the metal = oxide interface and the metal phase. In

the gas phase, there exists the possibility of gaseous diffusion, whereas
adsorption, deso:ption and solution of gases at the gas - oxide inter-
face may accompany the formation of oxide. In the oxide phase, the dif-
fusion of metal or non ~ metal ions and the migration of electrons are
the most important processes. Electron transfer, formation of oxide,

and the solution of metal or non = metal ions into the oxide are pre-
dominant at the metal — oxide interface. In the metal phase, a number
of processes may occur, such as the solution of various ions with the
possible precipitation of oxide, (internal oxidation).

It is necessary to understand the nature of .oxide layers before
discussing oxidation mechanisms. Practically all oxides are semiconductors,
and electrical conduction may occur either by electron holes, (p-type
semiconduction), or by electrons, (n-type semiconduction). Wagner(s)
et al. proposed that oxide semiconductors are not of exact stoichiometric
composition, but may contain an excess of either cations or anions. This
excess is accomplished by having cation or anion vacancies or ions in
interstitial positions in the lattice. Thus, the model for semiconducting
oxides, using a metal deficient oxide as an example, (p-type), is one
in which the cation lattice contains vacant sites, and electrical neutrality
is maintained by the formation of cations of higher valency or electron
holes, as shown in Fig. 1. Electrical conductivity occurs by the move-
ment of electron holes, and ions via cation vacancies.

The model for a metal excess or n-tyve oxide is one in which
there are metal ions and electrons in interstitial positions or anion

vacancies in the lattice. Several methods may be employed to test the
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validity of these models, the most successful being the measurement
of electrical conductivity of an oxide as a function of oxygen pressure,
The p-type oxide Cuy0 and the n-type oxide Zn0O offer good examples to

demonstrate the good egreement between conductivity measurements and

prediction based on the defect models. Wagner6'7 predicted and observed
~ that the electrical conductivity of Cup0 increased with the 8th root of
the oxygen pressure. It is assumed that oxygen adsorbed on the oxide
reacts with Cu+ ions to form Cuy0 and a vacancy in the lattice. Cu+
ions and electrons then migrate from the interior forming new oxide and
new defects., One oxygen molecule would lead to the formation of four

vacancies and four electron holes;
(02) = bouy + 4@ + 20uz0 2-1

where Cut, denotes a cation vacancy and ® an electron hole.
Applying the law of mass action,

o
2 = constant 2~2

[o] * [e]®

where [ | implies concentration. Since [CuB] = [@]

[Ou;} = [@] = constant (POZ) /g 23

Since the conductivity is proportional to the concentration of electron
holes, it should be proportional to the 8th root of the oxXygen pressure.
This was experimentally verified.

In the case of Zn0O, a metal excess oxlide, an increase in oxygen



potential causes interstitial zinc ions to form new oxide;

22477 + le + (0p) = 2200 2-4
or

2295 + 20 + (0p) = 2200 | 2-5

where Zi; represents an interstitial ion. Applyling the ideal mass action

law as before, the conductivity, K, is found to be proportional to (P03)” /¢

or (PO2)~ 4 ¥, Experimentally, K varies with (P0Os)” 1/3.6 to (r0y)” 1/5.
The variable composition range of oxides is one of the most imp-

ortant factors when considering metal oxidation reactions. The nature

of the defect structure of the oxide which occurs in a particular case

determines the oxidation rate. For an oxide layer growing on a metal,

an oxygen pressure gradient and a defect gradient exists across the oxide.

A concentration gradient within a single solid phase causes diffusion

of ions via interstitial or vacant lattice sites. Therefore, it is un-

derstandable that a knowledge of the defect structure and nature of the

diffusing species is necessary in order to understand the oxidation

mechani sm,

2.2.2, Oxidation Rates

Although compact oxides grow by a diffusion mechanism, other
processes, such as those mentioned above concerning the different zones
of activity in metal -~ gas systems, may be rate controlling, giving rise
to a number of empirical rate laws. A major consideration of gas = metal
reaction studies is to determine an empirical rate equation and, if
possible, theoretical rate equations dbased on physical theory to explain

the kinetics of the reaction. Kinetic data obtained from metal -~ gas



studies are most often compiled-in the form of weight gain per unit area,
‘gm/A, as a function of time,t. In many cases, the increase in weight
can be related to the thickness of the oxide film 4if the density and
molecular volume of the oxide are known.

The aimﬁlest rate expression is the linear equation, where the

thickness of the oxide film has no influence on the rate of uptake of

oxygens
dx =K . 3-6
dt &
or,
d,Am ]
—(==) & x "
at 4 - 2~7

which on integration gives,

P /
(5 = Eptv a 2-8

where Ké is the linear rate constant and A is a constant., Ideally,
{fn) = o vhen t = 0, therefore, 4 = 0. However, in many cases, only
part of a kinetic curve may be described by the linear rates as a result
of mixed reaction control during the initial stages of oxidation., In
all rate equations which do not pass through the origin, a constant
mast be added, but, for the sake of simplicity, will be omitted.

If the oxide is non-protective offering no barrier between
the gas phase and metal surface, the linear law is expected to hold.
Borous or cracked oxides are formed on a number of metals which show a
strong tendency to oxidize at a linear rate. These metals generally

have a low or high volume ratio of oxide to metal consummed. A low



volume ratio suggests that the metal is always exmosed to the gas phase.
This was suggested by Pilling and Bedwortha.-and become known as the
Pilling and Bedworth rule: if the volume ratio of oxide to metal con-
sumed 1s less than unity, a porous non-protective layer will be formed,
and if greater than unity, a compact oxide will be formed. The rule

can only be used as a rough gulide since there are a number of exceptions.
Other rate controlling interface reactions mentioned above and gaseous
diffuszion of reactants or products may also yield a linear reaciion rate.

Tammann9. and in an indevendent investigation, Pilling and Bedwortha,

formulated the parabolic rate law. This law is based on rate control by
either cation or anion diffusion. The rate of oxidation is inversely

proportional to the film thickness:

x = k 2=9
at X
or, on integration,
x2 = 2kt 2-10
In terms of weight increase,
(a5 ? = Kyt 2-11

where kp is the parabolic rate constant.
In some cases, it has been found that kinetic data for metals
exposed to oxygen at intermediate temperatures, 300° - 600°C, obey a cubic

law,

amy’ _
(E8)7 = kgt . 2-12
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However, the same data often can be approximated by other rate laws,

Finally, thin film formation may be described by a logarithmic
relationship,

(Aig) = Iy log(at+ t,) 2-13

where kl' a, and t, are constants, or its alternative, the inverse

logarithmic relationship,
- = A=k, logt 2-14
(Am/A) il _

The oxidation rates of metals and alloys rarely agree with a
given rate law ower a wide range of conditions, The oxidation rates
can quite often be divided into definite regions, such as, a linear
region followed by a parabolic region. A combination of rate laws is
often required. Copper, at low oxygen vressure, oxidizes linearly,

then gradually changes to a parabolic rate. This may be written as,
(A2)%4 Ky(am) - ‘ 2-15

which indicates that two processes are rate controlling. In the early
stages, (A.ﬁ)z is small, and the rate is essentially linear. At 2 later
A

stage, (&) is small compared to the first term, and the rate is
A

essentially parabdbolic,

2.2.3 Effect of Cas Flow, Temverature, Pressure

The major effect of gas flow is to increase the supply of reactant
gas and to remove gaseous reaction products. Gas flow affects the transi-

tion between interface coantrol and gaseocus diffusion control.
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The effects of gas vressure and temperature often aid in the
internrctation of a reaction mechanism. In many cases, when stable oxides

are formed, and at high pressures, (> lmm), there is no pressure effect

or only a very small effect. However, ot low pressure, an effect is
often observed. The rate of gaseous diffusion to the reaction surface
may be rate controlling, and the flux of gaseous molecules is directly
proportional to the pressure. If an interface reaction is fate‘control-
ling, such as/ the dissociation of a diatomic molecule..one would expect
the rate to increase with fhe square root of the gas vpressure. If a
diffusion nrocess in the oxide is rate controlling, the oxidation rate-
pressure relationship can be quite different devending on the diffusion
mechanism, Since the value of the diffusion constant devends uvon the
concentration of lattice defects, a pressure devendency is exmected
when the gas pressure has an effect on the defect structure of the oxide,
as was illustrated above in the case of Cu20.1°

The effects of temperature may be of assistence for interpretation
of reaction mechanisms. Surface reactions may be expected to obey an

Arrhenius relation,

k_ w A Q-Q'/ RT ) 2-16

where k is the oxidation rate constant, A is a constant having the same
units as k, and Q is the activation energy required for oxidation. Rates
controlled by interface reactions are exvected to vary exponentially
with temperature. The temmerature denendeﬁce of diffusion rates can

be exvressed in the same manner, and therefore, an exponential temperature

dependence is expected.
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The following summary may be made, in view of four main rate
controlling orocesses,

(1) gas diffusion rate controlling: time has no affect on the
rate; & linear pressure devendency is expected; and the effect of tempera-
ture is small., The latter effect is a result of the insensitivity of the
varameters determiningkgas diffusion rates to temperature;

(2) interface reaction control: there is no time devendence; a
linear or square root of vnressure devendence is exnected; and the rates
are exponentially related to temperature.

(3) diffusion vrocess: this vrocess requires a square root of
time dependence and an e;nonential variation with temperature; however,
the effect of nressure devends on the diffuslon mecheniem;

(&) vhysical orocesses, such as mechanical failure of oxides,

are complicated; time, vressure and temmerature demendencies are unknown.

2.2.4 0Oxidstion Mechanisms: Thin Films

Severai mechanisms have been suggested concerning thin film
formation. The processes are less understood than those of scale growth.
No attempt will be made to comvletely describe the theories since

L2354 qivision between

-

descrivtions are available in the literature.
thin and thick films mey be made on the basis of the nature of the
concentration gredient oroviding the driving force for the reaction,

Thin films are formed by ion migration under the influence of an electric
field across the oxide, whereas thick films are formed by a thermélly
activaeted diffusion process in an electrically neutral oxide. A film

greater than 10'“ cm, is a thick film, since field effects are minimal
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at this thickness.

Cabrera and Mottll proposed a mechanism for thin film formation
by assuming that a chemisorbed film exists on the oxide surface, and
that ions and electrons move indopendently in the film., ZXlectrons are
able to pass from the metal vhase to the adsorbed oxygen atoms, either
by thermionic emission or by the quantum mechanical tunnel effect. EHow-
ever, ions cannot readily diffuse through the film at low temperatures.
Accordingly a strong electric field is developed across the film which
is capable of causing ion migration through the oxide,

'In the case of an n-type oxide, Cabrera and Mott derived a vpara-
bolie rate equation for films less than 1000 2 for the condition that
the diffusion rate was provortional to the field strength. For a p~type
oxide, a cubic rate equation was derived. For very thin films, less than
80 2. the electric field strength is so large that the rate of ion
migration is not directly provortional to the field strength. Under
these conditions, the drift velocity was exponentially related to the
field strength, and an inverse logarithmic rate equation was derived.
Evidence for the validity of these equations can be found in the literature.

For formation of oxide films less than 50 & thick, Hauffe and
Ilschner:? have assumed that electron transfer by the tunnel effect is
rate controlling and exponentially related to the field strength. 4
logarithmic rate equation was derived. Other attemots have been made
to derive expressions valid for thin film formation. Grimley and Trapnelll3
suggested that the adsorbed layer of oxygen atoms could be saturated even
at low temperatures and vressures. JIlectrons may be provided by cations

at the oxide - gas interface, which undergo & change in valency. In this



case, the field is localized to the ion pair. Adsorbed oxygen atoms
attract nositive holes in p-tyve oxides, and could form neutral pairs,.
Dissociation of these neutral vairs by electron transfer from the metal
would produce fiold creating fons, Considerations based upon equilidrium
states between neutral pairs and such ions lead to the development of
logarithmic, cubic, and linear rate equations. Uhliglu also derived
logarithmic, and cubic rate equations for formation of films in the
thickness range of 10“ 2 by assuming that electron transfer from the
metal to the oxide vhase determines the oxidation rate.

Since the theoretical derivations are difficult to confirm,
many additional detailed investigations are necessary to clarify thin
film mechanisms, and the validity of the oxide film models.

2.2.5 Oxidation Mechanisms: Oxide Scales

As oxide formation vroceeds to the extent that electron field
effects in the film can be neglected, the parabolic rate law is often
obeyed by a number of metals and alloys. The mechanism for scale growth
according to this law has been described by Wagner.15 The mechanism
is based on the model of a semiconducting oxide. The rate of film
growth is controlled by the diffusion of the reactants on a concentra-
tion gradient existing across the scale. Wagner derived en expression
for the rate of scale growth in terms of the specific conductivity of
the scale, K, the transport numbers of the cations, anions, and electrons,
and the free energy decrease of the oxidation reaction, quantities that

can be measured independently. This expression is,

A3(8)
= }300 A ( Wl 1 2-17
o {935001%] T‘+2:‘2;KZX ung
My (m)

\
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where én is the number of gram equivalents of oxide formed per unit
time, itis the croess sectional area, N is Avogadro's nunmber, evie the
electronic charge.Z:.ZZ,?Eare the transport numbers of cations, anions,
and electrons respectively, 2Zx is the anion valency, u,(s) and a,(m) are
the chemical potentials of the anions at the oxide - gas and metal -
oxide interfaces, and § is the film thickness. The vortion of the
equation in bracﬁets is called the rational rate constant, kjpe

h’agnerl6 also obtained an alternate expression ﬁtilizing ion

mobilities which can be expressed in terms of the self diffusion con-

ctants of the ions, namely,

Qe (M) -
kr = Ci (Dé 4+ _g_x D} ) d 1n ac 2f-18
c
A (9
or,
Gx (s)
= 1 T
k. = cij‘ (Dciﬁ + D} ) d1ln a_ 2-19
Q. (m)y 2y
whers Cy = .. = 3.0, is the concentration of metal or non - metal ions,

a, and a, are the thermodynamic activities, and Dé and D; are the self
diffusion constents of the metal and non - metal ions resvectively.
Equation 2-17 has been exverimentally verified for a number of
cases15117,18 and most rigorously for the oxidation of copper to Cu20.lo
Equation 2-18 has been successfully tested for the oxidation of coba1t19
and ironzo. Other investigators, notably Hoar and Price21 Jostzz. have
derived special forms of the Wagner relatidnship using analagous models,

Several other mechanisms have been introduced; in general, they
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are associated with rate laws other than the varabolic law or deviations
from this relationshin. Smeltzer et al.23 noted that titaniup, zirconium
and hafnium, in the range 200 = 600° C, oxidized too rapidily for the
mechanism to be exvlained by a normal diffusion process, It was postu-
lated that short circuit diffusion paths such as, grain boundaries and
dislocations, may exist in the oxide. Two parallel reactions oécur.
normal lattice migration with a diffusion constant Vy, and short circuit
diffusion with constant Dy. They assumed that the fraétion of total
sites, f, available for the diffusing species within short circuit paths,

decreased exponentially with time. The rate equation is as follows:
. .
2 - E, [t + f_k.z‘_ {1 - exp(-kt)}] 2~20

where x is the film thickness, ¢t is time, kp the parabolic rate constant,
o = gB/DL and k is a constant. Excellent agreement was obtained between
theory and experimental data.

Mechanisms have been advanced to account for the occurrence of
paralinear (parabolic followed by linear) and linear rate laws2® These
models are usually based on the formation of porous non - protective
scales., However, under svecial conditions, the growth of a compact,
pore free scale may follow a linear rate law. For example, owing to
the exceptionally high concentration of vacant lattice sites in wustite,
iron can diffuse ‘'rapidly to the oxide - gas interface, and the surface
reaction becomes controlling when the oxidizing potential of the gas
vphase is low. This behavior would be confined to an oxide of high
defect concentration. The pronosed mechanisms for this type of oxida-

tion are pertinent to the present investigation, and will be presented
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in detail in a later section.

2.3 Oxidation of Alloyse

2.3.1 General Features

It 48 not yet possidle to predict the oxidation effects to be
expected from the addition of an alloying element to a pure metal by
a unified theory. A number of factors must be considered; for example,
the affinity of the alloy constituents for the commonents of the reactant
gas, the solubility limits of the phases, the diffusion rates of atoms
in alloys and in the oxides, the formation of ternary compounds, tﬁe
relative volumes of the various phases, all of which may be functions
of temperature and pressure. Several limiting cases of a2lloy oxidation
have been theoretically treated, and it is hoped that advancements in
knowledge will vermit the derivation of a more universal theory.

In considering the oxidation of a binary alloy, it is useful
to determine if one constituent will behave as a noble element. The
free energies of formation and the resultant dissociation pressures of
the oxides can be used as é guide. If the oxygen vmotential is less than
that required to form the oxide of one element but exceeds that of the
other, the oxide of the latter will be stable and grow. This tyve of
reaction is known as selective oxidation. Hdwever, if the oxygen vote~
tential is high and exceeds the oxidation votential of both elements,
2 number of possibilities exists. In very high oxygen potentials, only
the presence of a noble element, such as gold, platinum, silwer, etc.,
will vpermit selective oxidation. Consideration of free energy data
will not allow one to speculate concerning the distribution of reaction

products.
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Some insight may be gained on the distribution of vhases if the
ternary vhase diagram for a binary alloy A-B and oxygen is known for
the conditions of diffusive growth of mhases and revnid interface re-
actions as described by Clark and Rhines>” and Kirkaldy2S, Once the
existance of the more noble element has been determined, it is usually
beneficial to consider the possible modes of oxidation,

Moreau and Benard?’ have presented a very general classification
of these different modes based on experimentel observations. The classes
are illustrated diagramatically in Fig.2. Class I refers to the case
of sclective oxidation. This classification can be divided into two
subgrouns, I, and Ip, where the former concerns the selective oxidation
of the minor addition and the latter to the major component. In each
case, there a2ppears two possibilities. The oxide of the minor more
reactive element may be nucleated and precipitate within the matrix of
the major element. The formation vrocess is called internal oxidation,
(Ii). Another vossibility 1is the format;on of an oxide film of the minor
element, (Ii).' |

Again two possibilities exist in the case of the selective
oxidation of the major element. A thick oxide layer may be formed on
the alloy surface, which contains entravped globulea of the addition
element, (I%). or the more noble element may concentrate at the metal -
oxide interface, and subsequently diffuse back into the metal phase,
(13).

Class II deals with the simultanecous oxidation of both elements.
Again it is possible to sudbgroup the various modes of oxidation. In

Class II,, the oxldes are insoludlie, and either the minor or the major

element has a greater affinity for oxygen. If the minor element has a
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higher affinity, its oxide may nucleate on the surface or precipitate
as internal oxide. Since the oxide of the major element can form, it
will entrap these nucléi or precipitates as the metal - oxide interface
recedss, The end result'ia a diepercion of one oxide in the other and
internal vrecipitates of the former in the metal phase, (II&). ‘If the
major element has a greater affinlty for oxygen, the process of internal
oxidation does not occur as above., Therefore, the reaction product
consists of a dispersion of oxide particles in the oxide of the major
element, (Ili);

The second subgroup refers to mixed oxides, that is oxides in
which the two alloying elements are associated. These oxides dccur
most frequently at high temmeratures and oxygen votentials. The simolest
case to describe is the formation of a solid solution of one element in
the oxide of the other, (II%). The other case concerns the formation
of oxides which avvroach stoichiometric comnosition, (II%). The most
frequen£ reaction gives rise to a spinel oxide, AB204.

It can be seen that the above classification is quite general,
and introduces some clarity to the complex vroblem of allcy oxidation.
It is unfortunate that variations from these simvle cases may occur as
a result of mechanical strésses. coalescence of_oxides. and other factors
often characteristic of particular system.

In the above classification, Moreau and Bénard also considered
the additional factor of the apvearance of multilayered scales. If a
metal exhibits several stable oxides, they may avnear in vairious pro-
portions, depending on conditions of temperature and pressure. The oxide

richest in metal will be located adjacenf to the metal phase, whereas
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that richest in oxygen will be nearest the gas phase. ZEven under
conditions of high oxidation potentials, where only the apvearance of
the most stable oxide is exvected, the potential at the metal - oxide
interface favours the formation of the other oxides, and these will
grow, Examples illustrating these effects are covper base alloys
which form cuorous and cunric oxides, and iron base alloys which form:
wustite, magnetite, and hematite . Valensizs has derived an exvression
for the relative thickness for two oxide layers formed on a metal for
ideal and simplified conditions,

2.3.2 Alloy Oxidation Rates

It is necessary to mention that the emnificél relationships
suggested in section 2.2.2 apply equally as well to alloy oxidation.
However, the kinetic data obtained from alloy oxidation experiments
often deviate from these ideal rate laws.

The conditions necessary for the parabolic law to hold in alloy
systems are as foilows. The sequence of reaction layers must not change
with time and secondary alteration of the scale structure, such as
cracking and phase transformationg,mustnot sccun. Interface reactions
must be sufficiently rapid for establishment of local thermodynamic
equilibrium. In order to define dboundary conditions, the comvosition
of the alloy at some point must be the initial comvosition, and the
diffusion constants of the variocus species should not be a function of
concentration,

It is obvious that the overall number of kinetic factors to be
considered in any theoretical description of alloy oxidation ie rather

large, Nevertheless, several attemots have been made to theorétically
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describe the oxidation mechanism for a few limiting cases,

2.3.3 Alloy Oxidation Mechanisms

2.3.3. (2) Ternary Metal Oxides

Since the oxides formed on alloys are ternary semiconducting
layers, the effect of the dissolution of solute’ metal ioms into the
oxide layer of the solvent element at least camamlitatively may be
oredicted by the defect models described above. The rate of growth of
these compounds demends on their defect concentration which. acéording
to this mechanism, may be increased or decreased by the addition of
solute ions.

Consider for exammle the metal deficit p-tyme oxide NiO, and

the equilibriunm,
&
1/2 0, = Nig + 2@ + ©Nio , 2-21
the mass action constant is given by,

[mg"] [@]a = Constant (POZ)% 2422

the notation being the same as above, If a solute ion of higher valency
than 2 is added, it will substitute for nickel ions in the oxide lattice
in a higher valence state than nickel, and decrease the concentration

of positive holes. The concentration of vacancies increases, and‘sinée
the oxide grows by diffusion via vacant cation sites, the rgte of‘ox;da-
tion is expected to increase. On the other hand, if an ion of lower
valency is added, the concentration of positive holes will increase and
the number of vacant sites is reduced on being filled byvthe solute ion.

Therefore, the oxidation rate will Ve decreased. These effects have been
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experimentally veri fied. 1,2,3,b Similarlily, it can be shown for metal -
excess oxides, the addition of ions of higher valency decreases the rate
of oxidation, whereas additions of ions of lowervalency iacreases the
rate,

A special case of alloy oxidation, involving diffusion processes
within the alloy and external scale, concerns the oxidation properties
of a noble metal -~ base metal system. This situation has been amenable
10 theoretical analysis and is of particular interest to the present
research on the iron - nickel system.

2.3.3. (b) Oxidation of Alloys With Noble Metals

Wagner29 discussed the oxidation process for - a binary a2lloy in
which one commonent is a noble metal, and for the case of uniform scale
formation., The treatment was cartiéd out for the system nickel -~ blati—
num Qhere nickel oxide is formed over the entire concéntration range,
conteining only very small'amounts of vlatinum in solid solution. From
this anaiysis, the ratio of the rate of formation of nickel oxide on
the alloy to pure nickel for a given thickness of the oxide layer is,

- &= (NA(@)!HA(i)) 1/3

1= (Nﬁ(e)) 1/3

Here, Ny(eg) 1s the equilibrium mole fraction of nickel at the metal -
cxide interfece coexisting with the oxide and ambient gas, and Nh(i)_
is the equilibrium mole fraction coexisting with the oxide and gas when
the gas pressure equals the dissociation pressure of pure nickel oxide.
Since concentration gradients exist in the z2lloy vhase as a result of

the formation of oxide, impoverishment is relieved by diffusion of nickel
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from within the bulk alloy to the metal - ocxide interface. Applying

the prover boundary conditions to the solution of Fick's laws for the‘
model illustrated in Fig.3, an expression was obtained containing the
parameters ¢ and NA(i)' The theory was compared with exveriment by
simulteneous solution of the two equations, since the velues for the
remaining parameters are available in the literature. Reasonabdble agree-
ment was observed for platinum rich alloys. In order to explain devia-
tions at higher nickel content, several arguments were advanced, includ-
ing the fact that impurity additions or platinum affect the diffusivity
of nickel in the oxide,and the observation by Thomae30 that these alloys
oxidizc«internélly.

The above analysis wes based on the premise that a planar metal-
oxide interface is stable in noble - base metal alloy systems. Wagner31
has demonstrated that under certain conditions a planar alloy - oxide
interface is not staﬁle. The interface was assumed to be slightly ver-
turbed and take the form of a sine wave profile. Applying Fick's law
with appropriate boundary conditions the local drift velocity, uy, of
the metal-oxide interface was calculated in terms of the diffusive flux
of the non-noble element. The differcnce between this velocity and the

-

average velocity of the interface, ué. was determined to be,
A A / ¢ . ol
wo-uy = o~ul (27vY /a) sin (2wy/A) 2-2

where b ='tke zmplitude of the sin wave
A = wave length
y = distence parzllel to metal oxide interface

and ¥’z (e=1) / (a+ 1)
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In this latter expression,

T yhy &
q:I‘A. . D¥Y 225

1-N,  Dajyn

where NA_;nthe average mole fraction of less noble element at the
average plane interface (x*).
VI, V* = molar volumes of alloy and oxide resvectively,

D! = interdiffusion coéfficient in alloy, |

VD" = celf diffusion coéfficient in oxide.

Thus, if diffusion in the oxidé is rate controlling, N does
not differ from the bulk, and D'> D", Therefore, 4> 1 and deviations
from a vlane will tend to disapvwear, that is a planar interface will be
stable, If diffusion in the alloy is rate controlling, the value of Ny
will be decreased, and D*> D!, therefore, variations in the alloy-cxide
interface will be amvlified giving rise to & non-vlanar interface. In
the limit, as shown in Fig.X, an interface will be developed where pro-
truding sections of the oxide of the less noble bamnonent will alternate
with slender trunks of the alloy enriched in the noble element. TFor
this condition of diffusion control 1n the alloy vphase, -expressions were
derived for the thickness of the oxide film, the thickness of the two
vhase layer consisting of oxide columns alternating with slender trunks
of oxide and the overall rate of oxidation. A purpose of this investiga-
tion was to test these 1aealized mechanisms for the iron-nickel system.

9

. Another interesting situation studied by Wagner2 concerns an
alloy consisting of two components, one of which, A, forms a highly

protective oxide compared to that of the other, Class Ii, Fig.2. 1In
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this case, it is desirable to know the-minimum concentration of A re~
quired for exclusive formation éf a highly protective film, AO. The
necessary requirement is that the diffusive supnly of A to the metal-
exide intérface is at least greaster than the consumption of metal. &
relationship for the minimum value may be obtained by setting the

diffusive flux equal to the rate of consumption, This amount is,

Ny(min) = _1 <77' ko) % , _ 2~-26
18z, \_ D

vhere 2, = the valency of A

D = diffusivity of A is the metal
kp = varabolic rate constant
C = concentration of A in the bullk in g-atoms/cm>

A numdber of systems, iron - aluminium, iron - chromium, iron - silicon,
show qualitative agreement with theory. Rapp32 found agreement with
theory in his investigation of the silver - indium system whereas Maak33

did not find agreement for copper-berylium alloys.

2.3.3. (¢) Internal Oxidation
A number of investigators 34,35,36 observed that comper alloyed
with baser elements such as silicon, manganese, tin, etc., formed a
layer of alloy enriched in copper containing oxide varticles of these
less noble elements beneath an outer scale of cuorous oxide. Smitth
referred to this layer as a subscale and the formation mechanism as
internsl oxidation. A very extensive study on the internal oxidation
of copper base alloys has been carried out by Rhines3an studies on
38

Lo

silver base alloys by Rhines and Grobe” , Leroux and Raub.39 and Norbury.

There are numepous obgervations repvorted in the literature concerning
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subscale formation in iron~dbase etllloys.lf1

Initially, it was thought that internal oxidation would occur if
alloye contained small amounts of a more reactive element, which nrefer-
entlally oxidiczed within the slloy ans, a result of oxyzen diffucion into
the alloy. Rhines and co-workers have stated that it is entirely vos-
sible for the oxygen suvply to the subscale to originate from the thermal
dissociation of an external oxide film at the alloy - oxide interface.
4t is not necessary for an externai scale to be present, since oxygen can
be adsorbed from the gas vhase and subsequently diffuse into the alloy.
Vhen the concentrations of the two reacting svecies reach values exceeding
the equilibrium saturation values of the oxide in question, thic oxide
may be randomly nucleated and grow.

Bhines descrited the following conditions necessary for internal
oxidation; a relatively high solubility of oxygen in the slloy, spprec-
iable diffusivity of bxygen. possibility of formation by 2n alloying
element of an oxide more stable than the solvent metal, a low solubility
of the oxide in the zlloy and, the constitution of the system, regarded
as a ternary, must be such that a quasi-binery equilibrium may occur
between the solid solvent and the vrecivitating oxide at temperature.

However, objections may be raised concerning the above descrip-
tion of internal oxidation and esmecially Bhines! third condition as
vointed out by Thomas.50 Oxidation tests, cartied out on binary écnner—
vlatinum, copper - palladium, nickel - platinum alloys, demonstrated that
the oxide of the solvent or host element may constitute the subscale.
Therefore, the conditions and description of internal oxidation must be

given more gemnerality.
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The degree of internal oxiddtion is devendent on the amount of
oxygen fluxed into the alloy intefior, which is a function of oxygen
solubility and diffusion rate, neglecting the flux of the solute element
to the surface. In cases where the oxygen diffusion rate is fast, the
oxide varticle size is small and the venetration devth is large. Increas-
ing temperature and reacting metzal concentration promote a large varticle
size. In general, the varticles are randomly distributed within the
alloy matrix and mey aguitre-a vqriety of shapes, Regarding distribution,
SmithBu has reported an interesting exception. In certain alloys, rows
of vrecipitates were formed parallel to the surface, referred to as
Liesegang ring formation. This tyve of vprecipitation has been observed,
for example, in gels whereby a solute salt is precinitated by the inward
diffusion of a suitable reaegent. TFor occurrence of this vhenomenon,
nucleation can only occur if there is sumersaturation of the reactants.
Upon precivitation, the growth orocess devletes the region of the react—
ing element ahezd of the vrecipitate, thus, further nﬁcleation may occur
only at a front at a discrete distance ahead of the previocus one,

Theoretical determinations of subscale wenetration rates have
been cafried out for several specific cages. Rhines et al,?z 13:3.1'ken'+3

and Meijeringland Druyvesteynbb

have considered the case when no external
scale is formed. These investigators assumed that oxygen saturates thé
alloy surface and diffuses into the interior, and the oxidizable élloying
element diffuses independently outwards forming its oxide with the counter—-
diffusing oxygen. Annlying Fick's laws, exnressions were develoned for

the continuocus penetration of the subscale front, which corresponded to

a varabolic time dependence. In order to test their exoression, Rhines
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et al. found it necessary to &ssume 4the concentration of oxygen and the
elloying element went to zero at the subscale-alloy interface. The simp-
lified expression was used to calculate the subscale penetration for a
number of copner base alloyaha and silver baaQ allcya.38 The agresment
with exveriment was generally good; however, appreciable deviations
occurred with some alloys.

L5

Wagner

.. Lé
and Bohm and Xahlweit N have adopted a different avoroach

to the same problem. In each case.'the.subscale front‘waéasgumed to obey
a varabolic dependence, that is, the thickness of the subscale region

is directly vroportional to the square root of time. Fick's laws were
solved to obtain an expression for the proportionality constant in

terms of the oxygen solubility gt the surface, the bulk concentration

of the alloying element, and the diffusivities of oxygen and elloying
element.

In a more extensive analysis, Rhines et exl.b2 have derived
expoessions for the rates of both external scale and subscale growth.
The two expmressions were of varabolic form. Each equation contained the
varabolic rate constants for subscale end external scale growth indic~
ating the interdependencies of the growth rates. The theoretical rate
laws were not quite satisfactory for interpretation of several copper
base alloys, although disagreement was-not too serious. The zuthors
indicated that the assumption that the presence of internal oxide did
not interfere with the growth process probebly was a source of error.

The third case, where the external snd internal oxide consist of
the same metal, is of particular interest because similar observations

have been made on the iron-rickel system in the vresent investigation.
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Thomas”~ considered the oxidation properties of the copper-platinum,
copper-palladium, and nickel-platinum systems at elevated temperatures,
and found that all the alloys invectigated oxidized internally as well

as externally. Also, the same oxides, cuprous and nickel oxide,consti-
tuted the external scale and the subscale. Basically, the fundamental
problem in this situation was to obtain a satisfedory mechanism to
account for internal oxidation. If one component oxidizes preferentially
to form an external sczle, the oxygen potential or preséure at the metal-
oxide interface is equal to the dissociatioﬁ pressure of that oxide.For
an idezl solution, the oxygen pressure, everywhere in the metal phase,
would be lower than that required to onrecipitate cxide. Therefore,

Thomas proposed that a small amount of noble metal dissolved in the oxide
increases the dissociation pressure of the oxide. To confirm this
hynothesis, it was demonstrated experimentally that a very small amount
of platinum or palladium was in solid solution in cuprous oxide. The
noble metal concentration was highest at the alloy-oxide interface, and
decreased with distance from this interface. Therefore, the partial
pressure of oxygen at the subscale-alloy interface is less than that at
the alloy-~oxide interface, and this pressure gradient represents the
driving force for diffusion of oxygen across the subscale.

The model presented by Thomas is shown in Fig. 5. Copper diffuses
throuzh the subscale on the concentration gradient (NCu(i) - HCu(m))/fi
and enters the scale as ions. These ions diffuse through the oxide on
the gradient (N, (n) = N;(S))/ge to react with oxygen. At m, cuprous
oxide dissoclates into copper and oxygen atoms, and oxygen diffuses

through the subscale on the concentration gradient (No(m) - No(i))/fi .
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It was assumed that the concentration gradients were linear, the oxide
vreciptation did not interfere with diffusion processes, the diffusivity
of oxygen in the alloy is indenendent of comvosition and that the solu-
bility of oxygen increases with increasing noble metal content. The
value of No(i )y was teken to be zero, arnd all other concentrations were
assumed to be independent of time for fixed external conditions. TFurther-
more, the subscale and scale growth rates were assumed to be parabolic ,

that is,

2

§?. = KEt and f;-: Kst 2=27

Considering the original alloy-gas interface as the distance origin,

Thomas derived the following ecquations from Fick's laws:

(g% = 2 2% M (m) = T (o) 2-28
2oy No(m)Ds Toulm) 3
. — + —= (Xgp)Z
MO (Ks)?ﬁ' EV) ’
()% = 2Dy (N (n) = Fé(s)) (1 - _ 2Dcu ) 2-29
(E5)2 (Ngu(b) = Nou(1)) I
% = ¢ (=)t 4 (x)? | S

where K = %’?/t. D+= diffusion constant of copver ions in cuprous oxide,
Doy = diffusion rate of Cooper in the alloy, g) = volume ratio of oxide
to metal consumed and Ngy(yp) is the bulk mole fractlon of copver.

If all the terms are known, the equaftions can be soleed simultane-
ously for Kg. However, Thomas found it necessary to treat the first
exoression, 2-28, as a quadratic in KE and substitute in experimental
values of Kg to test the relation. The agreement was good. Equation

2~29 could not be tested on the same basis, since NCu(i) was unknown,
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However, using experimental data in the equation, calculated estimations
of this unknown parameter seemed reasonable., According to this enalysis,
the rate constant for external scale formation was primarily governed
by the diffusion of cOpper'in the suboecale, whereas the pubecale rate

constant was largely determined by the diffusion of oxygen to the subscale-

alloy interface.



CHAPTER III
OXIDATION PROPERTIES OF IRON, NICKEL AND IRON-NICKEL ALLOYS

3.1 Oxidation of Iron

Fumerous investigations have been revorted in the literature
concerning the oxidation properties of iron over a wide range of tempera-
tures and reactant gas pressures. This is not surprising when one con-
siders the technological imvortance of this metal; this fact has stimu-
lated many resgarch projects.

There are veculiarities in the iron-oxygen system, shown in Fig.6,
which are not usually charactéeristic of other mater;ala. Three oxides
are stable at temperatures greater than 570°C, namely wustite, FeO,
magnetite, FOBOM' agd hematite, Fe203. and these oxides lead to the form-
ation of multilayered scales at elevated temperatures. Phoiomicrogranha
of the oxide layers have been published, and excellent examples are given
by Paidassi®’. Below 5709C, bulk wustite is unstable, although it may

be present as a thin film adjacent to iron at temperatures as low as

k0o, k859
Results obtained from inert marker and radiocactive tracer diffusion
studiesso‘sl'sz and investigations vpertaining to the phase limits of the

iron-oxygen system53'5h’55 allow one to resolve the defect siructure of
these scales. Wustite 1s a p-type oxide of a large composition range
which does not include stoichiometry. The defects consist of vacant

3%

cation sites and vositive holes, (Fe” 4ions), and diffusion occurs via
cation vacancies,

Magnetite contains an excess-of oxygen.'however. it is much smaller

36
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than for wustite, and the corresvonding defect concentration is smaller.
Birchenall et 31.50.51 found that both cations and anions diffuse in
magnetite from tracer studies, However, it is generally assumed that
diffusion is mainly cationic. Hematite éxlete with an excece of cations
and diffusion 1s anionic via anion vacancies,

At temperatures below approximately 200°C, a logarithmic cxida-
tion rate has dbeen observed56’57'58. Above this temverature, in oxygen
or air, the oxidation rate has been revorted to obey a parabolic relation-
ship.8'51'59’60'61'62'63’6h' These results imply that the mechanismes of
cxidation are associated with a thin film model in the former case, and
diffusion processes in the latter. Indeed, Simnad, Davies and Birchenall51
determined the oxidation rates of iron to wustite. wustite to magnetite,
and magnetite to hematite and found that the parabolic law was obeyed.
The self diffusion coefficients of iron in the three oxides were determined
by Himmel, Mehl and Birchena115° and the experimental oxidation rates
were compared with the rates calculated by substitution into Wagner's
theoretical rate equation. The agreement was good. Paidasei’? has
metallographically demonstrated that the three oxides thiclken at a vara-
bolic rate at temperatures greater than 700°C. The relative thickness
of the lsysrs wae approximstely 100/5/1 for T Fed/ T req0)[fFe,05 and these
values are indevendent of time,

It was mentioned in the previous section that comvact scales
can be grown on iron at linear rates in atmosvheres of low oxidation
potentials, Under svecial conditions, the oxygen pressures in carbon
dioxide and water atmosnheres are sufficiently low for iron to exhibit

this oxidation behavior, TFischbeck, Neundeubel and Salzer65 initially
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obgerved these linear reaction rates on oxidizing {ron in carbon dioxide,

Since studies on the oxidation kinetics of iron in eatmospheres
of low oxidation votential are of svecific bearing to the work in this
Lwostigntion, reported data will be peviewed in gome deteil.

Hauffe and Pfeiffer66 oxidized iron in carbon dioxide-carbon mon=
oxide atmospheres at 900° ~ 1000°C. Wustite was the only oxide formed
for kinetic reasons to be deseribed. ALAgain, it was found that the uotake
of oxygen was proportional to time suggesting that a nhasé boundary re-
action was rate controlling. Since the reaction rate depended on the

gas pressure as follows,

0.71

Kj, = constant (Pcaz /Pco) 3=1

the authors suggested that the overall rate determining reaction was the
dissociation of carbon dioxide on the wustite surface producing chemi-

sorbed oxygen ions, That is, ,

Co, = Oy + co+ @ 32

followed by the incorporation of the adsorbed sveciez into the wustite

lattice,
Opq = FeOt Feg * @ ' >3

where (¥) denotes an electron defect and Fegq = vacéﬁt cation site in the
wustite lattice. Furthermore, Pfeiffer and Laubmeyer®” etudied the oxida-
tion of iron at very low oxygen notentials. established by the Cuz0-Cul
equilibrium, and linear rates were observed, The following relationshivo

between linear rate constant and oxygen pressure was obtained,



- , 0‘7 2.}
Ky = constant (Py,) 3l

and, by comparison with equation 3-1, concluded that the oxygen potentlal
regsulting from the dissociation reactlion was controlling the rate of oxide
formation,

In a recent comprehensive ihvestigation,?ettit ,Yinger and Wagner68
studied the oxidation of iron in carbon dioxide-carbon monoxide atmospheres
at 9259-1075°C. A chenmisorntion reaction was assumed to be rate control-

ling, namely,
COp = €O + Onq - 3=5
The number of equivalents of oxide formed per unit area per unit time,

g. is given by,

3 = x'Pgg, ~ k'Pgo 3-6

where k! ig the reaction rate constant for the forward reaction and k"
for the reverse reaction in equation 3-5. According to Wagner and Kobay—
ask169, the rate of dissociation of carbon dioxide is a function of the
concentration of electron defects in the oxide. Since the decomposition
reaction was assumed to be rate controlling, the concentration of defects
was considered to be given by the equilibrium between iron and wustite.
Therefore,lthis concentration does not appear in the kinetic equation.

At equilibrium, 3 = O, and,
W/t = peld €q =
k" /Xk I‘COZ/PCO K 3=7

where K is defined by the equilibrium,

Fe + €0, = CO + FeO 3-8
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Substitution into equation 3-6 and writ ing Pco2 in terms of the total

pressure P, Pettit et al, obtain,
K; = k(14 K) (n - ¥ (cq)} 22
L= " COZ COZ =

where Ngo, is the mole fraction of CO2 in the gas phase and the subscript
(eq) denotes the mole fraction of CO; in the stmosphere in equilibrium
with iron and wustite. The results of Haouffe and Pfeiffer66 are commat-
ible with this exoression.

Smeltzexr’0 also investigated the mechanism of oxidation of iron
to wustite in carbon dioxide~carbon monoxide atmosplieres assuming as
before that the kinétics were determined by a chemisorption reaction.
Furthermore, it was assumed that carbon dioxide was adsorbed irreversibly
to form chemisorbed oxygen and carbon monoxide, The elementary steps

for the oxidation reaction are as follows,

00z(e) » Czas + 2@, + C0lg) | 3~10
Ozgg + FeO + TFegey 3-11
Feqep + 2@“);: Teggy * 2@ (i) 312
Pe(g) + Peg (1) + 2@(1)' = wdd . 313
Gas + 20 (o) » 10y, 3~14

The subscrints (g), (o), (1) refer to the gas phase and lattice defect
structure at the oxide-gas interface and metal-oxide interface respectiwely.
Nil refers to the annulment of lattice defects by the solution of iron

into the oxide.
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Oxidation would obey A varabolic-law if the concentratiqn of
vacancies and electrons holes equalled their equilibrium values. Since
linear rates were observed, equations 3~10 and 3-1l were assumed %o reow-
present the rate controlling vrocesses. Coneldering that the surfece
coverage of adsorbed oxygen,®, is constant during oxidation, and that
the lattice defects in the oxide are equilibrated with the metal phase,
Smeltzer derived the following expression for the surface coverage,

Q= F‘%ﬁ (Poo, = Poo,)14 __ %2 (Pgo, = Phg) 15

3T %6 k3 + kgk
where ko k3 and kg are the rate constants for oxygen chemisorotion wustite
formation, and oxygen desorntion resvectively; K is a constant defined
by the equilibration of irom with wustite.

Two aporoximations to equation 3~15 were considered, namely, that
© approaches gzero and the oxidation rate is determined by the dissocia=-
tion of carbon dioxide, and the rate of incorporation is rate controliing.

0<®< 1and k<< k3 4 kgK. The relationshivs derived for these

conditions are,

K, = kp (Pcoé_Péoz) ' 3-16
and,
kqk ;e
Ep = _3%2 _ (Pgo, = Pgo,) 317
L o co, = Pco,

respectively. Linear relations were found when K; was vlotted versus
the partial pressures of carbon dioxide above the equilibriuvm value in

sunport of the thoor&. Since the vartial vpressures are provortional
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to the mole fraction of carbon dioxide and the total pressure, the above
equations are of the same form as equation 3-9 .

More recently, Turkdoganzo described the initial rates of oxida-
tion of iron in water-hydrogen atmospheres by applying Eyring's theory
of absolute reaction rates. Again, a chemisorntion reaction was assumed.

The owverall phase boundary reaction was represented by,
E0(g) + 26 + Opq + E (&) : 3-18

The wustite surface was considered to contein a fixed number of sites

per unit area, fractions of which were occupied by the adsorbed species,

HlO eﬂ

Glr_ é}u » respectively. tﬁzé] represents the activated comnlex.

HZO Hp, °:d' [BZQI and vacant sites, denoted by.

A relation for the fraction of sites occupied by the activated complex
was obtained assuming equilibrium between the water vavor in gas vphase
and the activated comvlex,

©, = Ty gi %anzo 3-19
where a, is the activity of oxygen at the oxide~gas interface, 8320‘3 PHZO
is the activity of water vapor in the gas nhase, and KT’ is the equilibrium
constant for HyO0 = [nzo]*_ o« The rate of oxidation was obtained from
exoressions for the dissociation of the activated complex. The linear

oxidation kinetics of iron were represented as,

where k' 1s an overall constant containing the constants of equation 3-19,

and the universal specific rate constant RT/Fh, E is a heat of activation,



L

and ag is the actitty of oxygen at the oxide « gas interface in equilibrium
with the gas vhase. If Og is constant and a, is defined as the standard
state, ag = 1, the rate of oxidation is,

K, = &k (1 -;“_) PE,0 3-21

89

An analogous .exorusion was derived for oxidation kinetics in carbon
dioxide = carbon monoxide atmosvheres. Data obtained from the literature
demonstrated good agreement between theory and experiment.
3.2 Oxidation of Nickel

Nickel oxide is the only oxide observed on vure nickel, This
oxide is a metal deficit p-tyne semiconductor, the oxidation rate
exhibiting a sixth~root power dependency on the oxygen presenre}o At
temveratures in excess of 400°C, the oxidation rate of nickel has been
revorted to obey a parabolic relationship in accofdance with the Wagner
mechanism.71'72-73'7h The oxidation rate is wery sensitive to impurity
content.71 and the oxide may exhibit porosity at high temneratures.75'76

At temveratures of apnroximately 400°C, the oxidation rate has
been reported as cubic and logarithmic. ZEngell, Hauffe and Iechner77
exvlained the cubic rates by a model whereby the ion flux through the
film was a function of the electric field strength and the concentration
gradient. Uhlig, Pickett and MacNhirn78 reported logarithmic rates and
found the rate changed at the Curie temperature., The vronosed mechanism
was based on electron transfer from the metal to the oxide, and the observed
rate change at the Curie temverature was associated with a change in the

electron work function,



3.3 Oxidation of Iron-Nickel Alloys

The oxidation properties of the iron-rnickel system hawe been
studied in air and oxygen over a range of pressures and temperatures.
Under these conditioﬁa, multilayer scales are formed similar to those
found on vpure iron. Most studies have been associated with phase identific-
ation and oxide morohology. 4 notable excention is the investigation of
Brabers and Birchenall’? in which specimens were oxidized for various
time periods in air, and then subsequently brought to equilibrium in
an inert atmosphere., Several features of the 1ron-nickel-oxygen ternary
vhagse diagram were determined at 1050°C. ¥or a comnlete tabulation of
results, Foleyso has published a survey of the oxidation oroperties of
iron-nickel alloys.

Oxidation is severe with alloys containing low nickel concentra-
tions, (0 = 10 vt.%N;). Alloy, highly enriched in nickel, is entrapved
by the receding metal-oxide interface52:81,82,83,84  For oxidation tests
in labd air, controlled oxygen-nitrogen and oxygen-nitrogen-water vavpor
atmosvheres, Foley85'86'87'88'89 has demonstrated parabolic scale growth
for alloys containing 30 — 80% Ni. At least for times up to 60 minutes,
high nickel additions greatly reduce the rate comvared to vure iron.

This 1s a result of the disappearance of the wustite layer, due to the
enrichment of nickel at the metal-oxide interface. Diffusion processes
are slower in the remaining nickel bearing spinel and hematite layers.

Kennedy, Calvert and Cohen,9° using a high temperature diffraction
apparatus, determined essentially the same scale structure on three iron-

nickel alloys in the composition range 25 = 75% Ni at 800°C in oxygen.

L5
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The individual oxide layers thickened according to a parabolic law.
There was considerable sudbscale formation esvecially in the 25% N4 alloy,
and this was attridbuted to scale fracture, allowing the reactant gas to
nenetrate along the interface and grginlboundaries. Yearian, Boren, and
Warr91 also revorted a nickel bearing svinel and hematite layers on a
25% N1 alloy as did Koh and Gaugherty92 for a 50% Ni alloy at 1193°C.
Basically, reaction rates for alloys containing more than 30% Ni, appear
to be controlled by diffusion through a nickel bearing svinel, and dif-
fusion of nickel through the inner nickel oxide layer for nickel alloys
containing small amounts of 1ron.8°

The oxidation properties of a series of iron-nickel alloys con-
taining up to 30% N1 were investigated by Benard and Moreau93 in air at
675° = 950°C, Three surface layers were detected consisting of hematite,
magnetite and a mixture of wustite and magnetite adjacent to the metal.
Fxtensive internal oxidation occurred in these alloys, Little nickel
and nickel oxide were detected in any of these layers by chemical analyses.
Iron was selectively oxidized, and nickel was enriched at the metal-cxide
intefface. In the 30% Ni alloy the surface concentration of nickel was
5C% at 850°C, 60% at 950°C, and 82% at 1050°C. There were two distinct
stages in the oxidation - time curves with the exception of that for a
20% alloy at 675°C where parabolic behavior was closely avvproached.
These deviations from parabolic behavior were attriduted to the highly
gelective oxidation of iron, the subsequent'enrichment of nickel at the
surface, and diffusion of iron through this enriched layer in the initial
stages. In the later stages, deviations occurred as a result of a

decreased oxygen flux across the oxide to the interior of the alloy.
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Internal oxidation was more severs at the grain boundaries than within
the grains. The authors suggested that oxygen diffused down these bound-
aries and precipitated oxide particles which subsequently coalesced and
enveloped the metal grains. Oxygen was then transported through the
oxide and diffused into the metal lattice and precivitated oxide withid
the grains similar to the process occurring at the metal-cxide interface.
Birchenall et a1.79'9b oxidized iron-nickel alloys of several
compositions at 1050°C in oxygen, then allowed the specimens to come to
equilibrium by annealing in an inert atmosvhere. Zquilibration occurred
mainly by the dissolution of oxide and oxygen diffusion into the alloy
vhagse, Several detalls of the iron-nickel-oxygen ternary vhase diegram
were deduced from the results as shown in Fig.7. Based on previous reports
and the equilibrium data, the authors provosed the following oxidation
mechanisme, Iron is selectively oxidized from an alloy when»nlaced in a
highly oxidizing potential. Although the alloy is enriched in nickel,
only minute amounts of this metal reach the outer layers of magnetite
and hematite due to formation of an inner wustite layer. Oxygen solu-
bility must be higher in the alloys than pure iron in order to precipitate
oxide in the alloy. This causes further nickel enrichment. Concurrently,
the wustite composition becomes higher in oxygen and the driving force
for metal diffusion is decreased. Thus, rates lower than that required
for continuous parabolic behavior are observed.?> As the nickel concen—
tration exceeds the'equilibrium between alloy~-spinel-wustite, a nickel
bearing svenel consumes wustite from the inside, while a nickel free
spinel (Fe304) consumes it from the outside. As the spinels Jjoin, the

nickel concentration may be homogenized by diffusion. This results in
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the spinel-hematite layer structure reported adbove.

of wustite, the oxidation rate is greatly reduced.

Uvon elimination
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CHAPTER IV
. THEORETICAL CONSIDERATIONS
4,1 Introduction

In the Introduction, it was mentioned that the purpose for employ-
ing carbon dioxide ~ carbon monoxide atmospheres as the oxidizing gas was
to reduce the number of oxide layers in the scale formed. on the alloy to
one, namely, wustite. It is evident from the vreceding review on the
oxidation properties of iron-nickel alloys that the occurrence of multi-
layer scales lead to complex oxidation phenomena, Since linear reaction
rates were observed under these conditions, the oxidétion mechanism at
least avpearssimilar to that of iron, Therefore, in this section, an
attemot will be made to exvand some of the oxidation concepts outlined
above for iron, in order to deiive a theoretical rate expression applic-
able to iron-nickel alloys.

It has been established that subscales are formed in alloys in
which one comnonent is a noble element, for example, copper-platinum,
copper-palladium, nickel-platinum.jo Although nickel is not a noble
element per se, under the oxidation conditions used in the present in-
vestigation, it behaves as a noble element. Recently, advances have
been made in the field of diffusion in multicomponent systems. Internal
oxidation occurs in a ternary system, hence the first attempt will be
made to interpret this typve of oxidation on the basis of ternary diffusion.
theory. A simple model will be presented to account for oxygen diffusion
in the alloy and the anpearance of a subscale, based on recent develop-

ments in ternary diffusion.
50
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4,2 Linear Oxidation Rates

The basic premise of Hauffe and Pfeiffer66 1s accepted in the

development of the oxidation rate expression, for iron-nickel alloys

-

exvosed in atmosvheres containing carbon dioxide. That 4is, the formatiocn

of wustite is determined by a chemisorption reaction. Transfer of oxygen

from the gas phase to the oxide may be represented by detailed balancing

of the elementary reaction stevs,

Ke -

co, :.f Ogds + CO(g) + 2® . [
3

Opggs = (Fe,N1)0 + Feg L2
K¢ .

Feq + 20 *+ Fe)110y = nil 43

— ?
malloy = Nioxide -4

where the.subacript (g) refers to the gas vhase, nil refers to the an-
nulment of lattice defects by the solution of iron into the oxide, and
k., k2, k3. kj» are reaction rate constants devendent on temperature.
(Fe, Ni)O refers to wustite with less that 2 atomic % nickel. These
processes are represented in Fig.8.

In the following derivation, it is assumed that the concentration
of electron defects, cation vacancies and the oxygen activity in wustite
at the metal~gas interface are equal to their equilibrium values. The

rate of formation of wustite per unit time is given by.

S%E?ﬁ? =k38,-x0y o [}J] b5
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Fig.8. Linear oxidation model

52



53

where G o° @ y are fractions of surface sites for an energetically
homogenious surface covered with adsorbed oxygen ions and vacant sites
resvectively, [_Cl] is the vacancy concentration, and & , is the oxygen

activity in wustite at the metal-oxide interface. Assuming® ,, © , are

constant for given conditions, this is dO,/dt = O,

2
_%e = k) Poo, + ky 8o [A] /i, Pop (@17 + k4 L6
v

At equilibrium, 4 FeO/dt = O, therefore,

G:’ = _12’:, a, [ﬂ] - ky PéOZ ' 47

Gv k3 kz Péof@:[ 2

where X denotes the equilibrium value, Equation 4=5 may be written as,

2

d FeO « E; = ko ©
i e V@_g_-}_:!iao[g]]

Ov k,
=k, O : ¢
3O v . [kchoz-i- kya[a] ";.‘i a,[0] (P @ +k3;J
k2o (B % x5 3 )

50, E‘l"coz -2 o [a) [B]? *2o]

k2Peo @]2 + Ky

-t ka k 9 k P
o8 o ]t T,
k2P g @®]* + kg kqky Pcoz 2

Substituting from equation 4-7 yields,

i
k2P0 BI" + 3 Peo  Pco, )




or,
K, = _.153 klgv [1_2-_9_] Peo L-9
k2P0 (@14 + X3 a§ i

The activities of oxygen are readily calculated from the equilibrium
Co, &5 €O+ 0

- ' .
Accordingly, a, = K PCOZ/ Poor 8o = K PCOZ/‘PCO. the activity of oxygen

in the gas phase. ZEquation 4~9 is the general form of fhe rate expression,

If the assumpntion is made that k3>>vk2 PCO Bg;]z , equation 4=9 dbecomes,

kg, = klev[ 1- ao/agj Pco, L-10

This is a particular form of the exmression valid wh;n the rate of
incorporation of oxygen into the oxide is greater than the desorption
of adions.

It is immediately apvarent that, for the case of pure iron, this
expression is equivalent to that of Turkdogen et al..zo equation 3-21,
It is also equivalent to that of Smeltzer, equation 3-16, and to the

expression of Wagner, equation 3-9, if it can be proven that,
1
(1= ao/aﬁ) ?Coz = (1+4K) (Pcoz - Pcoz)
Manipulation of the L. H. S. gives,

g t
(1 - a,/a3) P, = Pco, = Pco, Peo Pco,

1
Pco Pco,

4
- Pco
= 1'coz - 2 (1- Ncoz) P
Pco

where Nc is the mole fraction of carbon dioxide in the carbon dioxide~

%2
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carbon monoxide atmosvhere and P = Ppo+ PCOZ' Therefore,

|
P¢o P}
2 co
Poo Pco

-

Pio P'co
(1+ —2)p - 2P
[ P! ) Co, p

co co
P PCo
- (1 '.‘.?_0.2.) Pco, = 2 2
Pl 2 Pl
co co

Pl
COZ
(1'+ ;pr-)
Co

P! P! P!
= (14 —-2.?0 ) [PGO - (.}0 _9.9.
Peo Pco P

= (1+kK) (P.. - P}
) co, coz)
that is,

K = k0 ¢ (1%K) (Peo, = Plo, ) 4-11

The validity of the above exvressions for the kinetics of iron-
nickel alloy oxidation will be established in this investigation.
4,3 Internal Oxidation

To date, the process of internal oxidation has been treated using
binary diffusion equations in which the effects of & concentration gradient
of one commonent on the diffusive flux of another are neglected. It is
anparent from the review of alloy oxidation that a component 15 an alloy
may be concentrated at the metal-oxide interface as g result of external
and internal scale formatioﬁ. This is readily apvarent for alloys con=-

taining an element which has a-very low solubility in the oxidation products.
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Steep concentration gradients may exist at the metal - oxide interface.

As confirmation for these considerztions regarding the iron = nickel sys-
tem, Brabers and Birchenall79 and Roeder and Smeltzer 95 have demonstrat-
ed that the solubility of nickel in wustite is less than 2 wt.%. Inter-
action between the inward flux of oxygen and concentration gradients in
the metal phase may be of importance in internal oxidation of a binary
alloy and can only be introduced by employing ternary diffusion equations.
Furthermore, if an oxide scale is formed on a binary alloy, the oxygen
concentration in the alloy at the metal - oxide interface will be the

saturation value in order to obtain interfacial equilibrium. For internal

oxidation to occur in a system which forms the same oxide internally as
well as externally, for example, copper - platinum, copper palladium, and
iron - nickel, the oxygen concentration must exceed the saturation valu e
in order to establish the system in the two phase alloy plus oxide region
of the ternary phase diagram and provide supersaturation for oxide nu-
cleation. In the following theoretical developments, an internal oxida-
tion model will be presented for the iron - nickel system based on the
principles of diffusion in multicomponent systems.

For a complete description of diffusion in multicomponent metal-
lic systems, one may consult contributions by Onsager96 and Kirkaldy.97

Diffusion in ternary systems may be described by utilizing
Unsager's extension of Fick's first 1aw96, in which the flux of each
component is assumed to be a linear function of all the concentration
gradients, For example, the flux of one component may be written as,

3

Jy == 2Dy VC =12
i = ik

97

By appropriate choice of a reference system,’’ and considering uni-

directional diffusion only, equation 4-~12 becomes,

= Z D4 U0 == Dll):i - Dyp 1C2 ; 4-13

dx

The Dy coefficient or offediagonal diffusion coefficient represents the

diffusivity of component one on the concentration gradient of component
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two. Combdbining U4-13 with the continuity equation,

L

ddvdyi g — =0 L1k

the generalized ternary diffusion equation is obtained,

20 V3¢ ¥ by
—_— 1 C 15
S Tug v e Sod

assuning constant D's., Similarily for component two,

.3—%" = 321%.2_:% + D22 %_E% ‘ 4=16

It is now necessary to describe a model for s;bscale formation in
iron = nickel alloys in order to define the boundary conditions for solu=-
tion of equation 4-15., Since iron is selectively oxidized, nickel is rap-
1dly enriched at the alloy surface. The nickel concentration at the metal-
oxide surface is assumed to be constant for experimental times. Oxygen
saturation of the alloy surface is maintained by the presence of an oxide
film. Tor formation of internal oxide precinitates, the alloy must become
supersaturated relative to its stability condition by inward diffusion of
oxygen., The initial concentration vrofile in the alloy phése 48 shown" "
schematicallx inFig.9. For the considerations to be advanced, it 1s un-
necessary to specify the metal gradients in the oxide scale. Components
one and two refer to oxygen and nickel respectively, C;;, Cp; and 016. C20
are their initial concentrations for x< 0, to x » 0, respectively, where
x is measured from the alloy-oxide 1nterface:

A solution for equation 4-15, satisfying the boundary conditions,

*see Appendix II
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{e us follaws,? %Y

D -
¢ = Co + &51-2- (Cz3 = C0) + (€ - 010)} erfc __x
11 : 2 ‘l Djqt

D
a {_ﬁl& (Cpq - 020)} erfe ;_X_._. 417

where Dy, and D22 are the diffusion constants of oxygen and nickel in the
alloy respectively, and G, is %the cxygen concentration. Since the concen-

tration of oxygen in the alloys is very small compared to the nickel con-
s

centration, it is assumed that the product Dpy :C; is negligible. The
x

solution to eguation 4-16 under this restricticn is 22;

Co = Cog + (Crq = Cop) erfe — X . b-18
2 20 21 = 30
2 [ D22t \

The consequences of equations 4-17 and 4-18 with resvect to the
degree of oxygen suversaturation in the slloy vphase for precipitation of
internal oxide marticles will be demonstrated in a later chapter.

An accurate mathematical descrivtion of the vrecipitation kinetics
would indeed be a difficult if not immossible task, A& distribution func-

tion would be required to determine the relative fluxes of metal and oxygen

in the alloy and oxide vhases. A qualitative interpretation of the sub-

scale formation mechanism may be obtained as follows. When sufficient

oxygen sunersaturation is present in the alloy to initiate oxide vorecini-

tation, growth of oxide particles will then reduce the concentration of

oxygen in the metel vhase to its saturation value, If the variation of
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oxygen saturation with alloy commosition is small, the oxygen concentra-
tion gradient in the subscale region during oxidation will be very small,
The solubility of oxygen in iron rich alloys is estimated to be approxime
ately 0,005 wt.fﬂ’as the solubility of oxygen in gamma iron is 0,003 *=
0.003.“1'100_ Thus,the driving force for diffusion of oxygen by its con-
centration gradient is negligible., Therefore, the oxygen flux through the
alloy surface is éiven by equation 4-13 where diffusion of oxygen on its

own concentration gradient is neglected. That is,

2 C2
Jy = = L-19
: | DlZ =z < % o
Since the amount of oxygen diseolved in the alloy matrix is neg-
ligible, oxygen in the subscale region is present as internal oxide. This

amount, Wo. for time ¢t is,

3 %
- - o 302 2
v, (t) = ledt.. JDIZ?;—xzodt L4-20
. e o

From equation 4-18,

;__c_% I gczl - 020) t% 421
X X =0
\/ 7T D,,

Therefore, assuming D12 is not a function of concentration, equation 4-20

becones,

: %
W (t)=D LG = C3p) ¢ 422

12 r;;:‘s;;:-

The off - diagonal coefficient, D12' can be eliminated from equation 4-22,



61

Kirkaldy and Purdylol have derived-an expression annlicable to dilute

ternary solutions, namely,

%—f 2 &M | 423

vh&re Eaia the ncarest - neighbour pair interaction energy defined by,

£,= 2% b2k

12 > ¥ ‘
2 _ ‘

where );. is the oxygen activity coefficient, The assumption is made

that equation 4-~23 is valid for large nickel concentrations. Substituting

into 4=22,

W) =D G2 T (Co1 = C20) 3 425

V7 D2

Nl represents the saturation value of oxygen of the metal - oxide interface.
These values are unknown for the iron - nickel system, however, an approxi-
mate functional relation between oxygen saturation and nickel content can

be obtained utilizing the Gibbs = Duhem expression. Considering an alloy

saturated with oxygen (designated « vhase), in equilibrium with wustite,

(/9 phase), one can write, 110
& A X
Nl dlnal - NZ dlna2 + NB dlna3 = 0 426

were subscriots 1, 2, 3 refer to oxygen, nickel and iron resvectively.

Also,

[ &, P « 23 '
N, dlnal’+ N, dlna,t Nf dlna, = 0 127
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Multinlying 4-26 by E@rand L-27 by N;‘and-equating the relations,

p ok o A
(xsr3 N - N3 Nl)dlna + (N3 2 - N3 ﬁ'e)cnna = 4..28

Wagner1°7 has demonstrated that the activities méy be exnanded in terms

of the vair interaction energlies, that 13;

A A
1!1801‘ = 1nN1 + £“ N{“l’ él’LNZ L-29
and
« « '
lnay'= 1ol + &g My &, T, 4-30
‘ X
Substituting into 4~28, and multiplying by N ’
N3 NZ 3‘N2
R o X _A &
Bh =HEN, 2 (a8 K £, Noany)
s '—p‘——q—( o)) 1 T e | 12
1 5 5
A e A A '

It is necessary to consider a dilute solution in order to obtain a manage-

able expression, that is, Ng(and Nzﬂam)roach zero., Define X as,

R~ o .8 L
—)/ = lim N3 Ny - N3 Ny N
N2, Np —>0 N, * N3 Ny = §3'K,

L-32

Therefore,
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®. 2B
Na N ~ py
Ny §f U L

'

since NB -1, Nl <4< 1, and for wustite, N;“’ Ny 2 0.5. Substituting

4-33 into 4=31 for Nﬁ N’L < 0, and rearranging the terums,

“

ax 1+ €p x «

_N_i.a .X ‘ZN}( "‘(} 1’5‘2'1?1) L34

v 7 (a+ EuM)
since X>)1£u 1° From 4=33,

qu( =8 (-4

1 - o v

g (B =& ®) == EgNy N
assuming that G'.,,N; >> Nl« -
“Iftegrating 4-35,

«
18} = - £, Np + C 136
& Fe &

where C is an integration constant., Since lnNj = laN; for Nx? 0,

F
where Nle is the solubility of oxygen in vure irom, 4=36 becomes,

7 v
Fs N exp ~ &2 4-37
1 1
Finally, substitution into 4=25 yields,
'e - N
Wy (4) o D11 €2l ex T2 (0 - Cr) 3 138

v T D2z

An evaluation of this analysis for the internal oxidation of iron-
nickel alloys will be carried out empmloying the exverimental results of
this investigation. Svecifically, attempnts will be made to demonstrate

the validity of the equations describing oxygen suversaturation prior to

oxide precipitation and the amounts of oxygen present in the subscale.

\



- CHAPTER V

EXPERIMENTAL PROCEDURE

5.1 Introduction

The major portion of this section will concern the preparation
of specimens, the oxidation apvaratus, electron probe microanalyses,
and ZX-ray diffraction studies.

5.2 Specimens

Electrolytic iron and nickel were used to prepare the alloys.
Portions of each material were accu - rately weighed to yield alloys con-
taining 0, 10, 20, 30, 40, 50, 60, 70, and 90, weight percent nickel.
Avproximately 70 - 90 grams of material was placed into the melting
chamber of a non~consumable arc furnace. A tungsten electrode was used
for the melting overation, carried out under 200 mm vpressure of argon.
Each charge was melted, inverted, and then remélted, until a total of
bfour melting operations had been comnleted, in order to prevent any
long range segregation. The vproduct was a button aporoximately 30mm,
in diameter and 5-8mm thick. These buttons were hot rolled at 1000°C
to a thickness of 3mm, The surfaces of each sheet were cleaned by vick-
ling in dilute hydrochloric acid and by abrasion using 600 grit silicon
carbide polishing maner. The sheets were cold rolled to a thickness of
avproximately 0.75mm. ‘

The test specimens were obtained by cutting the sheets into
vplatelets lcm x 1l.5cm on a vrecision shear. A susvension hole was
drilled in each plate. A h§1e diameter was gelected go that the area
remnoved equalled‘the area introduced. The plates were then batch annealed
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in argon at slightly greater than atmosvheric vressure at 1050°C for
3 days. The argon was introduced to the furnace assembly through glass

columns containing ascarite and magnesium perchlorate., Zirconium plates
were placed near the hot zone of the annealing furnace to act as an
oxygen getter. The annea ling operation eliminated any short range ge-
gregation and allowed the specimens to attain an equilibrium grain size.

Prior to oxidation, the svecimens were metallogranhically polished
following the procedure suggested by Samuels, 202 The niates were mounted
flat in bakelite and polished through 240, 320, 400, 600 grit silicon
carbide using water as lubricant followed by final polishing on selvyt
cloths impregnated vith 6 micron andimicron diemond abrasive using kero-
sene as lubricant. The kerosene was removed with petroleum ether, end
the specimens were stored in acétone., Immediately before an exvmerimental
test, the svecimens were dried, weighed to i 2 micrograms, and the sur—
face area was computed by measuring the specimen dimensions with a micro-
meter,

The chemical composition of the test specimens is given in Tadle I.

5.3 Oxidation /mparatus

The apnaiatus used for the oxidation tests is shown pictorially
in Fig.10. A schematic illustration of the oxidation cell is given in |
Fig.1l.

The vacuum system consisted of an oil diffusion pump backed by
a two stage mechanical pump. A vacuum of 5 x 10’6mm of mercury (MciLeod
gauge) could be achieved in the reaction tude., Liquid air traps were
suitably noelitioned to prevent back diffusion of diffusion pump oil

and to collect mercury from the Mc Ieod gauge and manometer.



TABLE I
Chemical Analysis of Snecimens
Spectrogravhic Analysis of Base Materials
(in v.p.m.)

Al Cd Cr Co Cu Mg Mn Mo Si Ti v

Fe < ®tr ®¥nd tr nd 10 30 tr tr 30 tr tr

M - 15 5 0.6 400 by 3 L 1 82 10 1

Chemical Analysis of Alloys
“»%Nominal comnosition (wt#Ni) « 10 20 40 50 60 70 90

\

Actual commosition (wt#Ni) - 10.2 19.7 41,0 50,1 60.4 70.5 90.0

@ trace
Ll not detected

b nominal commosition used in text



Fig.10 Oxidation Arvmaratus
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The oxidation tests were carried ouf in flowing carbon dioxide-
carbén monoxide., The ratios of the two gases were accurately controlled
by metering the components with simvle cavillary flowmeters similar to
thowe deserided by Darken and Gurry.55 Thege aunthors have 21ls0 demon=-
strated that linear flow rates should exceed apnroximately o.6cm/sec
in 6rder to eliminate the undesirable effects of thermal segregation.
With this in mind, the capillary diménsions for a suitable flow range
were estimated  from the relation,

-4 -232n7V 5-1
1 g D°

where, A p is the pressure drov across cavillary in gm/cm?, 1 the capil-
lary length in cm, g, is 980 cm/secz.)u the gas viscosity in gm/cm-sec,
D the cavillary diemeter in cm, and V the velocity of the gas in cm/sec,

The flowmeters were calibrated by measuring the rate of disvlace~
ment of a soap film up a graduated cylinder. This method agrees guite
well with other methods of calidration., The meters were calibrated with
the respective gases, that is, carbon dioxide and carbon monbxide. The
calidbration curves are shown in Fig.12.

The car@on dioxide and carbon monoxide used in the tests were
supplied by the Matheson Co. and a typical analysis is given in Table II.
The gas cylinders were connected to the vyrex glass assembly through
suitable pressuﬁe reduction gauges and needle valves via % inch copper
tubing. The carbon dioxide passed through columns containing magnesium
verchlorate, reduced copver oxide at 400°C and activated alumina, the

carbon monoxide thpough columns containing magnesium verchlorate and
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TABLE II
Typical Analyses of Carbon Dioxide and Cardbon Monoxide Supplied
by

Matheson Co.
Carbon Monoxide: C. P. Grade, 99.5% CO (Min.)

002: 200 p.p.m.
02: 20 p.p.m.

Np: 75 p.p.m.
Dew point: - 60°F
Carbon Dioxide: Bone Dry Grade, 99.95% COp (min)
Ny + 023 500 p.p.m.

Dew point: - 30°F

oil content: < S5p.p.m.
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ascarite, The gases were mixed in a 1 litre bulb packed with glass
wool andwere directed through glass tubulation to an inlet at the
bottom of the mullite reaction tube., At first, ﬁressure fluctuations
in the lines caused severs oscillations of the flowmeter manometers,
ﬁowever. this was corrected by vlacing a cavillary restriction and an
oil damving pot between the meters and the furnace. Oscillations
were reduced to t lmm which was considered adequate.

The furnace assembly consisted of a 20 inch Kantﬁal element
imbedded in insulation which surrounded a 12 inch diameter mallite
reaction tube. The mullite tube was directly sealed to the pyrex tub-
ing. Power was suoplied to the element by means of a 2500 V.A. trans-
former. The temperature was controlled to<i 2°C by a Philips temovera-
ture controller and chromel-alumel thermocouple, which activated a
mercury relay in the suvvly circuit. The control thermocouple was
located between the mullite tube and the Kanthal windings, and a measur-
ing thermocouple was placed in the same position at the samvle level,

It was determined that a 6°C temperature difference existed between the
specimen and thermocouvle, and this was accounted for in the temperature
gsetting. The température variation in the hot zone was 2°C over a dis-
tance of four inches. Variation in temverature at the centre of the

hot zone was less than 2°C. It was experimentally verified that a 1inear
gas flow rate of 0.6cm/sec at standard temverature and pressure did not
affect the temveratuce of the specimen:

A schematic diagram of the oxidation cell is shown in Fig.ll.

A calibrated svring was susvended from a glass winch by a nylon thread

which pvassed through two forks placed at right angles to each other.
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The entire susvension could be centered in the cell by manivulation of
these forks. The polished svecimens were suspended from the spring by
a 5 mil vlatinum wire. The entire assembly could be raised or lowered
in order to vposition the specimen in the center of the hot zone. Welght
gains were recorded as a function of time by following the extension of
the snring, relative to a stationary marker, with a cathetometir.

The svring was fabricated from 5 mil Ni -« Spvan - C wire by coil-
ing it about a % inch stainless steel rod and securely féstening the ends.
Ni - Span = C is an age hardening alloy containing chromium, titenium,
nickel and iron and exhibits a high elastic limit when in the hardened
condition. Another feature of this material concerns the temperature
coefficient of exvansion. Depending on the age hardening temperature
selected, this coefficient may be made positive, negative or zero. There-
fore, the coil was annealed in an argon atmosvhere for L.5 hours at 1350°F,
resulting in a spring with maximum mechanical properties and a zero co-
efficient of exvension., The coefficient remains essentially constant
over the temperature range 50 - 150°F, and thus, eliminates the need for
a constant temperature controlling device in the spring compartment to
comvensate for room temverature fluctuations.

The soring was calibrated by measuring its extension associated
with the addition of short nichrome wires. ZEach nichrome wire weighed
avproximately 10 milligrams, and this weight was determined to z 2
micrograms on a Mettler micro balance. The resultant calidbration curve
is shown in Fig.13. The sensitivity of the spring is 36 mg/cm. The
value remained constant throughout the course of the investigation.

In a typical exveriment, a volished svecimen was suspended from
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the spring, and the assembly was couvled to the reaction tube by means

of a ground glass Joint., The apnaratus was evacuated with the mechan-
ical pumv, and the furnace was adjusted to test temverature. The system
was returned to atmosvmheric pressure after a petriod of one hour by fil-
ling with nitrogen. @hen the reaction gas, mixed in the proper propor—
tions, flowed through the apvaratus for a minimum of one hour. The
spring assembly was lowered with the glass winch until the svecimen was
centered in the hot.zone. Weight gains were recorded after 5 minutes

in order to allow stesdy state to be attained. After the test, the sveci-
men was quickly raised to the cooler portions of the tube in aporoximately
20 seconds, and allowed to cool to room temverature in the flowing gas.
The oxide surface was examined under the microscope, and then the sweci-
men was mounted vertically in epoxy resin. The mount was then polished
in cross section,in a manner similar to that used for surface prevara-
tion, and stored in a desiccator until required.

5.4 Electron Probe Microanalysis

No attempt will be made to describe the theory associated with
probe microanalysis. A comﬁlete descrintion may be had by refering to
the text by L. S. Birks.lo3 A photogravh of the probe assemdbly is shown
in Mig.14, The apparatus was designed by Dr. G. R. Purdy, faculty member,
and constructed from a Philivs EM-100 electron microscope by Mr. H, Walker,
technician, Dent.‘of Metallurgy and Metallurgical Engineering. A2 - 3
micpon diameter beam of electrons is focused on the surface of the sveci-
men to be analized. The electrons are sufficiently energetic to generate
characteristic X-ragiation from the elements present., Spectrometers, at

a take off angle of 50° from the horigzontal plane of the svmecimen, diffract



Electron probe assembly

Fig.14,
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the radiation of interest into »mronortional gas counters. The intensity
of the radiation is then displayed by an electronic counter or a strip
chart recorder.

In order to use the probe for quantitative analysis it is neces-

sary that it be calibrated for the elements of interest. If standards
containiﬁg a homogeneous distribution of the two elements in various
known vroportions can be obtained, the czalibration is relatively a
simnle process. Such is the case for the iron-nickel system. The X-ray
intensity from a given element, minus the background intensity, is
directly proportional to the amount of the element present. The back-
ground intensity is determined by counting with the svectrometer set a
few degrees off-veak or, as in the case of iron-nickel, by setting the
spectrometer for nickel and counting on pure iron., It is not sufficient
to plot the observed intensity as a function of commosition since this
intensity will vary from day to day. Therefore a relative intensity or
an intensity ratio is plotted versus composition. A convenient ratio

is obtained by using the observed intensity from an alloy, minus the
background, and the intensity from the pure element of interest, minus
background., Although charactetristics of the probe may vary, the inten-
sity ratio will be constant for a given system, .

The probe was calibrated for iron-nickel alloys in the above
menner. Small alloy plates 2mm square of known commosition were mounted
in bakelite with pure iron and nickel. A thin film of carbon was evapoz-
ated on the polished surface in order to make the mount conducting. In-
tensity ratios were computed from an average of four determinations for

alloys containing 20, 30, 40, 50, 60, 70, and 90 wt. % Ni., The calibration
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curves are shown in Fig.15.

The composition of an unknown specimen may then be determined
by comwaring the measured intensity ratio with the curves. Attempts
were made to measuwe the degree of enrichment of nickel in the metal
vhase at the metal-oxide interface and the concentration gradients in
the subscale region. The latter proved to be quite difficult due to
the close nroiimity of the nrecinitated oxide particles., The few results
obtained are considered to be of qualitative value. As the 1niestiga-
tion became more sdvanced, it was noted that the density of internal
precivitates was quite low in a band adjacent to the metal-cxide inter-
face. Therefore, the interface concentrations could be more accurately:
determined by remounting the specimens flat and polishing through the
external scale on a very low angle tapver section. The metal-oxide inter-
face is thus enlarged and apnears free of precivitation. The results
wore more easily obtained and are considered to be more accurate than
the vprevious method. |

5.5 Y=RBsy Diffraction

X~ray vowder diffraction techniques were employed for the purpose
of phase identification or a number of svecimens. The phases ®n the re-
rainder of the alloys were determined metallogravhically.

X-rey powder diffraction vatterns were obtained using both large
and small Debye - Scherrer cameras in conjunction with a Philips X~-ray
generator. Iron filtered cobalt radistion was used in all cases. Oxide
was mechanically removed from the specimens and ground with an agate
vestle and morter. A base coat nailvolish was added to the powder and,

Just prior to setting, a quartz rod was inserted into the viscous mixture
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and slowly withdrawn. This vroduced an apvroximately 0.2 - O.ltmm dia=-
reter filament of oxide powder on the tip of the rod. The filements
were dried and mounted in the X-ray cameras.

5.6 Ozide liorphologsy

The specimens were examined and photographed using standard
netallogravhic techniques., In several cases, the rates of scale growth
and subscale penetration were determined. These results were cbtained
by measuring the thickness of the scales and subscales as functions of
time using a calibrated filar eyepiece with a Reichert metallogreph at
a suitable magnification, Unfortunately, the scale-gas and subscale-~
alloy interfaces were quite ruzged and, therefore, these measurements

were confined to planar regions of the interfaces.



CHAPTER VI
EXPERIMENTAL RESULTS

6.1 Introduction

The data obtained from the various exverimental tests will be
presented in this section in the usual manner, that is, in the form of
graphs, tables and photomicrographs. With the excevtion of two experiments

at 900° and 950°C, all tests were carried out at 1000°C.

6.2 Oxidation Kinetics

| The kinetic data, obtained by recording the increase in specimen
weight as a function of time, are illustrated granhically in Figs.16 to
27 for the materials investigated. In all cases, the weight gains are
expressed in mg/cm2 and the time is in hours. The svecimen compositions
and the experimental conditions are indicated on the gravhs. The alloy
concentrations are in weight per cent and the gas compositions are expressed
in volume per cent, carbon dioxide/ volume wer cent carbon monoxide. The
results for the iron - 30% nickel alloy, oxidized at 900° and 950°C in a
50% carbon dioxide atmosvhere, are shown in Fig.21l. The total gas press-
ure was 1 atmosvhere in all tests.

It is apvarent that the data for the 20, 30, and 40% nickel alloys
are best described by straight lines, excepting the initial portioms of
the curves. In some 1nstapces. as in the case of vure irom, iron - 10%
nickel, and iron = 50% nickel, linear hehaviour is observed over a limited
renge of the data., The linear regions are indicated on the gravhs. The

rate constants were determined from the sloves of the best straight lines
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drawn through the exverimental voints, and are reported in Table III.
Several tests were repeated in order to determine the reproducidbility of
the data, The average values for these rate constants are included in
the tadle. The poorest reproducibvility was associated with the iron -
30% nickel alloy oxidized in 50% carbon dioxide, From these curves, the
error in the linear rate constant was computed to be f;lZ% from the aver-
age. Therefore, for singular tests, the rate constant was assumed to be
the average value, and a.ﬁ:lZ% error limit was applied to this value,

The kinetic data for pure iron, iron - 104 nickel, and iron =
50% nickel anvroaéhed varabolic behaviocur after a peribd of linezr oxide-
tion. The scale thicknesses were lecs than 100 microns before this trans--
ition: The iron = 60% nickel z2lloy, oxidized in carbon dioxide, did not
exhibit linear behaviour and the data for this alloy in 70% carbon dioxide
could be described by both & linear and parabolic rate law for the experi-
mental test time,

The linear rate constant for the iron - 50% nickel alloy oxidized
in carbon dioxide was estimated from the initial portion of the curve on
the basis of a log -~ log plot. The best straight line was drawn through
the points which gave an exnonenf closest to unity. For the voints in-
dicated, this exponent was 0,85, _

The reaction kinétics for alloys containing more than 60% nickel
were not determined,

Throughout the course of the kinetic investigation, it was deter-
rined that the soring target could be consistently fead to i: 0. 03mm on
the cathetometer scale, Since the force constant of the sporing was 3.6

mg/um, the error associated with any experimental point is approximately



TABLE III

Gas Commosition
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-
£,

L

(co,/co)
50,50
70/30
COp
co,
average
50/50
70/30
co,
50/50
60/50
70/30
80/20
Cop
co
Coz
average
50/50
50/50
50/50
50/50

average

(ng/en®~hr)
5.60 * 0,68
1,2 + 1,72
31.0
27.2
29,1 ¥ 3.50

0.5 * 0.06

4

3.1
8.0

0.37

I+

0.96

i o

0.39
0056

0.05

i+

0.07

0.72 ¥ 0.09

"

0.87 * 0.10
1.10
1.24

1.17

"w

1.17 = 0.14
0.27
0.21
0.19
0.19

0.21 * 0.03
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TABLE III
(Conttd)

Linear Rate Constants

Alloy Cas Commosition KL
(wt. EN1) (co,/co) (mg/cmP-hr)
30% 70/30 0.57 % 0.07
308 co, 0.93
30% COz 1,06
average 0,99 1 0.12
30%(900°C) 50/50 0.0L3 * 0,005
30%(950°¢) 50/50 _ 0.08 * 0,01
Lo% 50/50 _ 0.07 * 0,01
Log . 23/30 0.39 ¥ 0.05
Lo% COy 0.75 £ 0.09

50% 70/30 0.18 * 0,02

50% o5 0.61 ¥ 0,07
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0003mg/cm2 for specimens having .about 3.5cm2 surface area,

6.3 Oxide Structure

The oxide structures were determined by a combination of optical
and Ze-rey diffroaction tochniques st room temrerature, In 8ll alloy oxide
ation tests, an external scale and a subscasle were formed,

The scales formed on pure iron and alloys containing up to Lo%
nickel consisted entirely of wustite with the excention of alloys con-
taining SOanﬁ.bO% nickel oxidized in carbon dioxide. These scales con-
tained v¥lcivates of magnetite, as shown in Figs.28 &nd?9. The cubscales
vere wustite in all cases. The scales on the iron - 50% nickel alloy
oxidized in 70% caibon dioxide and carbon dioxide were wustiferwith-aiun-
iforn precinitatioﬁ of magnetite, 25 illustrated in Fig.30 ard 31. The
anpeérance of magnetite is believed to be a result of the decomvosition
of wustite on cooling to room temperature. The external scale on the 60%
nickel alloy oxidized in carbon dioxide was magnetite., The subscale con-
sisted of magnetite near the alloy - oxide interface, and wustite in the
interior of the alloy sevarated by a region of wustite containing vrecipi-
tated magnetite. The external scale on this alloy oxidized in 70% carbon
dioxide consisted of wustite plus vrecinitated magnetite, similar to the
50% nickel alloy shown in Fig.30. The scale and subscale of a 70% nickel
alloy oxidized in carbon dioxide consisted of a nickel bearing spinel,
determined by comparing the lattlice parameter with data reported in refer-
ence 79. The scale on a 90% nickel alloy oxidized in carbon dioxide was
nickel monoxide, and the subscale was not identified.

The scale structures on the materials investigated are summarized

in Table IV.
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TABLE IV

Oxide Structures

oL

The scales and subscales on vure iron and the iron - 10% and 20%

nickel alloys were wustite in all gas commositions. The following table

summarizes structures for élloys containing greater than 20% nickel.

Alloy Gas Corivosition Oxide-Structure
(wt.%vi) ‘ cop/co Subscale Scale
30% 50/50 FeO FeO
30% 70/30 FeO FeO - FegOyppte
L0o% | 50/50 © FeO FeO '
Lo% 70/30 FeO FeO
40% Co, Fe0 FeO - Fe30yppte
50% 70/30 FeO Fe0 - Fe3Oyppte
50% o, Fe0 ~ FesOyppte Fe0 —Tes0yppte
60% 70/30 ' FeO FoO ~ FeqOyppte
60% Cop FeO ~Fe30y Fes0y
70% co, NiyFes 6y NigFes -0
90% o, Fi0
X -~ Ray ﬁiffraction Data
Alloy Cas Comnosition Oxide 8o
(wt. i) (c0,/c0) | (Scale) ta)
20% o, FeO 4,30
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TABLE IV
(Cont'd)

X -~ Rey Diffraction Data

Alloy Gag Commosition Oxide 8o
(wt. i) (C0p/C0) (Scale) (2)
20% cop FeO k.30
L0% ‘ COz FeO - FeqOyppte L4.29 - 8.39
60% 70/30 FeO ~ FejOyppte 4.29 - 8.42
60% co, Fes0y 8.39
70% Cco2 NixFes_50) 8.37

90% o7} ¥i0 . 4,19



96

6.4 Oxide Mornhology

A vhoto micrograph of the surface tonogravhy tyoical of the scales
formed on all materials in all gas compositions is shown in Fig.32. It
can be seen that the oxide -~ gas interface is rugged, and that the scale
avpears to grow macroscopically in a direction vermendicular to the speci-
men surface but microscooically in crystallographic directions as indicated
by the steps and facets in the microgranh.

In cross section, the scales formed on alloys containing un to
50% nickel apoear to be compact and nearly pore free., Any vorosity in the
scales 1s probadly a result of the mechanism of scale'growth. It is conc-
eivable that two adjacent stev ledgzes, advancing towards each other, may
project out from the oxide surface, meet, and coalesce. A vore would
result below the oxide bridge. Oxide scales are suseptidle to svalling
and severe cracking on cooling for alloys containing more than 50% nickbl.
An example of this behaviour 1s shown in Fig.33, In all cases, the metal =
oxide interface is vlanar except in reglons where subscale varticles have
coalesced with the external scale,

An interesting effect was noted when the specimens were metallo-
gravhically polished on silicon carbide vaners using water as a lubricant.
In most cases, the scales apneared to be extremely vorous as in Fig.34 how-
‘ever .they,were essentially vpore free as in Fig. 35, when kerosene was used
as a lubricant. The scales wer; severely etched in aqueous‘ferric chloride
and remained pore free, indicating that the polishing action did not in-
volve a surface effect. Subsequently allvmetallogranhic polishing was done

using kerosene as a lubricant.
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ig.32. Typical oxide surface topogravhy. Fe-20%Ni oxidized for 24 hrs
in €8y, 200X

Fig.33. ©Sovalled oxide. Fe-70%Ni oxidized for 48 hrs. in CO,. 330X



Flg.34, Wustite polished on 600 grit SiC using H20 as lubricant. 300X

Fig.35. Wustite polighed on 600 grit SiC using kerosene as lubricant. 300X
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The particle size of the subscale oxide decreases as the nickel
content of the alloy increases for a given gas composition, as shown in
F1g.36,28,29 ,30 » In fact, the subscale oxide in the iron - 10% nickel
alloy oxidized in carbon dioxide 1s the continuous phase, as shown in
Fig.37. Then, a gradual increase in size occurs when the commosdition
exceeds 66% nickel, however, a spinel oxide constitutes the subscale in
these cases. The particle size across a given subscale is reasonably
uniform except in the vicinity of the subscale - alloy 1ﬁterface. For a
given alloy, the subscale pnrecipitation increases as the carbon dioxide
composition of the gas phase increases, as illustrated by comparing Figs.38
and 28, In severely oxidized specimens a band adjacent to the metal =
oxide interface appears containing a low concentration of oxide particles.
This band is readily epparent in Fig.37.

There is a definite tendency for subscale oxide to precinitate at
grain boundaries as can be seen in the photomicrographs already presented.
The effect becomes more pronounced relative to the lattice precivitation
with increasing nickel concentration and lower carbon dioxide contents in
the gas phase, At nickel concentrations greater than 60%. a reversal
occurs as in shown in Fig.33. No tendency for boundary precivitation was
observed in the 90% nickel alloy. The grain boundary oxide is continuous,
exceot at regions near the venetration front. As shown in Fig.39, the oxide
nucleates in the boundary ahead of the advancing tip and grows until it
_coalesces with the tip forming a continuous boundary film. In all speci-
mens, there is a region of lattice precivitation adjacent to the'boundary
oxide and ahead of the advancing subscale. front.

There is also the problem of the apparent porosity in the subscale
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Fig.37. TFe-10%Ni oxidized for 6 hrs. in C0,. Etched in 2% nital, 465X
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Fig.39. DNucleation of grain boundary oxide. Fe-304Ni oxidized for 30 hrs.
in 50% CO,. 580X
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oxide. This anvears to be & result of the mechanical polishing overation,
as shown in Figs.l0(a) and 40(b). After dizmond volishing for 30 seconds,
a few pores are visible. Examination of the same area after a 4 minute
polishing period, demonstrates that the amount of vnorosity has increased
considerably. It is concluded that both subscales and external scales
are reiatively nore free, and any real porosity does not influence the
reaction mechanisms.

6.5 Oxide Growth Rates

The retes of external scale growth and subscale and grain boundary
vpenetration were determined for several alloys in order to establish the
time devendence of the vprocesses and to obtain an order of magnitude for
subscale and grain boundary penetration rates. Thickness measurements were
made about the periphery of a svecimen. Compnlications arose in the alloys
which had been oxidized in carbon dioxide due to the rugged nature of the
oxide - gas and subscale - alloy interfaces. In these cases, measurements
were taken at olanar regions of the scale aﬁd at subscale regions between
grain boundary sites. These results are shown graphically in Figs.2l t;
LE. The voints on the grevh revresent the aversge value; and the errors
were determined from the standard deviation.

In all cases, the subscale penetration rates followed a parabolic
time demendence, with the excevtion of the 10% nickel alloy oxidized in
carbon dioxide. The grzin boundary precivitation front also followed a
varabolic time demendence for the two cases investigated. The.rate conse
tants for these determinations are given in Table V. The scales thickened
at a linear rate for iron-20% and 30% nickel alloys oxidized in 50% carbon

dioxide, but at a perabolic rate for 10% and 30% nickel alloys oxidized



103

Fig.40(a), Subscale region mochanically polished for 30 seconds withimicron
diamond vaste. Fe-20%Ni oxidized for 24 hrs. in CO,. 465X

- ‘r ..

Fig.40(b). Subscale region mechanically polished for 4 minutes withimicron
diamond paste. Fe-20%Ni oxidized for 24 hrs. in COZ‘ L65X
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TABLE V

Subscale and Grain Bouﬁdary Penetration Rates

Alloy Gas Commosition Ko(subscalg) En(grain boundary)
(wtoNi) C0>/C0 cm?/sec cm?/sec
2
203 50/50 6.1 x 10-11 8.1 x 1077
30% 50/50 0 1ol 7 x 1071 1.1 x 10678

30% i co, 2 x M7
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in carbon dioxide. No exvlanation can be given for the different results
on scale growth rates.

Oxide growth kinetics were determined for a few alloys only, how-
ever, it may be steted qualitatively that the scale growth and subscale
venetration rates decrease with an increase in nickel content; the grain

boundary wenetration rates gradually increase for up to 50% nickel additionms.

6.6 Electron Probe Microsnalyses

Attermts were made to determine the concentration gradients in the

subscale region and unoxidized metal, The results obtained are not relia-

ble in & quantitative sense. The main difficulty associated with these

measurements occurs as a result of the close proximity of the subscale
oxide varticles. It was virtually impossible to cross the subscale with-
cut the electron beam being atoo oxide warticles for less than 75% of the
time. The same problems are encountered in point ccunting. The results
of three traverses are given in Fig.47. Emphasis is placed on the nickel
scans for the following reason. On traversing from the alloy interior to
the alloy - scale interface, the only contribution to zn increase in X-ray
intensity will be due %o nickel enrichment in the metzl nhase. If the beam
crosses an oxide mrecipitate, the intensity will fall to background, since
nickel has a very low solubility in the oxide. Scanning the subscale re~
sults in wmeaks and valleys in the intensity curve, and the only solution
ie to Join the veaks with & smooth curve. The situation is different for

iron since crossing the oxide mey result iIn an increase or decrease in

intensity devending on the iron ccncentration in the metal ohase. Further-
more, the intensity will decrease if the electron beam traverses a hole
in the subscale region. As a result, the iron scan is more difficult to

analyse. The nickel gradients at the subscale - alloy interface are
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steep for alloys with annreciable subscale development, as shown for the
iron 20% and iron - 30% nickel alloys in Fig.47, comvared to gradients in
materials with smaller amounts of vprecivnitation as illustrated by the iron -
50% nickel alloy. The nossibility exists that there may be steep gradients
at each particle in the subscale which cannot be detected, and the scans
only renresent en averaging effect., Nickel gradients were always detected
in regions in which there were oxide precipitates adjacent to the grain
boundary oxide, Negligible gradients were detected in alloy regions where
there was no vrecipitation, at either the subscale - alloy or grain bound-
ary oxide - alloy interfaces. No gradients could be detected in the sub-
scale alloy nhase when traversing in a direction narallel to the surface.

The nickel concentrations at the metal - oxide interface could be:
readily obtained from the taver sections described in the previous chapter,
These values were obtained by polnt counting at different areas. ZEight
to ten readings were taken at each area and the awerage obtained are re-
vorted in Table VI for the alloys investigated. The values were reproduc-
idle to ¥ 2% nickel. The errors renorted were determined from the arithi-
metic deviation from the mean.

It is of interest to know if the interface commositions vary as -
e function of time for given exmerimental conditions., As can beé seen in
Table VI, after an initial veriod, a constant value is attained for at
least the two cases investigated. These observations are considered rep-
resentative of all exverimental tests. The surface concentrations are
imvossible to determine for shott times since the enrichment layer below
the surface is so thin that the analysis.would give some average value as .

a result of electron penetration into the svecimen.
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TABLE VI

Tlactron Probe Microanalysis: Interface Concentrations

Alloy Gas Commosition Oxidation Time Aversge Concentration
(wt.gN1) (coz/c0) (hrs) (wt.4N1)

10% 70/30 14,5 10

10% co, 6 L8.7
20% 50/50 24 i 38

20% - 60/u0 30 51

20% 70/30 24 52.5
20% 80/20 30 ’ " 53,2
20% co, 21 55.9
20% COz- 24 55.4
30% 50/50 3 k5.5
30% 50/50 6 50.2
30% A 50/50 12 ' Lg

30% 50/50 30 49,5
36% - 70/30 2k 57

30% 'cog ' 12 65.6
30% cozA 2L : 68.1
Lo% 50/50 _ 24 60.3
od - 20/30 | b 65.5
40% Co, 24 - 75.2
50% , 70/30 : 24 , 69

50% Co, ©o2k 799



CHAPTER VII
DISCUSSION

7.1 Introduction

The use of carbon dioxide - carbon monoxide atmosvheres facilitated
the adjustment of oxygen wotentials tp values below the dissociation nreg—
sures of the higher oxides of iron. This lead to the formation of wustite
as the sole reaction product for alloys contéining 0-50% nickel. Since
the diffusivity of iron in wustite is large, 5 x 106 cn?/sec at 1000°<3.5O
and nickel behaves as a noble element, the conditions are such that a non-
vlanar intérface moy develope in accordance with the-nreviously discussed
Wagner mechanism.al

However, linear 'oxidation kinetics were observed for long exposures.
In all cases, oxygen dissolved in the metal phase and subsequently diffused
into the interior resultingz in the precivnitation of internzl oxide. There-
fore, the basic assumntions of the Wagner model are violated, namely, that
diffusion in the alloy phase is rate controlling, and that oxygen migra-
tion is confined to plastic flqw of the oxide.ot Thus, this mechanism
definitely does not appnly to oxidation of iron - nickel alloys under the
vpresent exnerimental conditions.

The oxidation mechanism of iron - nickel alloys in carbon dioxide -
carbon monoxide atmospheres is compvlicated by the number of wrocesses which
occur at the reaction temmerature. Iron is selectively oxidized and dep-
leted gt tﬁe metal - oxide interface. The scale thickens by diffusion of

iron ions to the oxide - gas interfece where reaction with adsorbed oxygen

takes place. Since, the total uptake of oxygen is directly proportional
112
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to time, a chemisorotion reaction is rate controlling., Justification
will be presented for this viewpoint.

Furthérmore. the alloye oxidized internally., Since the diffus—
ivity of oxygen in wustite is negligible, the oxygen supply criginated
from the dissociation of oxide at the metal - oxide interface. Concequent-
ly, the linear reaction rates and the internal oxidation phenomera will
be discussed in separate sections in terms of the theory oreviously nre-
sented and other pertinent date,

7.2 Linear Oxidation Kinetics

7.2.1 General Discussion

It is avparent from the kinetic results that the linear rate curves
do not extranolate to the origin. The data for wure iron and the irom ; 10%
‘nickel alloy indicated an induction period before the onset of linear rates.
In each case, linear behaviour occurred after a weight gain of approximately
8 - 12 mg/cmz. The other alloys oxidized at decreasing rates.béfore onset
of linear kinetics., In view of the number of vrocesses occurring in the
: early stages of the reaction, an attempt is not made to account for the
initial reaction rates deviating from linear behaviour, These character—
istics have been observed vrevicusly for the oxidation kinetics of iron
in carbon dioxide atmosnhereséa’ 70;

Vhen deviations occur following linear kinetics, the rates approach
varabolic kinetics, Figs. 16 : to 19,  Relatively thick scales were observed
on pure iron and thelO% nickel alloy, Fig.L48 TFor these cases, it is as-
éumed that diffusion of iron ions_through the thick wustite scales become
68

the rate controlling reaction step. Smel,tzer70 and Pettit  have demon-

strated that the transition from linear to parabolic oxidation kinetics
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for iron is asscciated with the transition from a chemisorption reactlon
to a reaction governed by diffusion of iron in Qustite.

Two additional factors may account for the transition from linear
to parabolic oxidation kinetics when the internal scale is relatively thin,
First, diffusion in the alloy phase may vlay & predominant role., TFor
examnle, it is suggested that iron diffusion in the 509 nickel alloy vlays
a predominent role during parabolic oxidation in carbon dioxide Fig.25.
Secondly, a different oxide may be formed, in which diffuéion rates are
much slower than in wustite. TFor exammle, iron diffusion in magnetite is
107 times less rapid than in wustite. Accordingly, the parabolic growth
of the srinel oxide observed on the 60% nickel alloy oxidized in carbon
dloxide, Fig.26, may be associated with this behaviour.

There were exceotions to these observations for alloys containing
20% and 30% nickel-oxidized in carbon dioxide. In six out of seven tests,
the oxidation rates gradually increased after linear oxidation. ZExamina-
tion of an iron 30% nickel alloy illustrated that the scale was detached
from the metal vhase at various vpositions along the alloy - oxide inter-
face. A new oxide_laye} was formed on these exposed areasyFig.49., Acc-
ordingly, the rate increases are associated with mechanicsl failure of the
oxide scale and subsequent oxidation of the exmosed areas.

It should be mentioned that linear reaction rates would be observed

f steady state diffusion through a resistance laywrwfcamiant thickness,
either in the solid phase or the gas vhase, is rate controlling. A solid
vhase layer can be eliminated since regions of constant external scale or
internal subscale thicknesses were not oﬁserved. Diffusion of the oxidize

ing gas through a boundary layer film adjacent to the oxide surface is the
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other rate controlling vossibility. Assuming that the rate of transport
of carbon dioxide gas across a boundary layer film was rate controlling,
the calculated réte of oxidation for vure iron was svproximately 20 times
greater than the ob;erved rate. Since the values used in this calculation
are apvroximately of the same order of mesgnitude for iron - nickel alloys,
the above result avplies to oxidation of the alloys. Details of the cal-
culation are given in Appendix 1.

The possibility of gaseous diffusion determining the reaction rate
ney be checked by determining the activation energy for oxidation. The
Arrhepius temperature coefficient for the oxidation of an iron 30% nickel
alloy in a 50% carbon dioxide atmosphere was determined by pvlotting the
logerithmn of the rate constants for the temvegatures of 900°, 950°, and
1000°C versus the recivrocal of the absolute temperature. -This olot is
shown in Fig.50. An activation energy of 1 - 3 kecal, would be exvected l
for a gaseous diffusion nrocess, whereas z value of 21 kcal. is FTound
exverimentally. Gas diffusion, thereforé. does not act as a rate determin-
ing step in the oxidation mechanism.

7.2.2. Oxidation Bate 28 a Function of Gas Commosition

The linear rates may now be discussed in terms of the oxidation
model presented in the theoretical chavnter. Fquation 4 - 10 was derived
on the basis that a chemisorntion reaction determined the oxidation rate.
Therefore, the provosed mechanism can be verified if plots of KL versus
(1 - aoeq/aog) PCOZ satisfy the data. Since it was shown that this expres-
sion is equivalent to equation 3 —= 16 of Smeltzer, equation 3 - 9 of
Pettit et al., and equation 3 = 21 of Turkdogen, exverimental values of

Ky wersus PCOZ should obey & linear relationshiv. In this way, the data
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may be vresented in the simvlest form.

The results are shown in Figs. 51and 52 for vure iron and ircn =
10% nickel, and iron - 20, 30, 40, 50% nickel alloys. The dissociation
pressures for wustite equilibrated with iron - nilckel alloye were taken
from the results of Roéder and Smeltzer95 and Bryaﬁt and Smeltzerlou.
These investigators utilized electrochemical measurements on sclid gal-
vanic cells {to determine the activity of oxygen in wustite equilibrated
with alloys containing up to 80% nickel. The results can be deécribed by
the theoretical equation with the excention of the results for the iron =
10% nickel alloy. 'The deviations of the kinetic results for this alloy
from the theoretical equation may be caused vmartially.by the inaccurate
evaluations of the linear rate constants. Furthermore, the subscale for
specimens oxidized in carbon dioxide was a continuous vhase which would
cormlicate the oxidation vorocess, Fig.37.

The value for the oxygen activity in the gas vhase in equilibrium
with vustite, a, ., apvears in equation 4 -~ 10, This term is equivalent
to Pcozl in equation 3 - 16 and equation 3 = 9, For wustite scales on
pure iron, the equilibrium value is assumed to be given by the dissociation
pressure of wustite in equil@brium with the metzal vohase, since it is argued
that there is no iron concentration gradient across the oxide, when oxida-
tion is determined by the slow chemisorption rate determining step.és' 70
Comnlications arise when the same avoroach is teken for iron - nickel alloys.

It is avvarent from the electron probe data that the nickel concen-
tration increases from the initial bulk content to a higher value at the

interface,Table VI. When the dissociation pressures of wustite in equili-

brium with alloys characteristic of these increased concentrations are
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used for a the required linear relationshivs between X, and

o’ L
(1= g /a8) PCO2 are not obtained. Good agreement is obtained only
vhen the dissociation vressures for the alloys containing the bulk nickel
concentration are used for a, -

It can be seen from Fig.51 and 52 that the lines extrapolated to
the abscissa, representing the ecquilidbrium oxygen activities between the
alloy and wustite phases, intersecting this axis at the equilibrium PCO%
values for oure iron and for the iron - 20, 30, 40 and 50% nickel alloys.
In the case of the 50% nickel alloy, the line intersects the'axis at a value
between that given by references 95 and 104. It apnmears then that although

metal is enriched at the metal - oxide interface, the rate of oxygen uptake

at the oxide - gas interface is determined by the inikial bulk concentra-
tion of the alloy and the partial pressure of carbon dioxide in the gas
vhase,

These findings demonstrate that the commosition of the oxide at
the oxide - gas interface does not significantly alter from the commosition
of the oxide forméd during the initial stages of the reaction. As shown
in Fig.8, iron can be sunplied to the external scale from the metal sur-
féce and from the alloy interior via diffusion in the grain boundary oxide.
Therefore, the supply of iron is ranid enough to maintain gss decomposi-
tion control owing to the ravnid diffusivity of irom in wustite.5o

However, in order for local equilibrium conditions to apnply at the
scale - metal interface where the metal vhase is of enriched nickél cone
centration, it is necessary that nickel diffuse into the scale. Since the
solubility of nickel in wustite is less than 2 atomic ver cent, the dif-
fusivity of nickel ions may be small making it difficult for the oxide to

"equilibrate with the alloy phase across the entire
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scale., This is comvatible with the results of Wagner concerning the
reduction of chromium doved wustite. In this case chromium was enriched
in the oxide at the metal - oxide interface. In a'récent’investigation,
Wood has determined thet iron diffused further than nickel in iron oxides
formed on stalnless steels.106 Therefore, it is possidble that a steev
nickel gradient mey exist in wustite ;t the metal oxide interface. The
comnosition at the outer oxide surface would not alter from the initial
value to a measurable degree. ' -

In this resmect, it was noted that the microhardnesses of the
inteznal oxide precivitates and the external scale were different as shown
in Fig.53. Oxide precivitates in the subscale regions exhibited smaller
hardness values. If nickel solution in the oxide incressed its' plasticity,
these measurements indicate a deficit of nickel in the externszl scale. It
was not vossible to determine the nickel concentrations in the scale with
the electron vrobe since intensity measurements were of the same order of
magnitude as background. Scans across a number of scales did not reveal
concentration gradients, with respect to both iron and nickel.

Hence, one can only conclude that the dissociation vressure for
wustite equilidbrated with the alloy of initial nickel concentration is a
good avnroximation in equation 4 - 10,in view of the exnerimental agreement.

Magnetite precivitated in the wustite scales uvon quenching the
svecimens from the reaction temvemature. These findings indicate an oxygen-
gradient in the intemnal scale. If the entire scale was in equilibrium
with the alloy, magnetite would not be exvected to nrecinitate on quench-

ing, since the scale comvosition would be given by the tie line connect-

ing the alloy compmosition with the wustite vhase field., In order for
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Fig.53. Microhardness of external and internal oxide. TFe-20%Ni oxidized

for 24 hrs. in COp. 465X,
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magnetite to precipitate, the scale comnosition would be given by a woint
at the wustite - magnetite nhase boundary. 4Accordingly, the curvature of
the wustite - magnetite nhase boundary surface.in the ternary system must
be disnlaced towards higher iron concentrations at lower temperatures to

the extent that the two vhase region, wustite - magnetite, is entered on

cooling.

7.2.3. Oxidation Rate 23 a Function of Nickel Concentration

The oxidation rate devendence on the initial allo& nickel concen-
tration is shown in Fig.5%4. The msgnitude of the linear oxidation rate
constant decreases with increasing nickel contents in the alloys. If the
positive hole concentration, [@] s in, wustite was-known as & function
of iron concentration‘in the alloy v»hase, andEde the fraction of vacant
oxygen sites on wustite, was known as a function of oxide and gas composi-
tion, the observed kinetics could be discussed in terms of the general equ-
ation 4 = 9 on a quantitative basis. Since these relationships are unknown,
one can only comment on the shave of the curves which would be generated
by this expression.

If wustite is equilibrated with pure iron, one can write,

Fe ¥+ 2@ +Feq = nil ’ 7-1
and
2
= — 7=2
® 2/3
K(aFe)

Iron nickel-alloys exhibit neatrly ideal behaviour and a similar equili-
brium exnression would be exvected for the equilidration of wustite with

iron - nickel alloys. Substitution for the nositive hole concentration
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in the general equation 4 - 9-would yield on expression of the fornm,

k) ke © eq
K, = L .t el 7=3
k aoéa COZ

+
K(Q?O)Z/B Peo kg

If one assumes that the individual reaction rate constants, the
equilibrium constant, K, and the fraction of vacant oxygen adsorption sites
are constants independent of nickel concentration in the alloys, plots of
KL versus alloy concentration for each gas commosition yield a family of
curves of the same fqrm as those shown in Fig. 54, Desnite this feature,
annlication of equation 7 = 3 to the linear oxidation kinetics may only
be assessed when the influence of nickel contents in the alloy and oxide
on the kinetic and equilidbrium reaction narameters has been determined
quantitatively.

7.4 Internal Oxidation of Iron - Nickel Allovs

7.4,1. General Discussion

The general features of the internal oxidation process have been
cutlined in the experimental results section. The subscale formed in iron-
nickel alloys is gimilar to that in copnper - vlatinum, copver - valladium
and nickel-platinum alloys investigated by Thomas.3°This investigator re-
ported that small amounts of noble metal could be detected in the external
scales, and suggested that small additions of noble element to the oxide
nay increase the dissociation vressure of the oxide.

Since the same oxide, wustite, is fo?med both internally and ex-
ternally in iron - nickel alloys, the dissociation pressure of the oxide

at the metal -~ oxide interface must be greater than the dissociation
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vressure of oxide formed internally. Also the oxygen activity attains
its maximum value where the noble metal content of the alloy is of max=-
imum value. Since the noble metal content is highest at the metal -
oxide interface and decreases acrosas the subscale attaining bullk value

at the subscale alloy interface, an oxygen pressure or oxygen activity
gradient exists across the subscale. This activity gradient represents
the driving force for internal oxidation. These conclusions are sup-
vorted by exverimental findings. The dissoclation nressufe of wustite

in equilibrium with iron - nickel alloys increases with increasing nickel

10“. Also, the electron vrobe data of thiz investigation,

contentgs'
Table VI, demonstrate that the nickel concentration ies highest at the
metal - oxide 1n£erface and decreases with distance through the subscale.
Therefore, the oxygen activity gradient represents the driving force for
internal oxidation of iron-nickel-alloys.

30

Thomas”~ described the internal oxidation processes in terms of
the inward diffusion of oxygen on its concentration gradient. For this
concentration gradient to exist, it must be assumed that the soludbility

of oxygen increases with increasing noble metal content. In the theoreti-
cal section, it was demonstrated that this avproximation is not valid for
iron - nickel alloys, equation 4=35, The solubility of oxygen was shown
to decrease with increasing nickel concentration on a purely thermodynamic
basis. Accordingly, the binary diffusion equations of the Thomas model
cannot be applied since the oxygen gradient would be directed toward the
metal - oxide interface in the subscale region. This-characteristic would

require the imvossible condition for the considered binary diffusion

equations of uo-hill diffusion of oxygen on a concentration gradient.
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As described in the theoretical section, a different approach was
taken in order to account for internal oxidation in the iron - nickel sys-
tem, incorporating the princinles of multicomponent diffusion. Using this
analysis, the concentration gradients of other commonents and pogsible
interactions between diffusing species are taken into account.

7.4,2 Subscale Mornhology

For the model advanced in the theoretical section, equations were
deduced for subscale penetration under the assumption that oxygen dissolved
in the alloy phase and diffused into the matiix along a vlanar front. This
implied that oxygen diffusivity in the grain boundaries was of the same
order of magnitude as in the metal lattice, =zlthough examination of the
subscale morphology illustrated that the grain boundary precinitation ad-
vanced beyond the lattice precivitation front, Fig.28 to 30. This is be-
lieved to be a result of preferential nucleation at grain dboundary sites
and not indicative of a preferential grain boundary diffusion process.

There are several experimental observations which support the
premise that oxygen diffuses inwards along a uniform front. ZExamination
of iron - 30% nickel alloys oxidized in 50% carbon dioxide revealed that
the depth of grain boundary venetration relative to the lattice venetra-
tion at 1000°C was equal to and in some areas greater than this ratio at
900°C, sée.Fig/38 ana Fig/55., This would not be expected if a oreferent-
izl grein boundary diffusion process was operative. Simllar conclusions
were made by ThomasBo for coovper - noble metal alloys,

Severzl attempts were made to reveal an oxygen concentration pro-
file using microhardness and etching techneques. Significant phenomena

were observed when cyoss-sections of oxidized svecimens were etched in
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aqueous ferric chloride. A-high density band of etch pits anpeared at
denths beyond the grain boundary penetration in all smecimens., A typl-
cal band structure is shown in Figs. 56 (a) and 56 (b). These etch vits
would arise due to selective etching of alloy where dislocations inter-
sect the surface. The large density of dislocations required for this
type of vitting must be associated with the penetration of oxygen into the
alloy since no other process is occurring at these observgd devoths. Con=
firmation for this viewpoint was oﬁtained by showing that the motion of
the band front followed a parabolic time devendence, Fig. 57. The para=
bolic rate constent for an iron - 30% nickel alloy oxidized in 50% carbon
dioxide was determined to be 2.Ux 10‘8cm2/scc which is the same order of
magnitude of the diffusion coefficient for oxygen in iron which is avproxi-
natly 3 x 10“8cm2/sec.bl Assuming that the oit band is associated with
oxygen diffusion, 4its planar front offers confirmation to the assumption
that oxygen diffuses inwards along a uniform front. Accordingly, grain
bo;ndary precipitation is not a result of preferential boundary diffusion.

108 has reported a mechanism which will account for these

Anslie
observations. If an atom can diffuse both interstitially and substitution-
2lly, the latter via a vacancy mechanism, the interstitials may diffuse
ahead of the substitutionals and enter vacant lattice:sites, creating an
undersaturation of vacancies. Ainslie determined that small undersatura=-
tions can promote dislocation down climd with subsequent emission of vacan-
cies in order to relieve the undersaturation. Therefore, in undersaturated
reglons, 2 high dislocation density results. These considerations have

been shown to be valid for diffusion of sulvhur in ironlo8 and the mechanism

is feasible in the present situation esvecially since oxygen is a large
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Etch pit band in an Fe-30¥Ni alloy oxidized for & hrs. in
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interstitial species. In view-of these observations, it is assumed that
oxygen penetrates the alloy uniformly and the preferential grain boundary
precivitation 18 a.nucleation effect. Lower supersaturation: leads to
orecipitation of oxide at grain boundaries comnared to that required to

nucleate and precipitate oxide in the alloy lattice.

7.4.3 Generation of Suversaturation in Iron-Nickel Alloys

Equation 4-17 and equation 4-18 can be used to demonstrate that
oxygen suversaturation is generated in the alloy as a result of the vpres—
ence of the nickel gradient. When the degree of oxygen supersaturation
is sufficient to satisfy the critical concentration product for nuclea=
tion, oxide is precivitated, That is, the nickel gradient establishes the
alloy composition in a two phase region in the ternary iron - nickel =
oxygen vhase dizgram. Substitution of avoropriate values into equations
4-17 and 4=18 allows one to map the diffusion vath on the ternary phase
diagram, This is referred to as the virtual path by Kirkaldy26.

Values for the various pvarameters can be obtained from the liter-
ature and electron orobe data with the exception of the off-diagonal dif=-
fusion coefficient Djp. It is necessary in this instance to assume an ~
aporoximate value, An estimated value of D1, was obtained by using the
quantity of oxygen fluxed into the alloy to produce a given amount of
oxide using equation 4-19, n&glecting the oxygen term; In this manner,

0~12cn?/sec.

Djowas estimated to be 1
A virtual path calculation was carried out for an iron—30% nickel
alloy oxidized in 50% carbon dioxide. \From the electron probe data, the

concentration of nickel at the interface was .07 noles/cn3. and the

oxygen concentration was oxprosqu as the ratio c1/c§ where c{ is the



-

133

saturation value at the interface. The saturation velue for oxygen was
taken to be 10‘5 moles/cm3. The diffusion coefficlent of nickel in iron=-

109 end the oxygen coefficient

nickel was taken from the data of O#éilvie.
from that of Bohnenkamp and Engellul and Schenck et ul.6h D114/10'8cm2/sec.
In this calculation, it was assumed that the oxygen solubility is independ-~

ent of alloy composition.

The calculated virtual vath is shown in Fig.58. It can be seen
that the diffusion path does enter the two vphase vustiteAalloy region,
Moreover, the oxygen profile et some given time before precipitation can
be described by vlotting the oxygen concentration versus distance from

the metal = oxide interface, using equation U4=17, This profile is shown
in Fig.59. It can be seen from this plot that oxide precinitation will

occur to a greater denth at grain boundaries, as observed in the cross-
sections, if the critical oxygen concentration required for nucleation is

less for the grain boundary regions than the metal lattice. Thus the

degree of suversaturation is influenced by the nickel concentration dis-
tribution whereas the depth of oxygen venetration is influenced by the

oxygen diffusivity in the alloy phase. These two factors imvly that the

rate of subscale penetration into the alloy lattice is largely devendent
unon the diffusivity of nickel and that rate of subscale formation along
the grain boundaries is mainly devendent on the oxygen diffusivity.

The rate constants for lattice and grain boundary vrecipitation in

the iron - 20% and 30% nickel alloys oxidized in 50% carbon dioxide rep-
orted in Table V and Fig.l2, Gualitatively agree with these considera-
tions. These alloys were selected for detailed measurements since the
precinitation fronts could be measured faily accurately, and the inter-

nal oxide did not occupy a large proportion '
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of the subscale region which i1s required by the theory, since 1t was
assumed that precipitatésndo not interfere with diffusion processes,
7.4.Y4 Verification of the Theoreticel Develonments

In the theoretical section, exnressions were develoned to determine
the amount of oxygen which diffuses into the alloy phase. This calculated
amount of oxygen may be commared to that found experimentally to test the
aponlicability of the multicomwonent diffusion model.

The actual amounts of oxygen present as internal'oxide in the
iron = 20% and 30% nickel alloys oxidized in 50% carbon dioxide were de-
termined from the experimental penetration curves given in Fig.h2. In
both cases, the oxide particle size was uniform across the subscale and
this phase represented apvoroximately 20% of the volume, Neglecting the
small variable concentration of wustite, the concentration of oxygen ,

F
Co 18 0.08 moles/cm> of wustite. The observed weight of oxygen is then,

wo = 0.2 x czeo A 7=L

where x is the subscale thickness in cm., and A is the surface area con=-
sidered. In the calculations A = 1 cm?®. Since the venetration of sub-

scale follows a parabolic relationship, x = VKpt.
Vo = 0.2 (xp)i oq*0 o 7=5

Utilizing the determinations of the parabolic conetants from the penetra-

tion curves, exverimental weights of oxygen as oxide in the alloys are,

W, £20% M) = 1.2 x 10‘7 td nolee/cmz/noc% 7=6
and

Wo (30% 1) = 1.1 x 1077 o8 nolon/cmzluc% : 7=7
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As theoretically nredicted, the rates of subscale menetration
obey parabolic relationships. The above values for untake of oxygen may
nov'be compared to those obtained using equation 4-38 after avpropriate
substitution., Values nreviously givean for the diffusion constants of
oxygen and nickel were emvloyed for Dj; and Dpp; C2] and N2 were deter-
mined from the electron probe data, Table VI, assuming an alloy density
of 8 gm/cm3, £, was estimated to be 10, on the basis that D12/D1 =

4

107" and D12/Dy ¥ &, Ny, where N} = 2 x 1075,

The calculated values are,

W, (20% M) z 0.2 x 10~8 8] nolol/cmz/Socé 7-8
and

W, (30% K1) = 0.7 x 1079 % moles/cmzlsod% 7=9

Utilizing equation 4-25, and assuming that the solubility of oxygen in the
alloys is the same as nure iron and independent of niclkel concentration

the calculated values are,

Wy (20% Fi1) = 0.9 x 107 2 moles/cmzlnecé 7-10
and

Wy (30% Ni) =Q9x 10~7 tﬁ moles/cmz/nci' _ 7-11

It is avvarent from these calculations, that the expression des-
cribing the solubility of oxygen in the alloys based on the Gibbs = Duhem
relationshin, equation 4-37, is a crude approximation, Agreement is dbetter
when 1t is assumed that the oxygen solubility avproaches that for purev
iron, The immortance of the Gibbs « Duhem result 'is associated with equa-

tion 4=35, which predicts a decrease in oxygen solubility with increasing
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nickel contents.

Examination of Figs.36, 28, 29, and 30 illustrates that the amount
of oxygen nresent as internal oxide decrezsed with increasing nickel con--
centration for a given gas composition. 4t surface compositions of ?O%
to 80% nickel tkhe reduction in oxide concentration was quite dramatic.

The difference in the nickel concentration gradient (Cpy - Czp) decreases
only slightly with increasing nickel concentration, Table VI. However,

as a result of the reduction of the oxygen saturation concentration with
nickel concentration, equation 4-35, this reduction in precipitation is
exnected. Oxygen solubility must decrease ranidly at nickel concentrations
of the order of 70 - 80%.

For a given bulk nickel content and increasing carbon dioxide
vressures, the amount of subscale increased; compare Fig.28 with 38.
Howewer, in these cases, the increase in vrecinitation is a result of an
increase in the nickel gradient (021 - Czo) in equation h-25,as shown in
Table VI.

Although numérous anproximations were necessary, the theoretical
relationships sunport the provosed mechanism of internal oxidation. To
derive these relationshivs, it was assumed that the varameteres Dyz, & »
Dll' Dy> were independent of concentration, and that the nickel concentfaQ
tion gradient could be avproximeted to an error function relation, This
latter consideration could not be examined beczuse electron oprobe scans
across the subscale illustrated that the vrecivitation reaction greatly
modified the nickel profile in cases were there was conious precivitation.
An error function solution was approached when the vrecivitation was min-

imized, such as in the case for the 50% nickel alloy oxidized in carbon
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dioxide, Fig.lu7.
7.4.5 Additional Features of Internal Oxidation

The above mechanism for internal oxidation is based on the influ-
ence of a nickel gradient on the penetration of oxygen into the alloy.
Since specimens heated in carbon dioxide - cafbonvmonoxidﬁ atmosvheres at
a potential just below that required for external oxidation did not
oxidize internally, an exmeriment was designed to determine the effect of
the presence of a steep nickel gradient in the alloy. |

An approximately 3 micron layer of vure nickel was electroplated
on an iron - 10% nickel alloy from a standard Watts solution., The sveci-
men was exvosed to a 50% carbon dioxide atmosgnhere for 10 hours. The re-
sult of this test is shown in the taver section in Figh0. The nickel plate-
alloy interface is visible in the micrograph. It is apparent that oxide
hag precipitated in the alloy phase behind this interface. This observa-
tion supports the argument that oxygen sunersaturation in the presence of
a nickel gradient attains the critical value required for oxide precipita-
tion. However, this conclusion must be accepted with reservation because
the oxygen votential in the nickel plate may be sufficiently high enough
to oxidize this particular alloy. -HQwever. this latter consideration does
not exolain the occurrence of oxide as precivitates in the alloy. Accord=-
ingly, the observations may be regarded as additional tentative supvort
for the conclusion that oxide precipitation in the alloy occurs in the

vresence of a nickel gradient.
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Fig.60. Ni - plated Fe - 10% Ni alloy exnosed for 10 hrs. in 50% COZ. 820X



CONCLUSIONS

l. Iron and iron - nickel alloys have been oxidiged in carbon
dioxide - carbon monoxide atmospheres at 1000°C. Linear reaction rates
were observed for iron and alloys containing up to 50% nickel. Internal
oxidation occurred in all alloys investigated. For alloys containing unp
to 50% nickel, wustite was the only oxide formed and its composition was
dependent upon the nickel contents of the alloys. A spinel oxide formed
on alloys containing greater than 50% nickel,

2., The basic vnostulates of a theoretical model ﬁreviously advanced
by Wagner for oxidation of these alloys were violated as a result of the
occurrence of linear reaction rates and internal oxidation.

3. A kinetic equation was derived for linear oxidation of iron
and iron - nickel alloys based on the assumption that dissociation of
carbon dioxide at the oxide gas interface was the rate controlling reac-
tion., Several equations reported in the literature to descridbe the linear
oxidation kinetics of iron were shown to be equivalent to the derived equa-
tion,

L4, The kinetic expression vredicted a direct nronortionality be-
tween the rate constant and vartial pressure of carbon dioxide which was
observed for pure iron and iron - 20, 30, and uo% nickel alloys.

5. Electron probe microanalytical analyses demonstrated the
presence of large nickel gradients in the metal vhase below the metal -
scale dnterface of the iron - nickel alloys.

6. An internal oxidation model was presented based uvon the
principles of.diffunion in multicomponent metallic systems to account

140
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for the effects of metal concentration gradieht. at the alloy « oxide
interface on oxygen solution and oxide precinitation in the alloys.

7. Equations, based on the above model, adequately described
supersaturation of oxygen prior to precinitation of oxide and the amount
of oxygen present as internal oxide.

8., Subscale morphologies were presented illustrating the pré—
ferential precipitation of oxide at grain boundaries. The internal oxida-
tion model satisfactorily accounted for this effect, ausuﬁing that greater
supersaturation was required for lattice vrecinitation compared to grain
boundary oxide formation.‘

9. The rates of subscale formation at grain boundaries and within
grains were dependent on ﬁhe diffusivity of nickel and oxygen in the alloy
phasge.

10. Several fundamental parameters are required in order to test

the theoretical relationships on a quantitative basis.



APPENDIX I
If gaseous diffusion of carbon dioxide is rate controlling, the
oxidation rate will be given by the rate of transfer of gas to the oxide
surface. Consider the largest observed oxidation rate, namely, for oure

iron 1ﬁ carbon dioxide., From the linear rate constant, the oxygen uptake

is §2—§21912 . —_5%66— 2o = 10-7gm-atoms 0/cm2/sec. One gram - mole-

cule of carbon dioxide suvplies one gram - atom of oxygen according to,
002-)0+CO : A-1
The rate of carbon dioxide diffusion to the surface is given bm,lll'

NO :__]_J_. . e e A-Z
02 = —=* N, * (Pgo, - Pcop)

. ) 29
where Ny = 0.66b'(l%ﬂ)0'5 (F%) 0.32 ana V,p, u are the gas velocity,
density and viscosity resvectively, D is the geseous diffusion coefficient

and 1 is the svecimen length., Substituting avorooriate values,
0.664 (Lfix 0u6 x 043 x207) 5 (s x 308 ) 033
450 x 10- 0.43 x 1077 x 1.5

0.55

Ny

where Vpax

2Vaverage bas been substituted for the gas veloeity. Therefore,

Ncoz = 1.5 x 0.55 x 0.75 - 3.9 x 10'6gm-atoms O/cmz/sec
82,05 x 1273 x 145 .

The oxidation rate should be 8 times larger than observed for the case
of pure iron. The alloy oxidation rate is avoroximately 30 times less

than pure iron, therefore, observed rates differ by 100-500 times.

142



APPENDIX II

In the internal oxidation model, it is assumed that the metal -
oxide interface is stationary. This assumntion is based on the premise
that the volume of wustite precipitated in the alloy lattice commensates
for the volume of iron reacted to form external oxide. The thicknesses
of iron - 20% and 30% nickel alloy plates, oxidized in 50% carbon dioxide
for various time intervals, are compared to the initial values in the table
below. The initial dimensions, determined with s metric miérometer. are
accurate to ¥ 15 microns. The final dimensions were obtained with a cal-

ibrated filar microscome eyeviece; the errors are the standard diviation.

ALLOY TIME INITIAL THICKNESS FINAL THICKNESS INTERFACE
MOVEMENT

(wtdh Ni) (hrs) (nicrons) (microns) (microns)

20 6 650 616 = 7 17

20 12 670 663 x 6 3.5

20 24 580 552 ¢ 5 W

20 30 670 645 t 2 13

30 3 660 624 + 7 18 :

30 6 630 608 ¢ 8 11

30 10 650 625 ¢ 2 13

30 24 580 575 £ 5 2.5

30 30 610 590 t € 10

The results indicate that the metal - oxide interface recedes only

during the initial stages of reaction; and then, it remains essentially

142 (a)
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stationary ss oxidation continues. Assuming that a thin layer of oxide
is formed prior to the vrecivitation of internal oxide, it is concluded
that the interface recedes slightly as iron is selectively removed from

the alloy; then, it becomes stationary as a result of subscale develovment.

APPENDIX III
Two kinetic exveriments were carried out on an iron - 20% nickel

alloy, in which argon was substituted for carbon monoxide. The results

are reported graphically in Fig.27, vage 87. The kinetic data can be

adequately described by straight lines. The resction rzte Cecreases as

the argon concentration is increased. It is concluded that the chemisorn-

tion model apolies; and that the effect of srgon is to dilute the oxidizing
\

68

gas, Similar results have been revorted for nure irom.
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