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SCOPE AND CONTERTS:

In this thesis the results of an experimental investigation and
theoreticol analysis of high temperatu?a oxidation properties o"toba1t41ron
alloys are presented. Coba]t—1ron aT]oys containing up to 70% iron were
SubJeCted to pure oxygen atm pheres with‘oressures ranging from 10
1 atm at 1200° C. The reaction k1net1cs oxide scale morphologies and
spatial distributions of the reacting species in the oxidized specimens
were determined; It has been established that the reaction is contro11éd
by metal diffugion through the oxide scales separaxfng Ehe reactants. A
ternary diffusion model was 1nyokéd to describe the hign temperature oxidation

behaviour of the investigated ai]oys. The consi§§ency.of,the model 1s v

tested by evaluating the concentration profiles. rom metal diffusien coef-

ficients and nonstoichiometry of ternary oxides us phenomen-

ological equations; The comparison of the results from theoretical cal-

ulaty and the experimental measurements shows good agreement. This

suggests 4t the theoretical analysis adapted in this work is consistent
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with the actual physical and chemical prdcésées goVerning-ihe oxidation

O
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CHAPTER I
INTRODUCTION -

Successful prediction of the aﬁp116ation of an alloy under high
temperature service cond1t1ons requires extensive know]edge of physica]
chem1ca1, and mechanical properties of the material and the service .
conditions to which it will be squitted, e.g. temperature, atmosphere,

stress, vibration, etc. Among the properties to be considered most

-...‘.
-

seriously is oxidat1on and/or corrosion resistance _ Therefore, the
deveIOpment of experimental techniques and analytical methods for monitoring
the ox1dat1on k1net1cs and morphological development of oxide scales 1sl

a technological necess1ty: Theoretical understanding of the processes
involved is also an important scientific challenge.

‘The present investigatibn is part df a broad research project
concerning oxidation and sulphidation of pure metals and. alloys at high
temperatures. The probiem of reaction between the metal and environment
is studied from both theoretical as well as experimental point of view.

In the case of a}loy oxidation and sulphidation thése two factors are
very closeﬁy re d. Therefore, theoretical analysis of this very
complex process is-essential, in order to gain an understanding of the
‘ RN
experimental results. N (’

The purpose of the‘present'work ist the experiméntal study of the

diffusion controlled oxidation of binary a]lo&s and further develapment

of the diffusion mode} based on the concept of local equilibrium and

P

B i |



mu1ticomponent dtffus1on This task involves eéxperimental invest1qat1ons
.of the oxidaticn kinetics, morpho1ogica1 development and compositions
of the ox1de sca]es, and theoret1ca1 analysis. '

Pre11m1narv experiments showed:that coba]t;iron alloys {(cobalt
base a]loys are very important structural materials used in aircraft jet
eng1nés) satisfy all the cond1t1ons of the theoret1ca1 mode descr1b1ng
“the diffusion controlled ox1dat1on of binoryralloys. In addition, the

A

. - thermédynamics and transoortfﬁFgﬁéttiegﬁof the ai]py;and oxide phases

are known. Accordingly, the oxidation kiootics and morphological
development of oxide scales on cobalt-iron alloys were determined for iron
alloy contents 1into 70% exoosed to various oxygen pressures (from'-]Of'4 atm

to 1 atm) at 1200°C. Measurements were a1so‘made of the metaf compo;itiona] .
profiles in the scales in order that a diffusion model could be

invoked to corre]ate_the parabolic oxidation kinetics of the alloys.
| In the following presentation, Chapters II and III contain a genero]'
discussion on the oxidation of pure metals and binary ai1o&s. Various
theoretical consideratioos discussed in tHese chapters are applied sub-
sequently to the design of the experimental system described in Chapter IV,
-Chapter Y conta1ns a literature survey of the high temperatun//oropentjés

of Co~Fe-0 system Experimental techniques are described in Chapter VI,

In the fol1owing_two chapters the experimentaT/;;;LIts are presented,
interpreted and discussed. Applioation of the oiffusion model and dis-
cussion of theoretical calgulatioos in the light of experimontal findings

is presented in ChapterIX. Chapter X contains the summarized conclusions

of tdjgﬂﬁork Appendi x A contains proposals for future work. A complete

*Error analysis of the measurements and calculations is given in Appendix B



and Appendix C describes in .detail the computation method.
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CHAPTER 11
PRINCIPLES OF OXIDATION
\

2.1 0Oxide Farmation and Growth

Metals form one of the most important clessification of materials
used for centuries in all fields of human activity. Because of their
wwdespread use metals are qften exposed to chem1ca]1y and phys1ca]1y
aggre551veﬁeq¥1ronmedts conta1n1n -oxygen, nitrogen, sulphur and other
reactive'gase§§and Qapors. Unfortunately, with a fed exceptions they react
with such environmedts, in reactions designated by the term "oxidation".

When a clean surface of metal is exposed to the attack df a gas,

“the reaction commences at the metal-gas interface, and unless the reaction
, .

products are.volatile, they form an intermediate layer between the metal

Y

and gas.: This reaction is gove?ned by two factors. One is the thennodynamic

_equ111br1umldetenn1n1ng'wh1ch compounds, if any, are formed. The second

factor is the rate at which comﬁfdnd formation occurs and {it-is a kinetic

problem. The study of the oxidation procesSes of metallic materials is

therefore concerned with the1r response to various env{ronmenfs under various

conditions of temperature and pressure. ' - S~
A metal in a gaseous environment constitutes therefore a complex

chemical system ‘and in most cases an interpretation of the reacticn

behaviour can be achieved only w1th great difficulty. The equation for

the reaction between oxygen and metal to form metal oxide may be written as:

a Me + g- 0, - Me 0y - (2.1)‘



However, because the oxidation behaviour of a metal depeﬁﬁs upon many
variables reaction mechanisms prove to be complicated. The initial step
involves the adsorption of the gases ‘on the meta surface. As the reaction
progresses, oxygen may dissolve in the meta] then .oxide is formed on the
surface either as a fi]m or as d1screte:ﬂ&de nuclei, Both>adsorpt10n‘and
“initial oxide fonmation are functions of sqrface 0r1entatjbns, crystal J
defects on the:surface. impurities in tﬁe metal and gas, and surface
breparation. ‘ -
| The oxide frequent1¥;§ppears as a compact phase with the metal and
oxygen gas spatially separafe&fﬁrqm:ggchjother. and further reaction is
on1y possible by passags of tﬂe.rsastants through this superf1c1s1 layer.
In such situations, the course of the reaction is no longer determiﬁed by
. (1.1), but by diffusion and phase boundary processes for which the

mechanisms are'complex. One must consider, in general, several partial

processes. First,phase boundary reactions involving chemisorption of

oxygen md]ecu]es’thh subsequent formafﬁbn of oxide by transfer of oxygen
“into the metal or of metal into the adsortfed oxygen layer. This formation
stage involves nucleation and crystal growth processes. Second, predominant
transbort processes in.a space charge boundary layer in case of films,
especially at low témperatures,wherg the electrical potential gradiént is
the major driving force. And third, diffusion of cations, anions and
e]ectrsns throuéh the oxide film or scale, the driving force for this
process being the electrochemicdl potential gradient in the oxide layer.

One of these above processes is usually the slowest and hence rate-

ining reaction step.



The methods for investigation of oxidotion-pfooofses include the
reaction product identificaoion by otandard ohemical and metallographical
methods and reaction rate moniltor'i'ng.t The'réaction rate monitoring
includes determinations of the changes in thickness of scale, in wefght of
sample or in the volume of oxygen con;umeo from the atmosphere as a
function of time. Because of the very complexity of the pfocesses, tﬁé
reaction rate laws may take various forms. Most of the quantitafive
experimenté] data are obtained as changes ih weight (am) ‘per unit surf-ace\h*éb
area (A) which are directly proportional to the oxide thickness, 1f it can
be assumed, that dens1ty is constant throughout the ox1de layer

am _ mol. wt. of oxvgen
- mol. wt. of oxide

.p-X

where 5 = density of:oxidé
X = thickness

The simplest rate 1éﬁuobseryed is the Tinear relationship,

<.

Am ;- ’ . ' |
r— kLt “c . ) _ (2'3)
where k = 17near scaling constant
t = time

This type of behav19ur is associated with growth of porous f11ms
'UJ '
vhere the direct contact occurs between metal and gas, such as fbr the

-

a]kal% metals. It was also observed in growth of compact scales, such as
wﬂstite in COZ-CO atmospheres when diffusion in the scale is sufficiently -

rapid and the .controlling step is chemical reaction at the\oxide-gas interface.
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The most common type of oxidation behaviour, and also best
described theoretically is the ﬁarabo]ic relationshidtwhich will be dis-
cussed in more detail Tater. In this case the oxidation rate is inversely

proportional to the film thickness

= ' (2.4)

QIQ.

[
It

x},or

Integration of the equation (2.4) and substitution 1nto'(2 2)

gives the parabolic relationship
Amy 2 ‘ ‘ -
=kt+( 2.5
(K_) P _ (2.5)

where'kp is parabolic rate scaling constant. In thi; case the rate controlling
step is diffusion of either cations and/or anions across a coimpact scale.

‘Experimental values have occasionally been found to aqree with

tubic re1at10nsh1p

L
¢ ) =kt ' (2.6) -
or quarithmic
am _ . N
= #2- log{a-t + to) L - $2.7)
and also inverse logarithmic
Ape k;, Tog t . | (2.8)
- am i | .

These relationships are most applicable in describing the formation
- of very thin films at lower temperatures. Combinations of two or more of
these rate laws in a single oxidation-time curve are also quite common.

In most cases, the temperature effect can be expressed by-an Arrhenius
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. relationship

_ -Q/RT - , '
k o "ko, e . - : - ) (2|3)
. | ,
where Q is the activation energy, of the processf

| Usual]yfthe'okides formed on the surface of the metal are not
stoich1ometr1c compounds The deqree of nonqtoichiometry 1n oxides is
generally equiva]ent to -the presence of point defects at concentrations
dependent on the temperature and on oxygen part1a1 pressure For metal
exdess oxides 1t is found that nonsto1ch1ometry 1ncreases with decreasing
oxygen pressure. It has been shown that these oxides have principal oxygen

-1/2

pressure dependence ranging from PO, to po2 -1/6 for concentrations of

‘oxygen :vacancies and metal 1nterst1t1als respectiver In metal deficit

oxides. the concentration of_defects 1ncreuse with oxygen pressure by a

V2 . 1/6

dependence rangingﬁfrom PO, to p '~ for concentrations of metal vacancies

of different charge.

he knowledge and understanding of defect structures in oxides is

essentiql for theoretical co1cu1ations of reactfion rates in connection with
| thermod;namic equ111;r1um data and transport properties in the form of
;;Self¥d1ffus10n coefficlents. If the concentrations and mobilittes of fonic
and electronic defects in a metal oxide as a function of the respective
1ndependent thenmodynamic variables are known and, furthermore, the rates
4 " of the phase boundary reactions 1nvo]ved are known, it 1s possible to calculate
i the sca]ing,rate of a metal provided that no 1rregu1arit1es such as break
.away of. the oxide from the metal occurs. Conversely, it is possfble to -

obtain informaticn régarding lattice defects or phase boundary reactions

Y
P

from the observations on the oxidation kinetics. ~' : : ~

- h ]



2.2 Magner's Theory of Parabolic Oxidation o0
1

* In the ea“r’qy 1920's Tamman' and Pi11ing and Bedworth® reported

thaf a number of metals absorb oxygen acbording to a parabolic law. This
empirical result was explained by Nagner3 whp formu1afed a general theory

of high-tempekature oxidatilm of metals. He postulated that the transport

of reactants across an oxide reaction product layer under conditions of
interfacial equilibria proceeded bv the independent migration of ions and
electrons under the influence of an electrochemical potential gra&ient. g?
- The prerequisite for the ionic species to be mobile is that the sublattice

contains pointdefects like interstitials and- vacancies. Under these

restrictions, the current of a species 1 in equivalents per cm2 equals

v d u . . - .
_ _ j dy
Jy = ziuiej = z1c1B1(a§—-+ z;F af) | {2.10)

Here Z;C; represents the concentration in equivalents per cm3, vy and

B, are the particle velocity and mobility and the term in brackets is
the electrochemical potential gradient for the species i consisting of

the chemical and electrical potent1a1s u, and z. Fw respectively where F 1s

i
the Faraday. The derivation of expressions for the parabolic rational rate

:constant from this relationship is ]engthy‘but well documented in recent
monographs. 4,5 -

When an oxide exhibits transport by on]y one component and ;}s
’conduct1v1ty is predom1nant1y electronic, the parabo]ic rational rate

constant may be expressed as

a -
k (equ1va1ent/cm sec) RT "Jr 0 ticdznao (2.11) .
IzzLF a0 . . [

“
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Here ty is 1onic transport nquer, o 1s the electrical conductivity

]

and 2y is the oxygen activity. This is the original form of kr' but

not the most popular. The more useful form of the relation 1is-expressed . '

-

in terms of sé]f:piffusion coefficients. In the case of metal migration
only, this equation reduces to

. ( au

- . 0 Z]

{
kr(equ1va1ent/cm sec) = C, abJﬁ TZET-D1 dnna0 \ (2.12)

where D] is self-diffusion coeffitient of metal and Ez is the average
oxide composition in equ1va1ents/cm3. .
The validity of the assumptions has been tested for the parabolic

oxidation of copper, cobalt and iron, #»5

The comparison with experimental
data shows close agreement., But this simple and elegant model has been

questioned in several respects in recent years. The lattice defect and

electron défe;ﬁ properties of oxides afe/probab1y much gore complex than
originally suggested. The jonization state of vacancies, complex formation
and 1nteract10hs of these variously charged species might well influence

the ox1dat1§n'k1netjcs. ‘Furthermore, diffusion studies in polycrystalline

* materials have shogn fhat structural defects sucﬁ as pores, grain boundaries
and dis]ocations‘aci as low'res1stance qaths and may be an 16portant

- mode of transport, especiaT]y‘at 1ntérmed1até temperatu;es.'

Smeltzer et-’a?.4 have proposed a theory to describe thé non-parabolic
‘oxidation kinetics of titanium, hafnium and zirconium. _In this theory,
1$ttfce diffusion and diffusion along low re§1stance.paths. which decrease
in density with t%me, were assumed to occur simultaneously. More recently, -

Perrow, Smeltzer and Embury5 have employed the model for non-parabolic

<

\
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oxidation based on combination of diffusion along grain boundaries and
lattice diffusion to exp]ain the deviations from the parabo1ic law in
S
/ oxidation of nickel. The contribution of grain boundary diffusion to the
effective diffusion coefficient D off? is weighted according to the

grain size

where DL and DB are the’]attice and boUndary diffusion coefficients;
respectively. The fraction of available sites lying within the low

resistance paths is f and is inversely proportional to the grain size.

"

2.3 Oxidatlon of Alloys

" Although the orobiem of alloy oxidation has a history as that of

elementary oxidation because of its praoticallimpottance (Pi1]ing and Bed-
worth also pubiisheq papers on alloy oxidation), the theory for the processes
involved in the oxidation of alloys is re1ative1y undeveloped. ° The reasons
for this are twofold: from the theoretical point of view, the theory of
diffOsion in multicomponent systems has only lately / been studied jn
detail; and from the experimental point of view, the empiricai description
of the processeshwas, untii recentiy.'very difficult. This difficu]ty arises
_ ‘because an important variable in the oxidation of'a11oys‘is the spaoia]

; redistribution ot the components in the ailoy as oxidation proceeds. Before
; the development of the electron-probe microanalyser, it was possible to
- determine this distribution in only a few special cases.

If an eiioy is’&ggiected to oxidation, one component is, in general,

- oxidized preferentially because the alloy components have different affinities
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to oxygen. Differences in diffusion rates for different alloy components

in the metal and oxide phases also give rise to concenfration gradients

within them. Consequently the compositions of scale and alloy may change

in a comp]icated-mannerw1th time. The second component may enter the scale,
| affeéting 1£s Tattice defect structure, 6r may accumu1afe-as a metal or

oxide beneath the main scale. Also, if oxygen diffuses into the alloy in
“atomic form, precipitation of the less noble metal oxide may occur a;

internal oxide,
| "Thermodynam1cs. qsua11y in the form of ternary equilibrium diagk&méﬁl
involving two alloying elements and oxygen, is useful’ in predicting the

alloying element likely to be preferentially oxidi;ed and sometimes the

1ike1y'steady-state sca]e;

The kinetic data obtainedtfrom alloy oxidation experiments often
deviate from idealized relationships mentioned earlier and a sefies of
~ rate transitions may be observed, In partiqu]ar, the conditions neéesééry
for the parabolic relationship to hold in al]oy systems are as follows.
= The sequence of reaction 1ayers must not change with time and alterations

; in oxide structure due to cracking and phase transformations mustnot occur.

Interface reactions must be quite rapid to ensure local thermodynamic
' equilibrium. In order to obtain tractable mathematical expressions with
appropriate boundary conditions, it has been necessary to assume thét the

composition of the alloy at some point must be the inftial comﬁosition (semi-

1]

~ infinite plate) and the compositions at the 1ntgrfacés must be time
. independent. ~ '
It is clear from the number of kinetic and‘thermodynamic factors

to be .considered that oxidationJof alloys is extremely comp1éx;- It is often

-

[ .. ) 5
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usefu1. therefore, to consider certain limiting-cases. applicable specially
to binary alloys, which can be treated qualitatively as well as quantit-
atively.

A c1as§if1cation of different modes of binary 6]1oy oxidation due
to Moreau and Bernard6 and wood7 permits the foﬁlowing'work to be seen in
the perspective of the ehtire binary alloy oxidation scene. An alloy _
AB represents the general al]d}-under consideration, in which A ig&‘tﬁ more;
noble metal and B the less noble me@al. Initially, the special case\for -
the exclusive o;idation of one alloy component is copsidered before
proceeding to the more gene;;] case where both components oxidize (Fig. 241?.

Class 1 - Only one of the elements oxidizes under the preva111ng
conditions, giving BO. .

(A} The solute element B oxidizes under the given conditions:
{1} internally, ining BO particles in a matrix of A, e.g. dilute

Fe-Al a]]oys which ox1d1ze internaily to produce Al 03 particles in iron

_ matrix (F1g 2-1 (IA)) Tﬁshbxygen pressure in the atmosphere is less
. than the equ111br1um d1ssoc1at1on pressure of AO
(2) ‘exclusively externa]]y, giving a single layer of BO above an _
alloy matrix depleted in B, e.g., Cu-Si alloys r1cher in s11f€on_produc1ng
an exterﬁh],SiOz layer (Fig. 2-1 (Ii)). The oxygen pressure in the
atmosphere is generally ‘less than the dissociation pressure of AQ.
(B) -The element B is now the major element and oxidizes exclusively “
. (1) Teaving the non-oxidizable metal A dispersed in BO, e.g,, Cu-Au
alloys rich in copper (Fig. 2-1 tlé)). |
(2) leaving the non-oxidizabie metal A in a A-enf1ched zone beneath

the B0 scale, e, g. N1 Pt alloys (Fig. 2-1(IB)).

j.a"' i
L]
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Class Il - Both alloying eiemehts oxidize simultaneously to give
AG and BO, the oxygen pressure in the atmosphere being greater than the

equitibrium dissociation pressure of both oxides.

(Aj AO and BO are virtually insoluble in ‘each other:

(1) The less noble metal B is the minor cunponent An 1nterna]

oxide of BO Ties beneath a two- -phase layer of A0-BQ, e g., certain Cu-Ni

alloys (F1g 21 (IIA))

(2) The less noble metal is fﬁe'major component so that no internal

oxidation is now observed, e. g. Cu-Ni a11oys rich in Ni (F1g 2-1 (IIA))

(B) AOD and BO react to form-a mixed oxide.
(1} A0 and BO form a s1ng1e solid solution (A,B)0, e.g., Fe-Mn °
alloys (Fig. 2-1 (IIB)) _

_.(2) A double oxide is formed often as spinet, which may give a
complete surface Tayer of variable composition or give partic]es incorporated
into a matrix of A0 with B0 formed internally, e.g., Fe-Co alloys (Fig. 2-3
(119)). -

In many aT]oy systems several. types of behaviour are poss1b1e

depend1ng on the composition, oxidation atmosphere, temperature pressure,

time, etc. Changes from one type of behaviour to another may occur on.a

single specimen.

!
Y
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CHAPTER 111

L THEORETICAL ANALYSIS OF DIFFUSION CONTROLLED
OXIDATION OF BINARY ALLOYS

3.1 Introduction

; A theoretical description of the high temperature oxidation behaviour
of binary alloys must consider the diffusional processes tak1ng place in

'both the-oxide scale and the aT]oy. Since three species are involved (i.e.

- the alloying

ements A and B, ?Pd oxygen 0), a completé]y general description

Fmust also jMvolve the g]emehts of ternary diffusion theofy. At high temp-

eratures, one can generally assume that a condition of local thermodynamic

[ s '
requilibrium prevails at the gas-scale and scale-alloy interfaces. The

Lrequirement that the various diffusing species be conserved at the interfaces
i

=and the local equ1]1br1um conditions lead to a coupling or 1nterdependence
pf the diffusion fields in the oxide and alloy phases. This 1nterp1av
rbetween diffusion in the two phases involves thermodynamic as well as k1net1c

,cons1derat1ons It follows that a knowiedge of the thermodynamics of the
I

i ternary system A-B-0, préferably in the form of a ternary phase diagram is
l .

—

a necessity. ,

The most effect1ve means of presenting the relationshie'between the

-]

kwnetwc and thermodynamic _aspects of binary alloy oxidation and corresponding

l

ox1de scale and subscale structures 15 by méans of diffusion path on the

tapproprwate A-B-0 ternary isotherm.

S

16
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In the following the theory, of multicomponent d1ffus1on concept
of diffusion path thermodynamics and diffusion model for oxidation of A
. binary alloys Ilé type will be discussed in detail,

<

+ 3.2 Theory of Multicomponent Diffusion - Phenomenological Equations

The n-component system at equilibrium is uniquely determined by N
specifying all the potentials e.q. chemical potentfal, electric potent1a1;
| etc. If now the system is displaced slightly from equilibrium, the rate of

return to equilibrium 1s'proportiona1 to the deviation from thisdequ111br1um.

E This #s5° the phenpmenclogical basis for multicomponent diffusion formulated R

by Onsager.” According to this formulation, for a system near equilibrium

+ the flux-force relations for an‘n-component jsotropic system are linear,

ik,
| n - '
I = 5 Lk L (3.M)

-

where J1 is the flux of component 1, Xk are the forces (the gradients of

present potent!ais) and Lik are empirical proportionality coefficients. In
.the absence of electrical, thermal and pressure gradients the only forces

g xk are the negative values of chemical potential gradients. Equation (3.1)

3
3

g becomes

k]

n . auk :
J'l = -RE]LTk IX ] : : (3-2)

L-wher-e W, are the chemical potentials. As a consequence of Onsager's

reciprocity theorem, the matrix [Lik] is symmetric, viz.,

|
L .
l Lik = Lyq - B : (3.3)




L,y -also satisfies the equalities

- LL = i = i - e
3 Nk i Lix = 0 N (3.4)

and the iﬁequa]ities

Lii > 03 Liika - Lik Lki > 0, etc. - {3.5)
. o ~ L~
Since.the uy are not convenient variables for mathematical and
experimental analysis and are functions of n-1 independent atom fractions,
we can expand Eq. (3.2) to obtain a relation wpich involves molar con-

centrations €

o L
-31. = -]<='[ Dik 5% . -_ _ (3.6)
vhere
: n U : .
= L —_J_ . '

fgquation (3.6) is recognized as a generalization of Fick's first Taw. It

is invariably assumed that the molar volurme of the system is independent

-

of composifion. ‘As a résu]t,_the concentration of one of the componehts,b

th, is independent.

usually taken as the n
Because multicomponent diffusion is a cooperative process, the flux
of the 1th component is dependent on‘£he fluxes of the remaining componénts.
ihe coupling between the fluxe§ is represented by the Lik coefficients.
Although the off-diagonal coéfficients Lik are not, in general, zero,

10

according to Darken - it is reasonable to assume, that

<< Lyp Gk ' | (3.8)



Inserting thié assumptids. into Eq.:(3.2) and (3.7) we obtain

. Iy
e T by e | - - (3.9)
and du |
O = Liy ag _ ﬂ (3.10)

This simplifies the mathematips considerably, but neverthg)e#s it
should be treated as an approximation.

If the force on an atom (F) is fakeﬁ-to be the gradient of the appropri.
potential and vy {s the mean velocity of the.atom i when acted upon by Fy,
the mobility B, is given by fhe.equafion ,

v
B =._.1.

iTF | \

So the’f1ux J1 can then be defined as

(3.11)

Jy = Cyvy ‘ (3.12)
=.B1F1C1 | ( : (3.13)
ldu .
- i
= -B1C1 I L (3.14)
du
s o 1 '
-LH e (3.15)

Comparing Egs. (3.14) and (3.15) we obtain

Lig = ByCy | (3.16)
| v
In the Eq. (3.15) the uy Is given by . e
uy = u? +RT 2n 24 ) . " (3.17)

where u? is the standard chemical potential of component 1, a4 is the

\-- activity of the component i based on the standard state, R is the universal
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gas constant and T is thé'ahso1ute temperature.

" Thus Eq. (3.15) becomes

Olnai .
B R R LY | - (3a8)

which in the view of Eq. {3.16) is

aina,

Rl 1 | |
Jj = BRT Oy = ‘ ) . (3.9)

1f correiation effects are neglected, then the self-diffusion

coefficient, Di’ of species i is given by the Nerst-Einstein r‘ela'cion]1

D, = BiRT

1 e *3;20)-

¢ .

- ':$ﬁy . ' .
The flux of speciesvi“isfbﬁtained by combining Eqs. (3.19) andl(3.20)

‘ 3£héi ' :
Cl ’ Ji = ‘Dici % . ] (3.2 )

Usually, in the growing oxide scales strong thérmodxnamic inter-
actions can exist. Consequently it is convenient to use equation (3.21)
where activity'grédients are uti]izéd.

If the thermodynamic interactions are not strdng, an alternative
formalism due ‘to Hagnér]z for activity coefficients may be used. Thus

from Lq. (3.6) for a ternary system
s

T ac. - .
= - __l - ‘,_i : i"~j = - 3.22
' Yy D45 3x Qij ax 7 = e a )

1t can be shown from Eq. (3.7) that

- Dyy= By ey EC b 1= 12 L L
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and
~ aLny, . )

Dy e e 1T 1 (3.28)
where D1 is given by Eq. (3.20) and Y; is the actiyjﬁy‘foéf%icient of
component 1. The term Dij as defined by,(3:23f.is called the diffusion

interaction term.

3.3 Thermodynam1c Stability of the Phases during Oxidation

The phase rule for a heterogeneous system of components is formulated
as

F=C+2-P | ' | (3.25)

where C is the number.of;components, P is tﬁe number of phases present, 2
stands for pressdre and temperature and F represents the -thermodynamic
degrees of freedom. In the case of diffusion contro]]ed‘oxidatios. the
fluxes J; are proportional to the gradient of chemic$1 potentials. Con-
ﬁsequently, at least one degree of fréedom is required within a phase region
for d1ffus4on to occur and hence for the oxidation reaction to proceed}
Thus, in oxidation of pure metals the phasgs hust be'arranged in the uﬁinue
sequence ofhsingle-phase'1ayers, given by thermodynamic stability of the
oxides. The chemical potential gradients within each phase act'as a driving
force forudiffusion. If the metal isa tﬂnary’al]oy the Gibbs' rule does not
exclude the formation'of two phase regions, siﬁce'under isobfric and iso- '
thermal conditions there is one degree of freedom. Thus the possibility

of chemical gradient and hence that of diffusion exists. So the oxide
~scale on a‘binary alloy is often made up_of-tuo-phase regions, wh1ch‘appear

as hjxfures of two oxides, zones of internal oxidation or nonplanmar interfaces.



3.4.1 General Presuppositions
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3 4 . The Distribution of Cations in the Scales Formed durung the Oxidation

of Aﬂozs15

" When an alloy of-metp1s A and B reacts with nonmetal X, e.g. oxygen
or sulphur, a scale consisting of a solid solution of the corresponding
compounds may be formed. In generaf' the ratio of the number of moles of

meta]s A and B in the scale is not equal to the ratia in the alloy 1nasmuch

S the less nob]e metal tends to enter the sca]e preferentially. Further

in the view. of different cations d1ffus1v1t1es, the ratio of metals A and
B in the scale varies with distance x from the a11oy-sca]e 1nterface For

a theoret1ca1 calculation of the, overa11 sca11ng rate as a function of

. ailoy composition, it is necessary to know the local distribution of A and

B in the scale. Thus this section is concerned with methods of calculating

the .local distribution of A and B. in the scale as a basis for ca1cuiating,

the scaling rate. !

The following presuppositions-are made: : o
1. The alloy A-B may be one or two-phase alloy with uniform initial

0

composition Ng (mple fraction).

2. In tﬁe scalé, only a §iﬁgIe phase is supposed to be present.
33'_Exéiusive diffusion control,is presumed, i.e. at the alloy-scale
and -scaie-gas interface 1oca1.thermodynamic equi]ibri;m is supposed to prevail.

4. The alloy Ns assumed to be given as a flaf samb]e of vjrtua]]y
infinite thickness. -

5. The. alloy-scale interface is assumed to be plane at any.time

t > 0. ‘No_vbids are presumed to be present.

~F
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A
6. In view of the last two presuﬁpos1t1oﬁs. equations a;e formulated
in one direction on1y
7. In the sca1e e1ectron1c conduction is presumed to prevail,
and diffusion of cations of-metals A and B rather than diffusion of anions
of X 1s supposed to accohnf'for transport of matter across the scale.
8. Oniy small.dev1af1ons from the ideal metal-to-nonmetal ratio | T
are presumed to occur. 7
9. The compounds in the scale are denoted by A(x) and B{x) without
spec1f1ca£10n of the molar ratic of the constituent elements. The equivalent
volume‘veq of the solid solution:A(x)-B(x) is presumed to be tndependent
of composition in accord with the fact that in most systems the volume {is
predominantly determined by tﬁe volume of the larger anions rather than by
_ the volume of the smaller cations.
i
3.4.2 Co-ordinate Frames and Hotation Symb;¥s

In describing the d1ffus1pn pracesses in the alloy and oxide it
is convenient to use two diffe;ent frames of reference. Firstly, the origin
of the u-frame is located>at the original alloy surface. Because the al?oy ﬁf”
lattice 1s stationary with respect to this éoordinate system, it is used
to descr1be d;ffusion in the alloy. The x-frame is attached to the scale-
alloy interface and is ut11125§ for the descriPtioh of 1ffus10n‘1n the
oxide. . The coordinate frames aré summarized in Fig. (3-1) together with
the diffusion profiles of various variables used in the formulation of
the problem, - ! -
. The following symbols are introduced:
-t time | ‘ : .
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ALLOY - |OXIDE SCALE GAS
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Fig., 3-1
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Co-ordinate frames and notatinons’used in the text 7 ‘
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X _distancé from the alloy-scale interface in outward
direction

X thickness of the scale at time t

y = x/xS dimensionless vériab]e of distance in oxide phase-

u distance from tﬁe initial surfacé of alloy in inward
direction

ug distance of the a]]oy-scaie interface from the 1hit1a]
surface_of the alloy at time t

‘u/t'l/2 .dimensionIess variabje of distance in alloy

dus/dt rate of recession of the a]loi-sca1e interface
xs(dxs/dt) rate constant for growth of the scale according to Tamman

NA’ NB mole‘fractions.of A and B, in alloy,

NR, Ng " mole fraction of A and B, in bulk allay

v, ~ molar volume of the alloy _

Veq yo]ume per equivalent of comapund.A(x) and B(x) in the
scale ‘

u? chemical potential of_i'in its standard state per mole

2. activity of const%tuent q |

R general gas consfant

T - temperature _

z, * absolute valence of ions of type i

£ ~ local equivalent ffﬁction of compound B(x) in the scale,

i.e. ratio of the number of equivalents of cations B to
the sum of the number of equivalents of cations of metals

A and B



_Eav

B Ea]]oy
Oag
DpsDg

average equivalent fraction of compound B(X) in the scale

equivalent fractiom of B in the bulk alloy

interdiffusion coefficient in alloy
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self-diffusion coefficient = tracer diffusion coefficients

of ions of metals A and B, respectively, in the scale.

Subscripts are used in order to denote quantities referring to

element A, B and X, and A(X) and B(X), respectively. Superscripts ' and "

denote quantities at the alloy-scale and scale-gas interface, respectively.

3.4.3 Fonﬁuﬁation of the General Equations

1In generai, the flux of the ions A and B in the scale is due to both

a concentration gradient and a gradient of electrical potentia1.3 It is,

however, not necessary to consider details of the driving force for movement

of the ions. In the following fonmu]ét1on. originally given by Wagner,

15

correlation effects are disregarded. Thus equations for the fjux of cations

of metals A and B in a s€dle involving prevailing electronic conduction

with respect to the oxide fon lattice in the view of the equations in the

section 3.2, may be written as:

Dy(1-g) asna
A A
J (eq):— -
A Veq ax l

Dt agna
_ Dge  asnmay
Jg(ea) =- Vo T

(3.26)

(3.27)

wher§ t]-g)lveq and .s/Veq are the Yocal concentrations of cation metals A

and B, respectively.

A solid solution A(X)-B(X) involving deviations from the ideal

metal-to-nonmetal rqtﬁo must be treated as a ternmary system. In addition to



pressu?e P, temperature T and'equivaléht fraction €, one has, therefore,
a fourth independent variable, which may be chosen to be the activity
-a, of nbnmeta] X. Thus one may rewri{? Egs. (3.26) and (3.27) upon
expressing the activities ap and ap of metals A and B in the scale by
ay and £. The activities of elements A, B and X and the compounds A(X)
and B(X). are interrelated by |

0 ZA 0 o » N
up *+ RT 2na, + (E;)(ux + RTznax) = HA(X) + RTLnaA(X) . (3.28)

. z -
0 Byy O - 0 y
ug * Rtan ag + (Eia(ux + RT nay) MB(X) + RT2n 3 (x) (3.29)

With the help of Eqs. {3.28) and (3.29) one may express ay and
o’ : . > .
ap in terms of an(x)* 2B(x) and ax. In the case of small deV1at1ohs from
the ideal stoichiometric metal-to-nonmetal ratio, the activities aA(x) and
. i . LY

ag(x) are practically determined by P, T and £. Thus one obtains from

Eas. (3.26) to (3.29) = - )
J B o) L ae PA 2T (3.30)
Afeq) Veq Y ox ~ z, Tox -
D.t aLna - z aLna ‘
N B(X) 3¢ _ ‘B X
JB(eq) T + 4 3t T T Zy T X (3'3]):

eq

where Sglues of EEE;%LEI- apd- Eff;%iil are supposed to be known quantities,
which are characteristic og?ihe thermodynamics of mixing of the quasi-
binary system A{X)-B(X).

* Since the rate of scaling is supposed to be controlled by diffusion,

the rate of thickening of the scale is presumed to be inversely proportional.
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' .
to the instantaneous thickness xs,{\\b :
. dx l :
S k :
T T X - . (3.32)

where k 1s a constant. Integration of Eq. {3.32) yields the ﬁfrabo11c

rate law

x 2= (2xt) V2 . (3.33)

The sum of the fluxes of A and B at any distance x multiplied by
the volume per equivalent V q* is equal to the rate of increase in volume B
of the scale per unit cross- sect1on, i.e. equa? to the rate of increase

in thickness X

dx
s

(Op(eq) * Bleq)! VYeq = T - (3.34)

“

From dimensional analysis it follows that in the case of exclusive
diffusion control the local equivalent fraction ¢ and the locai activity
of nonmetal ay depend only on the ratio y of distance’ x to the 1nstantéﬁ§bUS

“thickness x_ of the scale,
y = X/x, , | (3.35)

From Eqs. (3.30), (3.31)‘and (3.34) using Eq. (3.35) one obtains

] dzna
D (1-6) (- oA . e, A K

(3.36)
atha dana,
B(X) _ d B Xy .
+ DBE (-__3_5(.._.a§.+_-z Ty) k

X
Application of the continufty equation toEq," (3.31) and assuming
again that ¢ and ay are fgyctions of y only, Wagner obtains the equation

g



azna g dzna T
ykain - §ioge( ) < ge . D ——a—xn (3.37)

which gives the rate at which the concentration changes in the scale.

Similarly it is possible to derive the expression fof the rate of

29

concentration ¢hange in the alloy from Fick's second law using the dimension-

1/2

less variable a = u/t So~
dN dN i
1 . _d B
v .
¢ ! US
or A > .
(/2 Co

In order to ca1cu1até the constant k of the parabolic rate law,
which appears as a parameter in equation (3.36) and (3.37), further £ and

ay as function of y, andNB as a function of u from the ordinary dif-

ferential equations of seéohd order (3.40) and (3.38) six boundary conditions

have to be specified. '
" The needed additiona] conditions are as follows:

(1) The initial composition of the alloy 1s supposed to be uniform

with the mole fraction Ngl Thus

Ng = N3 atu20, t=0, fe.atar=e (3.39)

w

) (2) The thermodynamics of ternary system A-B-X 1s supposed to be
known. Thus a value of g' at the a11oy-§ca1e-interface corresponds to
definite values of Né and a;. Hence, using the symbo1s'f1 and‘f2 for
respective functions,

Ny = f1(E') at = ug/t!/? | (3.40)

\

and ay = f(5') at y =0, _— ; (3.41).
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(3) At the outer interface of the scale, the activity of normetal
X 1is supposed to be given. Thus
, " ax(y =‘1) = ay (3.42)
N (4) At the outer surface of the scale, x = x;» tons of metals A
and B are ﬁsed for the expansion of the lattice. For metal B one has the
material balance
1 dx ‘ . 7
’ = = 5 ' . bt
JB(eq)(X = XS) 6;“‘3‘{ . ) (3.43)

_ Substitution of equation (3.31) with x = yx, and equation (3.32)
in equation (3.43) yields

dena
3WM3p(x) dg I M. L
-Dgel— 2, "G e T e (3.44)

'(5) Next an equation of mateyial balance at the alloy-scale inter-
face can be formulated. The ratio 01 the recession u. of the alloy-scale
interface tﬁ the thickness of the scaie. Xe» equals the ratio of the molar
volume of the alloy to the equ1va1ent'vb1ume of the scale multiplied by

. the sum of the number of moles of metals A and B per equivalent of the a

two metals ’\\>9

u, ¥ 1- £
S - Vm { Eav + av) : (3.45)
s Yeq A g - |

where Eay is the average equivalent fraction of B(X) in thelsca1e,

LY

1
. Eav*df‘- dy | D (3.46)

From Eq. (3.33) and (3.45) it follows that recession u, of the

alloy-scale interface at time t is
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=g,y &
(2kt)]/2 m ( aV)

(3.47)
Us . Veq Zp ZB .
Thus, the rate of recession of. the a]]oy-scal? interface is
du v 1-E 2
]
R M el (3.48)

eq ‘A ‘B

During the time interval dt the alloy-scale interface mov%k inward
. .

by the distance vdt. The number of equivalents of metal B in the alloy

reacting per unit cross-section is, therefore zB(NB/V } dt p1us the

v

number of equivalents diffusing toward”f;é interface -

aN
[V—V + -Dag (5-'%—) Jdt (3.49)
m u=u

which must be équa1 to the flux of B in the scale away from the interface
JB(eq) (X=0) given by Eq. (3.31). Thus the material balance after sub-

stitutions and rearrangemgnt is

1/2
-~ ( “Eay . Eav) . 2 2 Dpp Veg,(dNB) , -
B8 2y G2y gt
) BE aznaB(x) zB dznax ’ ' (3.50)
= - &5 E e

e

There are two j{miting cases _
{a) If diffusion in the alloy is faﬁt in comparison to diffusion
in the scale, i.e, if DAB>> DA and DAB” DB' concentration d1fferences
in the alloy aré.negligible and, therefore, NB = Ng. -/ (3. 51)
Using the inverse function introduced %n Eq. (3.40}), it is
possible to obtain the value of €' énd ay from equation (3.41) without

use of Eq. (3.50).
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(b) If diffusion in the alloy is slow in comparison to diffusion
in the scale, i.e. if DAB << DA and DAB << DB' the ratio of the fluxes |
of B ard A in the scale at y = 0 in equivalents per unit cross-section
per unit time must be equal to the ratio of the number of equivalents of
5 and A in the bulk alloy. Thus one has in the view of (3.30), (3.31),
(3.35) and (3.36)

3Lna dzna
- Bx dg | B
“"alloy ~ E{D ef- y* z _*TT"_)]y 0 (3.52)
which in the case of negligible diffusion in the alloy equals qﬂikaverage
equiva]ent.fraction'sav tn the scale defined by Eq. (3.46). Hence

fave F'al]oy if DAB < DA’ DB - (3.53)

3.4.4 Summary

Equations (3.39), (3.40), (3.41), (3.42), (3.44), (3.45) and (3.50)
are necessary‘au;i11ary equations in order to calculate the oxidatioh
constant k, the average equivalent fraction gav'of B(X) in the stale,
Further - and ay as functions of y, and NB as a function of A can be
calculated from the differential equation Eq. (3.36) of first order and
the two differential equations of second order, Egs. (3.37) and (3.38),
it Dy and Dy are given as fun;tions of ¢ and ay- This calculation is a
tremendous task even with the help of modern computers.- Consequgnt1y.
it is necessary to obtain resuits for special cases which permit introduction

of appropriate simplifications.



3.5 Relations between Thermodynamics and Kinetics of Binary Alloys | 3
OxIdation _ =

In 1940, Rhil:\ﬁS]6 made use of A;B—O type phase diagrams in an
attempt to predict the sequence of oxide layer formation during the ox1d7
ation of copper.a11oy§. He used the expedient of drawing, upon the approp- .
riate A-B-0 terhary {sotherm, a straight 11ne‘q0nnect1ng the oxygen
corner with the bulk a]]dy composition and then noting the order and
identity of the one and two phase regions crossed. Rhines was aware that -
this 1s an oversimplification; nevertheless, using this approach he was
able to indicate how scale.structure depends on the bulk alloy comp051t1on

Thoinasl7 studied the high temperature oxidation of Cu-Pd and Cu-Pt

alloys. On the basis of observed scale and subscale structures corresponding
to Qarious bulk alloy compositions, he ' superimpoéed\ diffusion
pafhs on the appropriate schematic ternary isotherm, On‘this”basis,
Thomas was able to interpret the five modes of'oxide scale structure which-
" he obserﬁed for Cu-Pd alloys.

Clark and Rh1ne;8 studied the ternary diffusion in A1-Mg-In él1oys.
On the basis of their ohservations }hey postulated fourteen general rules
governing the course of diffusion paths corresponding to multilayered .
ternary diffusioq structures. A few of these ru1e§ have subsequently been
shown to be.1ncorrect. - |

Kirkaldy and Brown'? have more recently established general

principles for the description o? diffusion structuré§"¥ﬁ'terqary systems.
These authors developed a set of seventeen general theorems or rules
pertaining to the construction of diffusion paths on a ternary 1sotherm.

They also 1htrodqced'a concept of ﬂ§1rtua1 path" as an aid to path
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prediction in mu]tiphaée}systém;. These fundamental principles can be
readily applied to the oxide gcale and subscale formation during binary

alloy oxidation,

3.5.1 Diffusion Paths on Terna_x_A _8-0 Isotherms20

The concentration d1str1but1ons (correspondinq to binary a11oy
ox1dat1on) determined theoret1ca11y using treatments s1m11ar to those
mentioned in Sec. 3.4 or exper1mental1y, for example, by microprobe analvses
could be related to the ternary ‘phase diagrams Consider as an example,
the case in which a single ox1de A

1
There are assumed to be nO\restrictions on the solubility of B in’ the ox1de

- xBxO forms on the binary alloy AB.
or that of 0 in the alloy. 'In order to simplify the considerations the
dependent variables used in th1s_fonnu1at1on are different than those used
inSec. 3.4. So the cdmponents under consideration are A; B and 0. In
Fig. 3-2, the concentratiens_in mo]és:perunit volume of the arbitrary
chosen independent variah]es‘ﬂ and 0 are shown for time t. It is necessary
to consider only two variab]ee‘sineé it follows from the phase rule that

. concentration of one of the components is dependent for g1ven conditions.

In the general case, the distr1but10ns ‘of CA and C0 are functions
of distance and time. If 1t can bg shdrn that CA and CO are parametric
solutions to the diffusion equatione (that {E,'for all values of .distance
{x) and time (t}), Cp = CA(A) and Cj = CO(A) where: X is a function of X
and t) then elimination of A between these expressions will yield a

distance and time-1independent relation
ey . CT(3.88) -
Cp = CalCp) (3.54)

The plot of this relation on the corresponding‘ternary phase
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diagram, the‘path'b-o in.Fig. 3-3, will therefore be stat1on$ry with time.
For transfdrmations'wh1ch are diffusion controlled and-involve infinite
or semiinfinite boundary conditions, the paranetr1c substitution

-7z, o L (3.5)

’
is valid and th1s 1eads to the faniliar parabolic oxidatidn kinétids.
The invariant path 0-Q 1s uninue for the given terminal composit1ons and ‘
given set of experimenta1 conditions, e.qg,, temperature, pressure etc 9
‘When the oxidation process is diffusion contro]]ed‘and “therefore
the concentration distribut1ons are parametr1c in d1stance and t1me. the
1nterfac1a1 concentrations (CAZ. CO ) (CA . CU ), (C ) and’ (C
CO ) are independent of time. ,However. thesg cnnCentrations dpe not- known
ab initio.'rather the} are obtained as a part of the solution to the - .
diffusion equationsf This fs quite unlike isothermal cxidation of-pure
metal "in which case the binary phase'diag;an uniquely specifies the
}nterface concentrations if local equ111br1nm is assdmed to prevail at théﬁ
>1nterfaces | o

"If the diffusion path is obtained from ca]culations based on

diffusion models which involve on]y p1anar 1nterfaces and ah assumed

sequence of single-phase regions,\then it may have to be regarded as be1ng
"virtua]“ d1ffus1on path. For example, assume the ca1cu1ated path dips
from a single phase field into a two-phase f1e}d. thereby cutting the
Iines and returns to the single phase reg1on; ;Lhis path_is a “virtudg“ one
since the situation 15 unstab]e, in view of the 1solated zone of super-
saturated material. The actual diffusion path may involve nonp]anar

interfaces or internal precipitates or both. \These develop in anfeffort'
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43

to eliminate the supersaturation. On the other hand, if the calculated
: diffusﬁon path does nbt enter a two-phase field, other than.to cross 1t and is
coincident with a tie line, then this path will coincide with the actual 3
(exper1menta11y observed) d1ffuq1on path if no kinetic instability occurs.
. It was mentioned earlier that Kirkaldy and Brown]9 gave a list of

17 theorems pertaining to tHe construction of ternary diffusion paths. '
Da1v1'an¢ Coate520 have given the more relevant of these rules for metal .
alloy oxidation and shown how they apply to several specific binary a1}0y
systems, It 1; assumed that there is no evaporation of the alloying
elements A and B and, for simplicity, that the atmospheric oxygen potential
is unity |

(a) The shift in the alloy composition from the bulk alloy to
the alloy-oxide 1nterface s away from the component which is preferentja]ly
oxidized.

(b).-The diffusion path must, at least once, cross the*straight
line joining the oxygen corner of the phase diagram to the bulk alloy
composition, ‘

(c} At a given temperature,-the diffusion path is defined uniquely
only by the bulk a]]oy composit1on apd oxidizing atmosphere.

{d). In order to maintain monotonic activity gradients, a diffusion
. path in a two-phase region can not reverse its order of crossing tie lines.

(e) To the extent thezvihe effect of lateral diffusion and nonplanar

interfaces can be‘ignored or

eraged out, the diffusion paths involving

two-phase regions are time invariant.
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252 Internal Oxidation and Alloy-oxide Interface Stability

In the previous section, 1t was mentioned thbt if the "virtual"
diffusion path for the alloy cuts through a two-phase‘%1éld (alloy + oxide)
as indicated in Fig. 3-4, then a thermodynamic force exists for internal
. oxidation and for morphological breakdown of a planar alloy-oxide interface.
Accordingly a "virtual“ diffusion path predicts supersaturation and
ultimate existence of configurations 1nv01ving two-phase regions. The
actual diffusion nath can then be calculated by taking such prehictions
into account and reformulating the problem ::‘such a way as to involve
the - appropr1ate two- phase\reglons

Numerous quantitative treatments have been attempted to account

for internal prec1p1tat10n in the alloy; some important contributions are
due to Rhines et a].,Z] Darken.22 Thomas,]7 Wagner23 »28 and K1rka1dy.25 26
To acceunt for morphologitai breaklown of a p1anar alloy-oxide

interface, a method must be used involving app11cat10n otjmathemat1ca1

perturbation theory. Nagner23 »28 has emp]oyed this method on certain
limiting (pseudo-binary) situations, whf]e Coates and K1rka1dy29 have more

| recently generalized the treatment~for application to systems of arb1trary

constitution. _ |

| fne interface cou]d be unstable in the absence of supersaturation

f0r pure1y kinetic reasons. On the basis of the simple argument28 the
1nterface will ma1ntain a stable planar shape if the oxidation rate is
determined exclusive]y by mass transport in the oxide. On the other

hand, 1f the rate determining process 15 transport in the alloy, there 1s

a strong tendency for the 1nterface qg\break down If a planar interface is

kinetically stabIe, supersaturation could be relieved by internal
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oxidation only. On the other hand if the interface is not stable the

internal oxidation need not occur.

Al




CHAPTER IV
EXPERIMENTAL DESIGN

4.1 Introduct1on

The aims of this work out11ned 1n the first chapter and require-
ments of the treoretical treatment of diffusion controlled binary alloy
oxidation were considered and correlated to select alloy systems for | :
study and to design appropriate expefimenta] tests. The basic requirements
on the exgerimental system and the ﬁreliminary experiments leading to
the selecticn of the alloy system are briefly described. In the last part

of this section-a brief description of the system chosen for experimentation

is presented.

4.2 Requirements on the Experimental System

In order to apply and extend the general diffusion mede115 of

binary alloy oxidat;on-it was necessary to find a suitable exﬁerimenta]

binarv alloy system. There are two basic requfrements of the theoretiéa1
analvsis which have to be satisfied. The fir;t is that the oxidation
nroduct should preferably be a one-phase oxide scale. The second gives.a
eondition, that the interfaces must remain merphqiogically stable exhibiting
a planar shape. l | ) |

The solution of the diffusion equat1ons requ1res that the thermo~
dvnam1cs and transport properties of the system be known to obtain the

data for boundary conditions. Therefore, all or part of these data leading

to suitable approximations should be availabie from the literature. Those

42
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not available muét be obtained from appropriate experiments or from
jterations of numerical-solutions. .

For an exper1menta1 1nvest1gation of oxidation kinetics, the rate
of the reaction should be measurab]e within a reasonab]e 1ength of time
with sufficient accuracy at achievabIe experimental conditions (temperature
and pressure of oxidizing atmosphere). The 11m1tations of the analytical o/
and metallographical methods should also be taken into account For ' //("
example, the compos1t10ns of alloys should be high enough to be measurab1e
quantitatively using an e1ee}ron-probe microanalyzer which exhibits
Timitations based upon thé type of alloy micro-structure and atomic number

corrections for the constituents.

4.3 Preliminary Experiments

In1tia11y a survey was made of the oxide systems forming solid

solut1ons from known binary phase diagrams. 30 The oxides had to be those
which were most stable if a given metal formed more than one oxide.

Since the oxidation behaviour of most of ;hese systems had not been
investigated previously, "oxidation mapp1hg" was carriéd out for a total
of seven binary alloys. The “oi1dation mapp1ng" 1s\the determination of the
type of scale forming during qx1dation as a function of temperature,
oxygen potential and alloy compos1£10n All expériments were carried out
at temperatures above the minimum at which the mob111ty of the ions ensured
reasonable high rates of diffusion. The temperatures were estimated by
Tamman's rule which relates the temperature T, at which lattice diffusion
first becomes appreciable, to the absolute melting po1nt (m.p. )T °K.

for metals Ta = 0.33 Tm -

. \
for salts and oxides T, = 0.57 Tp
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for covalent compounds ‘T, = 0.90 T

For most metals this temperaturelis sufficiently low, but for
oxides, which usually have very hiqh melting -points, this temperature may
be fairly high. The following binary a11oys were prepared and oxidized
in C02 CO atmospheres or laboratory air depend1ng on the stab111ty of the
oxidation product: Al-Cr, Al-In, N1-Zn, Ni-Zr, Ni-Mn,“Co-Mn and Co-Fe.

Only the Co-Fe systeh up to 10% Fe satisfied the two basic require-
ments which were a single-phase exidation product and reasonable planar
1nterfeces. A careful review of the literature established that the
thermodynamics_at 1200°C for Co-Fe-0 system was known. Information pertaining
to the transport properties of the alloy, pure and d0ped'ox1des. and
the nonstoichiometry of the CoO-?eO s014d solution are available from the
literature. Thetefore, the Co-Fe-0 system was found to be gyitab]e for

theoretical anaiysis and appropriate for experimental investigations. In

addition, the oxidation properties of Co-Fe alloys were not investigated
previously. Since cobalt alloys are very 1£bortant technological materials,
the oxidation propert1es were exam1ned over the whole range of compos1t10ns

J

at five different oxygen pressures ranging from 10° -4 to .l atm.



CHAPTER V
PROPERTIES OF COBALT-IRON-OXYGEN SYSTEM

5.1 "Introduction - . .

i

The system utilized to demonstrate the relations between the dif-
fusional propert1es and growth of oxide scales on binary alloys is based
_'on Co-Fe alloys. Since the theoretical analysis of the oxidation phenomena
is based upen 11m1t1ng propert1es of the pure metal-oxygen svstems, Fe-0

and Co-0, pertinent results from these systems are bresented in great deta11 :

5.2 Iron-Oxygen System

- The system contains three ox1des-3? wistite (FeD), magnetite
(Feaoq)' and hematite (Fe203) Of these oxides, wiustite is only stable
above §70°C. Wustite and magnetite are both based on a face—centrgd cubic
exygen lattice; wlstite has the NaCl structure, while magnetite has the

spinel structure. Hematite has the corundum structure.

5.2.1 Defect and Transport Properties of Iron Oxides

wust1te (Fe0)

The nonstoichiometr_y33 43 of Fe1 0 as a function of partial pressure
of exygen has been extensively stud1ed using thermogravimetry and solid
state electrochemical techniques. The results of various studies are
generally in a good agreement. The resu]ts of Va]]et and Raccah34
shown in Fig. 5-1. It may'be noted that the deviation from nonstoichiometry
y varies from 0.05 at the iron-wustite phase boundary up to 0.15 (depending

on temperature) at the wiistite-magnetite boundary. In contrast to the
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behaviour of most oxides, the nonstoichiometry of Fe1_y0_at constant
pertial pressure of oxygen increases with decreasing temperatore. The
pressure dependence above 1000°C, yc:pOZ]/n, cao be charactefiéed by values
of n ranging from approximately 4 to 6. In many of the earlier ioterpret-
ations of the defect structure.of wistite, it was commonly assumed that
noint defects constituted unassociated doubly or singly charged vacancies. ™
These simple models do not appear to be presently tenable since structural
investigation suggests44-48 that the defects are complex. Kofstad and
Hed49 and Libowitzso both propose that the basic point defect is complex
and cons1sts of a tetrahedral ion and two associated octahedra1 vacancxes
as suggested by the structural stud1ee 44, 46 Both mode]s provide good
agreement between experimental and ca]cu]ated va1ues of ¥ as 2 fupction-.of .
oxvagen act1v1ty. in spite of this fac®, the controversv about the defect
structure of Fe1_y0 is not yet resolved.

The self-diffusion of a radioactive iron tracer in Fe; 0 as a
function of nonstoichiometry and teoperature has been studied by Himmel,

42 52

Mehl and BIrchena1 Cafter and Richa%dson51 and Desmarescaux et al.

The tracer diffusion coefficient as a function of the composition reported

by Himmel et a].s.I is shown in Fig. 5-2. These results are in fair

agreement with others.S]’52

‘Magnetite (Fe 04)

Magnet1te js a metal-deficit oxide relative to its st01ch1ometr1c

32 53,54
4-

The value of v increases with decreasing temperature at constant partial

composition and the formula may accordingly be wr1tten as Fe3 y0

pressure of oxygen. Schmalznieds5 found an oxygen pressure dependence of A
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PFe « pozo'4 over thg magnetite phase field at 1115°C. The detailed inter-
F{Q;étation of the diffusion mechanism is difficult, particularly,as the
nature of the defects is in guestion. It is generally believed that these
defects correspond to iron vacancies in fhe octahedral or tetrahedral

metal lattice sites,
Hematite (Fe203)

Sa]mqnsqﬁreported that F9203 is oxygen-deficient, and for_Fe203_

in equilibrium with Fe304 the vé]ue of x in Fezp3 x ranges from 0.0015

at 1000°C to.0.011 at 1500°C. This result suggests that the predom1nat1ng

po1nt defects are oxygen vacanc1es and/or 1nterst1t1a1 iron ions.

Both Fe and.0 tracer d1ffus1on in Fe,0, have been stud1ed T'e

23
56-59

results obtained by different workers are in a fair agreement. It

has. been  found that _Fe and 0 ions diffuﬁg‘at'approximate1y the same rate

4

in Fe203 at high temperatures.

. R

i

5.2. 2 Oxidation of Iron . ; ' ' . .

A muitilayer sca]e cons1st1ng of the three oxides is formed when
iron is exposed at elevated temperatures to oxygen or ~dry air atPamb1ent
pressure. At temperatures ébove;700°0 the growth ﬁrobeeds very rapidly
and scales become several micgnns thick w1th1n 2 few m1nutes After a
short 1n1t1a1 period of.nonsteady'state the oxidation proceeds by parabolic
kinetics. During this per1od the relative proportions of the oxide layers
remain unchanged being approximately 100:5: 1. for XFeo Fe304 xFEZOB

Davies et al.,60 PaidassP] and Schmahl et al. 62 pave presented a -
large body o%_resu1ts on~parabo1ic scq}ing amenable to theqretic;] analysis

n
-

- when combined with -the previously discussed results on Fe-0 thermodynamics,

49
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defect structures and diffusioﬁa1 properties of wﬂst1te{ Himmel et ai.Gj
first applied the Wagner theory3 to the oxidation of iron;' They used
their determinétions of Fhe iron self-diffusion consta;ts and data from
the Fe-0 diagram on wUst1te compositions and oxygen act1vit1és to evaluate
the parabolic oxidation constants. These calculations however are only
va]id to a first approxiﬁation'for relating theoretical and experimental
values of the parabolic rate bonstants since the small amouﬁts of higher

' oxides formed were not taken into account. .

The influence of oxygen pressure on the oxidation propert1es of
iron was extensively stud1gg in two temperature ranges. At temperatures |
be tween 2000_5500064—63 the early oxidation staqe involves processes of
nucleation and growth of magnetite. Llater the growth of hefhatite on a

developed magnetite layer or separation of this scale from the metal 1ehds

to a decrease in oxidation rate. In the. temperature range 550°-600° there

are large discrepancies among resu1t570'75 reported for the influence of

uxygen pressure on the form of the ox1dation curve and the reaction rates.

In recent work Goursat and Smeltzer76’Fstab1ished the rates and mechanism
-3

of iron oxidation in the pressure range 2.5 x 107 to 3 x 1071 Torr at

BOO"C. The reaction exhibits initially an 1ncrea51ng oxidation rate followed
by a stage of linear kihetics before onset of parabo]1c kinetics. The )
first oxidation state is asssciated with the growth of wustite ﬁrysta]s

over an oxide base film while linear kinetics govern the growth of 2 uni-
formly thick wust1te scale. The scaling rate was proportional to the oxygen

pressure due to reaction cont?o] by nondissociative oxygen adsorption; the

sticking coefficient of bg;s&n was 0.067. Parabo]ic kinetics qoverned the



growth of duplex scales containing layers of wustite and magnetite. The
parabolic oxidation rate was 1ndependent of oxygen pressure since the |
transport through the wustite scale was rate 11m1t1nq

_The resu]tsGO 77 for iron oxidation in oxygen at temperatgres
higher than 1000°C do not indicate the presence of the non-parabolic initial
period. The data for oxidation at reduced pressures of oxygen are not

availabie.

,
5.3 Cobalt-Oxygen System

. There are three oxides of cobalt, namely Co0, 00304 and Co§)3wh1ch
have respectively cubic,'spine1 and -hexagonal structures.78 Of those
- three oxides, C0,04 is unstable above 300°C, so will not be considered
further, and C9304 above 850-950°C at pfessures lower than atmosbheric.

Col and C0304 are thought to be metal-deficit seniconductors

5.3.1 Defect and Transport Propert1Q§ of Cobalt Qxides A
Cobaltous Oxide (Co0) | |
Cobaltous oxide is generally assumed to be approximately stoichiometric
at its . decomposition pressure (which ranges from 10 -2 atm Oé at 84¢°C '
to 107% atm at 1440°C). At a part1a1 pressure of oxygen higher than that
of decomposition, the .concentration of cation vacancy defects increase
with increasing oxygen pressure.'
Fisher and Tannhauser79 determined the phase diagram of €007,y N
the range of temperatures 900°C-1450°C and the range of pressures boundgd ’
by p(0 ) - 1 atm. and the phase boundary as shown. in Fig. 5-3. Th1s‘pE;;e diagra~

was determined by combining thermograv1metr1c and electrical measurements.

Fisher and Tannhauser identified a range (R) where VM‘(s1ngle charged vacancy)

T
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was the dominant defect species (the slope of log o vs. log p(02) Beinq‘
1/4), and a second range (B} where V; (double charged vacancy) was the
dominant defect, with slope 1/6. These two }egfons have been confirmed by
Henri Lé_Brusq et a1.80 at 1000°C. Also Eror and wagneralfound a slope <,
of about j/d‘for the conductivity and deviation from stoich1oﬁetry. In
the range 1000°C-1200°C, Eror's measqrements were conf1ne; to the region
of pressures called A in Ref. {79). His measurements were made on single
fcrysta]§, whereas Fishef used po]ycrystals.. Sockel and Schma]zm’ed82
" measured at 1200°C the deviation from stoichiometry x by a coulometric
method down to p(0 ) = 1077 atm. They found a slope 1/4, whereas‘F%athLSTQ
conductivity results at the same temperature gave a siope of 1/6 at log
p(02) -3.0. The difference in slopes 1s explainable if one keeps in
mind, that the transition from slope 1/4 to 1/6 in log o vs. log p(Oz) should
occur about four orders of mggnitude of p(02) before the transition in
log x vs. p(Oz). |

The self- d1fﬁus1on of coba1t in Co0 as a function of temperature
1950°C to 1400°C) and part1a1 pressures of oxygen-(1 to 10° atm) has
been studied by tracer technaques by Carter and Richardson,83 Chen et al.B4
and Crow.85 Thes tracer diffusion’ coeff1c1ent js plotted as a function of
the oxynen pressure in Fig. 5-4.83 At 1_atm 02 the tracer-diffusion
coefficient83isgiven by Déo = 2.15 3’10'3 exp(-34,500/RT) and DEO =5 x 1073

84 84

exp(-38,390/RT) measured by Chen et al.” in air. The data of Crow will

e chown later in the section on diffusion in mixed Co0-Fe0 .oxide. The

- diffusion coefficient83

1/4

is proportional to about pgzw3 at 1 atm and to

+ about PO, at 10'3 atm. This is in agreement with the nonstoichiometry
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utudies79 1nrthnt the Qacahb1es are singly charged at reduced pressures
and that neutral vacancies make a contribution close to 1 atm 02.

Oxyqen diffusion in Col has been studied by Thompqon,86 Chen and
Jackﬁ0n87 and Ho]t88 and it has been found to be several orders of mugnitude
. wlower than that of cobalt at the same oxygen pressurc. The mechnn1sm

of oxygen diffusion has not been definitely determined.

(‘.0304

The structure of_00304. according to‘Schmahried.89 can be best

doscribed as inverse sﬁlne1. There are but limited data available on diffusfon

- in Co.0 86

304 Oxygen d1ffus10n has been studied hy Thompson, ~ who reported A

a diffusion cocfficient n = 2.4 x 107 exp( 176,000/RT). Wagner and

koch30 have reported that the eIectrica1 conductivity of CO3O4 is essent1a11y
independent of the partial pressure of oxygen between 1 and 0. 21 atm 02

at q00°C.

5.3.2 Oxidation of Cobalt

Thg two layer scale consisting of Co0 and Co304 forms when cobalt
is cxposed to oxygen at 1 atm pré‘ ure at temperatures below 750°C, and
one layer scale consisting of Co0 only above 950°C.

The oxidat1on kinetics of cobalt have been extensively studied and
the results were reyiewed by Paidassi N Nood92 and more recently by Morin }
and Rigaud.93 It has been found that between‘40b°c and 1400°C é parabolic
relationship is obeyed with some 1n1t1a1 deviations between 400°C and 800°C.
The Arrhenius plot of the parabolic oxidation rate ‘constants as a function
of temperatureg3 exh1b1ts three distinct regions where the activat10n

energy 1s_céhstant. The first region at temperatures above 950°C corresponds
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to scale formation of CoO only. The Naéner.theory of parabo]1e oxidation’
was successfuily used by Carter and R1chardson94 to calculate the theoretical
rates of parabolic oxidation from diffusion constants measurements. The
.prer1menta1 and theoretically calculated rates are in good agreement

The transition region between 950°C and 750°C is characterized by a sharp -
decrease in oxidation rate with temperature. Below 750°C the oxidation
product is composed of two layers of o0 and 66304. In the latter two

reqions the influence- of oxygen pressure on the oxidation rate-was found to

be not very_pronounced.93 '

A

w

The parabolic oxidation rate constant could be expressed as

’ k= ko 902]/“ . e{-Q/RT)
/

where k s constant n is the coefficient of oxygen pressure dependence

15.1)

for k, Q is activation energy'and T is temperature in °K. The numer1ca1
values of kp's obtained from numerical ana]ysis of numerous experimental
results accumulated in the literature on the parabo11c oxidation of cobalt

in the view of [q. 5.1.are listed in table 5.1

" . Table 5-1
Temperature kg - n Q
range .
ce (gZ/cm4-s) | (kca1/m01e)
above 950°C  6.43 x 1072 2.8 37.5
750°C-950°C 1.50 x 10° - '56.3
' 5

450°C-750°C 2.96 x 107 " 24.9
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5.4 Cobalt-Iron-Oxygen System

An oxygen potential diagram for Co-Fe-0 system was established by

95

Ankrust and Muan”” using their data obtained by a thermogravimetric method

96

~
and data obtained by Roiter and Paladino. The diagram shown in Fig. 5-5

illustrates the equilibrium existence of the phases Co-fe alloy, (Co, Fe)O
and (Co, Fe)304 at 1200°C as aAfUnction of oxygen pressure, This diagram

is in essence complementary to the classical ;ernary'phase diagram (Co-Fe-0}.
These two diffekeqt ways of plotting phase equilibrium déta are related
throud% the Gibbs-Duhem relation. This type of representation of thermo-
dynamic information about ternéry systéﬁs is rational and is-used extensively

in oxidation practice because metal compositions of varicus phases are

directly related to oxygen pressures.

5.0.1 Activities and Diffusivities in Co-Fe Alloys

The thermodynamic properties of Co-Fe alloys were studied by Satow

{
ot a1;97 in the temperature regiong8 of Y phase stability, (for all alloys

above 1020°C), the entropy of mixing and heat of mixing show almost ideal

Lehaviour, and the activity obeys Raoult's law. Therefore, the alloys in
Y

the entire range of compositions at 1200°C could be cohsidered-as.beinq

ideal, |

interdiffusion studies using Co-Fe diffusion. couples were completed
by Badiagg‘for teﬁperatures in the range from 1136°C to 1356°C. The electron
probe microanalyser was used to measure the concentration profiles from
which ut{1izing Boltzman-Matano ana]ysis100’]0} the interdiffusion coefficients

Dcagovere calculated. e diffusion constant at 1200°C increases frem

2.3 x 107! cmz/Sec for mure iron with increasing cobalt content to a maximum
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value of 1.19 x 10']0 cmz/sec'at about 70 atomic percent of Co in the alloy.
1t subsequently decreases being equal to 9.2 x 10']] cmzlsec for pure cobalt.
The numerical data for 1200°C are shown in Ta

= . Table 5-2

Interdiffusion goefficients in Co-Fe at 1200°C

.

-I:ﬁnag?g;ent DFeCo X 1010
{atomic fraction] [em2/sec] /l
0.0 . : 10.92
0.1 o 1.05
0.2 1.15
0.3 1.19
0.4 1.14
0.5 0.94 .
0.6 0.81
0.7 - 0.52
0.8 0.4,
0.9 £ 0.29
1.0 0.23

5.4.2° Activities, Defect Concentfations and Diffusivities in Co0-Fed

Both cobaltous oxide and wﬁstité are isomorphic, i.e. they have the
rock sait structure and the cations are cimiliar in size, weight and electronic
ctructure. At 1200°C they form a solid solution over a wide range of

-

compositions and oxygen potentials as i1lustrated by the phase diagram in

- Fig. 5-5.

A knowledge of the activities of the oxide components in solid

solution is necessary for the calculation of cation distributions in oxide

' 102
scales formed on Fe-Co alloys exposed to oxygen. Ankrust and Muan

t
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& * L ¥
dotermined experimentally the activity of Co0 in cobaltowustite 1n

odui11br1um with Co-Fe alloys at 1200°C. The results are shown graphically
in Fig. 5-6. The Co0 activity curve shows a slight p9§1t1ve deviation

from ideality, but at low concentrations of Co0 1n cobaltowlstite Henry's

law is obeyed since theﬁa§t1v1ty of Co0 is linearly dependent on concentr-
ation. Because of the large defect concentrations in wustite and cobalto-
wﬁsti}e.gS 1t_1s-reasoﬁab1e to assume that the aét1v1fy~compos1t10n relations
in the oxide phase coexisting with a spinel phase at relatively high oxygen
pressures will not be the same as_those prevailing in the oxide solid
~olution coexisting with metal. The Gibbs-Duhem inteqration due to
Schuhmun%03 was used to determine the activities of Co0 and FeQ from a
knowledge of'o#ygen potentials in the cobaltowustite phasé fie]d.95 The
Cod activity curve shown in Fig. 5-7 exhibits only slight positive

Jdeviations from idea]1£y. The corresponding Fe0 activities can be

obtained by a simple binary Gibbs-Duhem integration by assuming 1dea1'
behavior for the Co-Fe phase.

Cobalt oxide behaves as a p-type semiconductor containing metal
vacancies in the singly and doubly fonized states, the former being pre-

dominant over a major portion of its oxygen stability rangta-.-ig'a'l

Tron
substituted into this oxide {s considered to give rise to the following
defect equilibrium

2,02 ey s gre’S (5.2)

172 0, + ofe’ v

where the designated iron and oxygen jons occupy normal lattice sites and
v;‘ is a vacancy in the metal sublattice with electrical charge a-. There

are insufficient results, however, for analyzing this defect equilibrium
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in detail. It is reasonab1e, nevertheless, to su
gccur pE$d0m1nant1y from the 1nf1uence of iron by

the above reaction far to the right. Assum1ng to

I

ggest that the vacancies
the displacements of

a first approximation,

that the fraction of the total iron content ionized to the ferric remains

constant, at fixed oxygen activity,'fhe atom frac
“the form
n

NV=.Ya0 E

tere , ag is the oxygen activity, £ 1s the iron at

sublattice of (Co,Fe)0, v and n are empirical con

tion of vacancies is of

(5.3)

om fraction in the cation

stants.

Vacancy concentrations were calculated from the compositions of

{CoFe)0 reperted By Ankrusf and Muang5 using the

formula Nv =X - 1/X

where X is the oxygen atom fraction per metal atom fraction (X = 0/Fe + Co).

NV is plotted vs. g for several values of oxygen pressure in Fig,, 5-8.

Linear plots relate these variables for oxide com
the present work. Fig. 5-9 shows the slopes Ny/€
corresponding okygen potentials on logarithmic sc
constant powe; re]ationship for the oxygen activi

adequate approx1mat1on although the additionally

positions-encountered in

plotted as a function of
ales. It is seen that a
ty dependence is an

depicted plot exhibiting

a small curvature may account in a more factua1 manner for the vacancy

behaviour. According]y the constants in Eq {5.3) are expressed as' Y =

0.60 * 0.11 and n = 0.15 & 0.03.

g

It is essential to represent the metal self—diffusion coefficients

by appropriate analytical expressions involving their dependence on the

iron concentrations and oxygen activities in order to numerically integrate

the differential eqéations introduced in Chapter

o

63

3. The following formalism
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iv used to relate the self-diffusivity to the vacancy diffusivity, Qacancy

concentration and chemical composition of (CoFe)0:

ooV .0 "
Do = Oco Ny 7 Ogo¥ 270 (5.4)
D = DLN, = D2 ya"s | (5.5)
Fe ™ Ure'v T “Fe' , ‘ >
and P = DCO/DFe - Dgo/Dge : (5.6)

, In the absence of direct experimental measurements of tracer or

Lo1f-diffusion coefficients of cobalt, the vacancy di ffusivity must be

calculated from the data for pure Co0. U§1ng this constant and experimentally
obtained values for defect conceﬁtrat10ns jn_coba]towﬁst1te, fhe self-diffusion
constant for cobalt cations could be ca]cu1atqd'from Eq. '(5.4) as a function

of composition and pressure. Carter and Rict;ardson83 expressed the trﬁggr
diffusion coefficlient of cobait in cobalt oxide as a function of oxygen
activity by a constant-poﬁer_re]at1onsh1p. Using these results and those
reported by Fjscher and Tannhauser79 for the dependence of cobalt vacancy
concentration on oxygen activity, the cobalt vacancy diffusivity-at 1200°C

-6 cmzlsec. The actual numerjca]

was calculated to be DO = 1.46 % 0.04 x 10°
values used in this estimation are shown in Table 5.3
The ratio p, of cobalt and iron cation diffusivities in cobalto-
wistite on the cobalt side was estimated from tracer diffusion mea;urements
of C060 and Fess'in sﬁng1e-crysta15 of Co0 reported by Crow.85 The 1nter-r
polated data for 1200°C are shown in Table 5- 4. These measurements are

suitable for ca]cu]ation of p because the 1eve1 of impurities and consequent1v

& the level of defect concentrdqtion was altered to a neg11q1b1e extent by



67

Table 5-3

Cation and vacancy diffusivities and defect
concentrations in Co0y . at 1200°C

P Do N DCoxf
(atm) (cmé/sec) v (cml/sec)
107" 1.35x10°C 0.0119 1.13x10°°
107! 6.5x107° © 0.00566 1.14x107°
107¢ 3.7x107° 0.00299 1.23x107% .
107 2.9x107° 0.00162 1.12x10°°

6

Average value of DEQ xf = 1.14x10° cmz/sec.

_ o nm_ ot 1 gL
from DCO = DCO Ya C’— DC00 r if f=0.78

the vacancy diffusivity is

UEO = 1}46f0.04x10;6'cmd/seC'1
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\ [
+dding the radioactive tracer for penetration measurnments.BJ The cal-

culated values are listed in Table 5-4 and graphically represented in

Fig. 5-10.

!

,.4.3 ixidation of Cobalt-Iron Alloys

A comprehensive study of CoiFe alloy oxidation over the entire
range of LONDO‘1t10n was carried out by \!o1t0v1chw4 at temperaturc5 betwéen
SO0 and 900 C. The scales were compact and protective at all temperatures.’
The sharp 1n:rtase of the oxidation rate was observed at tcmperaturer
pigher than 700°C. This effect was caused by the appearance of wust1te in ¢
tne scale layer which contained a high concentration of cationic defects.
The nxidation‘ratd as a function of the cobalt content passed through -a
~nallow minima éorresponding to cobalt contents in the r;nge of 30-70% at
all t(nperaturef It was e;tab]i hed that Fe-Co alloys, especially the
Tlov thh 50. cobalt, have higher ox1dat1on res1stance than the pure metals
wi o)1 temperatures. A compact and mechanjca11y strong dark gray scale
wen tormed except on alloys containihg_h1gh jron contents at 900°C. In
Sese cases, the ‘scale layer formed cracks du}ing-ox1dation. The deéggasg;
inooxidation rate for the alloys was attributed to spinel formation, which
cinders the diffug%on of oxyqgen and metal.

Additions of 2 to 6. Co have been re_ported]05

to lengthen the life-
ot iron wires at higher temperatures (1050°C). Above this temperature
coneripental results are not available on the oxidation properties of -Co-fe

':l](J‘/'J. '
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CHAPTER VI
TECHNIS l,!J_F.S_-.!FP‘D.J.’.RE’.C.ED.‘!BE. OF TXPERIMENTS,

(.1 Introduction
A variety of pxperimental techniques and procedures were used for
-|upd!ntinn and analysis of matertals, for carrying out the oxidation
inve: 1d5;1nnq and for 1dvnt1f1cat10n and analyses of oxidation products.
Phese tochniques include argon arc melting, vacuum annealing, chemical
-dnnly i5 of materials, a thermnqravimetr1c method of weight gain measure;

ments , 0pt1La1 ond aloctron metallography, X-ray diffraction and

“electron probe microanalysis.

The exporimenta] procedure involved preparation of Fe-Co alloys.
specimens prepared from these alloys were exposed ‘to oxygen atmospheres

ot various pressures at 1200°C. Oxidized alloys were then subjected to

identi fication and analytic examinations.

6.2 Aoy and Specihen‘Prepﬁ}at1on .

The {ron and cobalt used in this 1nvestigat10nweresupplied by
P

A.H..Mackay Co. and by Johnson Matley Chemical Ltd., respectively. The

chemical compositions of the metals as supplied by the compan1es is given

in Table 6-1.

. Fd to
The portions of each mater1a1, mechanically .and chem1ca11y.cleaned,

were acLurate1y we1ghed to yield alloys with nominal composition-of O,

b, 2, 4, 6, g, "0, 20, 30, 40, 50, 70, 80 atomic percent of iron in

R
cobalt. Approximately 300 g of material were p]aced {n the melting chamber

[
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Table 6-1
Chemical Compostition of Used I[ron and Cobalt,

Lomposition of lron:

NEREE . ’ PLECONT

Aluminuin, . oo v vn e

<e.. -0.003
O ¢ M L)
*Carbon, Total.ooooeao, l l e 0,004
Lhrnminm,......,.......[;.;............;................. -0.003
Coballeo o, e h b aenaers et ey R 0.00%
fuwuvr....; ......... L N 1

Maanmen i, e O SO -0.000%

T T 1 s s e s v e e e e e s e e s s naonssnnsonsossnnsensononnsas -0.001

Mrckelo oo,

R N S R I A R B R R B NI
-

TR N R P,

POnaen, L

P 0.0%

l'.'lll'l'o'lll.'..‘illll"l -------- 'O-OU]
e 0.004

2
.r':]‘l-.l]”]‘\””.'...---n-clcllo-u-n-l.o.ll-'lil""'"“i"'O"" - 00001

’

*eterniined by chemical analysis.

TN L e S
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l‘uml‘n'.ii,inn'nf' Cohalt:
- - o A Party ner
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B T TR 71 1 TS L L LI 11t
1
I i
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ntoa nnncnnnumnhTQ arg furnace with a tungsten electrode operating under
Argon ulmunphuru.h In order to prnygnt an} long range segregations,
cach charqe was melted, inverted and then remelted until a total of four
clUimg operations had been completed.  The alloys were in the form of
rod, 4 inches long and 1/2 inch in diameter.  They were sealed in a
cuart s tube partially’ filled with argon and grincaled for different periods,
AU tive at 1000°C to completely homogenize the composition depending on
the wire of the rod. After th1§. they were machined to uniform diameter
and cut o with o mulgd ; wire saw to the final specimen sﬂape. So ohtained
Slatdiees 100x 2 weruﬁuuuqtnd in Bake]1}o and metallographically

tuhed on n]l <urfaces to Tu diamond abrasive using kerosene as Tubricant,

e :kuval from Bakelite mount1nqa. the specimens were rhcanod with

s

:w'h\xhﬁnn ether and stored under dried acetone until rcquirﬁd tmmediately,
Detore an vxpﬂrimunta1 test a specimen was dried and wciﬂhﬁﬂd to 0.1
Sorograms, and its surface area was computcd-by measuring the “PﬂCimpn
dnens1en, m"t_h a micrometer,
" Tne'actual chemical compositions of the used alloys were determined
fhe two mothods.  The atomic absorption D"Oto'ﬂ‘—;tr‘v: a modurn and now
ooy uned way of ‘chemical ana]ysiﬁ,.waﬁ backed by St”;dard ASM et

wornal analveis for Co. The 1int}gi alloy compositions in <hown in

toprfrental_fparatus
e (xp(r1nnnta1 assembly was comprised of three partr- reaction:
hounipdv o system, rPdCt10n chamber with a Ju€penﬂ1nn dUV]LP fer fpvr1mpn'

sndacontinuous recording Jemwautomat1c microbalance.. “The schemat1c

Lrarar o Fig, 6-1 represents an overall view of -the basic comnonenpﬁ of
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Table 6-¢

Actual Chemdcal Composition of Prepared Alloys

)

Hominal
Cormposition

Actual Cnmpnuitinn
- Te ’

vi/o n/ﬁ
Covs re . o.eh 0.98
Co-22 te [(3/1 | .
Co-4% fe b)] : ‘ _') .4.3
Co-00 Te ‘ 5.% H.H
Co-8% Te A 8.1
Co-10% Fe 96 10.1
Co-200 Te 19.3 20,2
Co-30% Te 8.0 29.7
Cosh0s Fe . 3.6 39.9
Co-u0% Te ’ . 49.9 51.3
Co-/0% Yﬁ ' 69.3 . o104 !
\ ‘ o
N
.
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Fig. 6-1: Schematic of reaction assembly containing RV Ainsworth
Lontinuoualy.record1ng semiautomatic microbalance: 1 - oxyqen

purffer contain#ng silica gel, 2 - reflection mirror, 3 - observation
window, 4 - Pirani gage, 5 - supporting ring for heating element, 6 -
.ilicone carbide heating element, 7 - furnace, 8 - mullite tube, 9 -
thermocouples, 10 - Pirani gage, 11 - loading inlet, 12 - soft iren
uorc; 13 - magnet, 14 - outer tube, 15 - suspension tube, 16 - specimen,
17 - suspension wire, 18 - éxpansion bellow, 19 - automatically
witched weights, 20 - glass bell, 21 - transducer, 22 - cold trap, ;

03 - diffusion pump, 24 - mechanical pump.
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sisted of a Pvrex tube closed at the top and partially” open at the bottom.

77

€

the assembly.  The numbers mark the essential parts and are explained in

‘the figure caption.

-

.Oxidation rates in flowing oxygen atmospheres were measured with

an Ainsworth, Type RV, cont1nuous]v recording semiautomatic ba]ance

G

Thé™balance had a sensitivity of 0.01 rg and the weight gain was recorded
on an Ainsworth, Type AU-1, recorder unit with Bristol's recorder.
Temperature in the mu]lif@ tube reaction chamber was controlled to‘within ’
12°C by a proport1ona1 controller, Thermoe]ectr1c type 400 and the power

was supplied continuously to the silicon carbide heating’ e]ement Crus1l1te,e
;ingie muffle type. Two controlling Pt/Pt 13 Rh thermocouples were

placed between the heat1ng e]ement and muliite tube. The actual temperature.
prof110 inside the reaction chamber was obta1ned bv measuring the temp-
erature by means of a calibrated thennocoup]e 5Uspended 1nto the react1on,
zone at different depths This ca11brat1on brocedure was repeated hefore

cach series of experiments. The sample to be oxidized was attached to

the microbalance by a two- stage magnet1c suspension dev1ce which con-
N

1t was connected to one beam of the ‘microbalance by nylon fibre. hn .

Ay iron core inside the tube could be manipulated bv the magnet outside

the asseany The spec1men was suspended in the furnace by means of

alatinum wire attached to the 1r0n core. This arrangerent allowed the

tost specimen tg.be raised and lowered in the furnace without any direct

fontact from outside. A diSh‘Suspended from the second beam of the ba]ance

dcrnxt*ed delicate balancing of the baiance Prior to the lowering of

the sampﬂe into the hot zone of the furnace, the desired oxvgen-pressure
~

as set by. lTeaking dry oxygen (Hatheson y.K.P. grade) throuqh a metering.

needle valve 1nto the reactxon chamber continuously pumped W1Lh a Speedivac

~
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mechanical vacuum pump, ED150 type. This type of dvnamic requ1ation was

/
found to be very effective in maintaining constant oxygen pressune in

the reaction chamber, espec1a11y at the 1ow pressures Zero. time for

.

oxidation was takentat the instant when the sample was Towered into the $

hot zone.

After the specimens had been oxidized to the desired extent, they

3

were raised out of the hot zone. The system was backfilled with oxygen

~
~

and the sp@dimens were taken out. The.specimens were then weighed and

mounted edgewise 1n cold. se]f—aett1ngrres1n for meta]]ograph1c observations.

L3

6.4 Identification and Ana]ytic Methods

6.4.1 Chem1ca1 and X-ray Analysis - -

.
The compos1t1ons of the alloys were determ1ned by two methods: the -

standard chemical wet ana]ys1§ (ASM) and atomic absorption determination.

" In the first method,fa metal sample was d1ssotved in HC1 (1:1)..
After'dis§o1dtion and additién.ofustannqps chloride, potassium permanganate
and mercuric ch10r1de, the total iroh was determined by titrating with
potass1um dichromate. In the second method the meta] samp1es. accurately
weighed, were dissolved 1n b0111ng concentrated HC1. After coo11ng, the
solut1ons were diluted to y1e1d the approximate concentrat1onq acceptable
for the atomic absorption photometer, model No. 303 by Perkin-Elmer Ltd.
The measured values were recalculated to yield the contents of cob§1t in
weight percent. | _

X- ray analysis was used to identify the phases present in oxide

scales. Oxide sca1es were scraped off the exposed samples and ground in

an agate mortar to‘a fine powder. The samples were prepared by filling

Fid
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very f1ne glass capi]]arie\ with powder and p19;ﬂng them in the Debye-
Scherer. camera exposed to copper K, radiation. From 50 obta1ned radiograms

it was possible tq identify the oxide phases.

/

6,4.2 Specimen Preparation for Meta11ographic and Microprobe Measuremeots

The mounted specimens were polished on silicon carb1de papers
through 200, 320, 400 and 600 grit, with f1na1 polishing on 6 and
diamond paste impregnated napless cloths using kerosene as . Jubricant.

In all the polishing operat1ons only kerosene was used as lubricant because
it was found that water eroded the oxide surface The mounting compound
p1ast1c epoxy No. 20-8130 AB supp11ed by Bueh]er Ltd was found to be

hard enough after setting to reduce the surface area relief arising in
polished cross-section due to various constituents of various hardness

The microstructures of the spec1mens after polishing were exam1ned
by means of the Zeiss optica1 microscope. A 1 to 5 minute etch in 80
parts 1actic'acid 5-parts HC] 10 parts hydrogen peroxide, and 10 parts
HNO 5 was utilized to accent the oxidized cross- -sections.

Before measurements on the microprobe, a thin layer of carbon was
evaporated on the surface of the polished cross-section to prevent e1ectr1c

charge build up on nonconductive parts of the sample.

v

6.4.3 Electron Probe Microanalysis

The theory and practice of electron probe micr analyses is completely

106,107,108,109 ' [ 11 srecent’

descrabed in the following references.
investigation a Cameca MS-64 model electron probe microanalyser was used
to measure the chemical compositions of 1nvest1gated alloys and oxide

scales. The instrument has the take-off angle 18° for the exited X-rays.
’ \



4

" The best operating conditwons found -for the Co Fe-0 system were at an

B8O

acceleFation voltage of 15 kV and specimen current between 100 and 150 nano-

amperes. The K, lines for Fe and Co are well separated and therefore
were selected for the purpbge oflana1ys1s. However, Co fluoresces Fe,

esoec1a11y in samp]és

ch An Co and causes an 1ncrease in 1ntensity of
X-rays emitted by iro Accordingly, ca11brat10n of the microprobe 15&
neceSSary. if it is used for quantitative ana1ysis. In the process of
calibration the relative intensities of the X-rays from the element of

interest, are obtained as a function of" the compostt1on. The re]ative

intensity is the ratio of the X-rafs from a given element in alloy or oxide
minus the background intensity and the X-ray intens1ty from a pure element

minus the background intensity. The background 1ntens1ty could be obtained

by counting with the spectrometer set a few degrees off the peak, or as
in the present measurements on Co-Fe alloys, by setting the spectometer.

for Co and counting pure Fe and vice-versa. The X-rayv intefisity from a

given element minus the background intensity is proportional to the amount

'present in the a]]oy or oxide. Since this observed, corrected absq§ute

intensity var1es from day to day, only the relative 1ntensity is of

!
J

interest because it does not vary with subjective factors such as 1nstrdmenf

set'UE, etc. The calibration curves of relative 1ntensityrversus tne

compostion could be obtained by two methods. The first method makes ‘use

of standards conta1n1ng known amounts of elements and is a relatively

simple process. The second method is a calculation ﬁrocedure which allows

one to calculate theoretically the desired re]ation using all available

»

knowledge of the various necessary correttions.



The ‘first method was used to calibrate the probe for Lo-Fe alloys.

The standards were actualyalloys used in the present experiments. The

.resulté of the measuremefts are shown in Fig, 6-2. As.previous1y'ment1oned

the fluorescence effect

of Co on fe gave'rise to the higher relative

intensities for iron. On the other hand, the Jower relative intensities

for cobalt indisate absorption of the X-rays.

3 . L]

{

The second method was usedojy/obtain the ca11brat10n curves for

cobaltwistite. This method was choSen because it was 1mpract1ca1 to

]

prepare separately the coba1towust1te standards. The me thod qpscribed

+ by Friskney and Howorth

110,11 con§1sted of successively applying atomic

nupber.112‘absorpt10n]]3 and fluorescence]]4'115 corrections to an-assumed

composit1ona1 set. A computer was used to limit numerica]-operations

Tables of theoretical re]ativa intensity ratios for Fe and Co were generated.

The calculated values are plotted in Fig. 6-3. The calibration procedure

was Qerified only for pure cobaltous oxide. ;

The measurements were done on specimens prepared the same way as

for opt1ca] examinationse However, it was necessary to deposit a thin

layer of carbon -on the

surface to be exam1ned to prevent any build up

of charge on the non-conductive .oxide phases present. To insure accurate

resugits the metth of p
w1th1n the oxide and al

o
- oxide interface. Corre

-

oint counts was used, The readings were obta1ned
loy phases at various distances from the atloy-

ctions were applied to these readings and phese

compositions were thus obtained as a function of the distance from the

interface for samples o
in this procedure that
its surface and the mov

axis.

«idized for different time peridds. It was necessary
the polished edge of a sample be perpendicular to

ement offthe sample be perpendicular to the detector
!



—

-

X

RELATIVE INTENSITY OF IRON

O
o

o
N

O

i ! )
0 20 40 .. 60 .80 100

N

W/o OF IRON IN ALLOY

Fig. 6-2
#easured re]gz?Qe intensities of X-rays generatéd by iron and
cobalt in Co-Fe.alloys at 15 kY

A 1800 30 ALISNIINI BAILYIZY




RELATIVE INTENSITY OF IRON

83

/ol o2 03 = 04 05
QTG/ | T I T Q 0575
~ . Eg=ISKV
. ,
¥ :
030} 1gs 2
=
: <
~ . m.
-
-
] : s | fPJ E%
Q.20 - 55 3
/ 9/
Fe | o
35 2
O.I0F 4 45 —H
| A
- | _(i \
0.05L R | | 01

‘&‘ - ( . ) |
* Wo OF IRON IN COBALTO-WUSTITE-
Fig. 6-3 ,

Calculated relative intensities of X-ravs generated by irop- and

-~

cobalt in cobaltowustite at 15 kv

=t



" CHAPTER VII

EXPERIMENTAL RESULTS AND THEIR INTERPR@TATION
; < ;
7.1 Introduction
A detailed investigation of ox1dat1on propert1es of Co- Fe a11oys

exposed to oxygen atmospheres of various pressures at 1200°C is described
in phe fo]]qwing chapter. The oxidation properties are characterised
by reaction rates, morphological deVe]opment of scales and éoncentratiop
profiles 1n the alloy and oxide phases These characteristics are presented
as results obtained from the vaﬁ*ous exper1mental and analytical tests
desctibed in the previous chapter in the form of diagrams, tables and photo-
miérographs. The behaviour of the alloys is fol]oued as. a %unct1on of
%ron content in cobalt and oxygen pressure at constant temperature 1200°

(2192°F).

. 7.2 Oxidation Kinetics

The results from the ipvestigations on the oxidation kinetics
obtained by recording the increése in specimen weight {consumgtion of *
oxygen) as a funcfion of time are presented as smooth curves since a con-
tinuous recordiﬁa balance was used. The wéight gains are expregsed in
mGl/cm2 and time in minutes in Figs. 7-1 to‘?-iﬁia_The experimental con-
ditioﬁs, the temperature and oxygen pressure from 16:4‘9tm.t0 } atm, are
indicated on the graphs. There are two plots for eaéh pressure:‘for a11oys
containing 0% Fe to 10% Fe and for alloys containing 20% Fe to 80% Fe.

The period of oxidation varied from 10 minutes to 120 minutes depending on
.
84
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the rate of reaction. The time period for oxidation was determined by the

2

final‘%eight gain, being generally between 20 mg/cm” and 50 mg/cmz, in

order to obtain reasonably thick scales for metallographic observations '

and microprobe measurements. In each case at least two

samples were ’

oxidized, to check the reproducibility of the exper1ments In addition,

the extent of reaction was checked by mea;gzyng the final oxide th1ckness on

cross-sectioned samples. The thickness of the scale could be convert d

into weight gain per unit area, since 7.6u of. wustite corresponds approx-

imately to a weight gain of 1 mg/cm

" parabolic plots [(weight gain per. unit areaf VS.

-

time] corresponding

to the kinetic data in Figs. 7-1‘to 7-10 are shown in Figs. 7-11 to 7-20.

These p]ots suggest that the parabd®ic law tﬁ obeygd 1n

the who1e recorded

react1on period. The measure of the oxidation rdte when the k1net1cs are

parabolic is the p{/;bolic oxidation rate constant usually des1gnated as

kp from Eq. (2.5). Weight gain curves were plotted from the end of the

exposure period using the difference in weight of the sample before and

after oxidation as starting poinf Then using the chart from the balance

recorder the weight gains were totaled for equal time p
total weight gain subtracted from the fina] we%bht. Th
experimental data eliminates the error introduced by th

period of reaction.

eriods and the
is method of p]ott1ng

e initial unrecorded

< , . o,
- The parabolic rate constants for the alloys investigated determined

from the slopes of the parabolit plots are given in Tables 7-1 Eo }-4.

The values of kp are the arithmetical average from the

data obtained in

these experimentai 1nvestigatioﬁs. These kp's are graphically represented

. in Fig. 7-21.

-
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) Table 7-2
norinal Ivon -« kp l:gz/(:mql sec] x 106
Content in S - FAURERE
Alloy - Oxygen Pressure[atm]

-] 10-3 ¢ 10-4
. .[ - - ——— a - cm e e e —_—
+ 0.0012 . + 00.0004
0o 0.0178 _ 57005 - 0.0083 ~ 4 0504
+ 0.0182 + 0.0049 .
1 0.0830 _ 479127 0.0620 _ 7gp3g
+ 0.0089 ..+ 0.,0037
2 | 0.1603 _ 1" 0032 0.1256 ~ ' aoage
\ + 0.0418 + 0.0162
4 0.3089 _ %0063 0.2470 _ 5" 0o
+ 0.0235 + 0.0109
6 : 0.4789 7 ;0252 0.3550 _ " 0309
+0.0323 . + 0.0331
g ‘ 0.6432 _ ;' pu2s 0.4706 00309
. + 0.0647 + 0.0110
10 0.8291 _ 1 4390 0.6000 _ o noce
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+ 0. 0031 L o osna. o !
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30 f.o '8438 ; i 0 9348 00,9012 T %hedg
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The pxidat1on rate constants of cobalt-iron alloys increase
upon addition oé?iron to cobalt up to 10% Fe, then they decrease from

10 to 20. Fe fol]dwed by a small increase in values. The reasons for

tmis tyne of behaviqyr will be elucidated later by correlating the structure
snd morphology of the oxide scales with kinetic resulté. The rate of

pure cobalt oxidation obtained.frgm these expefiments is compared with

results trom the 11terature93 in Table 7-5. The kp's are in good agree-

‘rent within the limits of experimental error of the investigations.

7.3 Morphological Development of Oxide Scales

7.3.1 Character1sat1on and Topo1ogy of External Scales

- Adherence of ox1de scales during the high temperature tests was
very good since the kineti;s did not show any irregular periods which could
be ascribed to the blister formation or scale break-away. However, scales
formed on some alloys showed a tendenc} to blister or spall during quenchiqg.
n general, the spalling resistance decreased with increasing iron alloy

content. This is due to a change in the rechanical properties‘of cobalt

(oxide by addition of iron and sbine] phase formation. Those scales which

secame brittle' cracked upon quenching. The stress for cracking is
‘ererated by the difference in-the thermal expansion coefficients between
~cate-and allov.

Oxide scales formed on nure cobalt showed excellent spalling

- recistance in all oxidizing atmospheres. Addition of iron to the alloy

‘N

causes the spalling resistance of %he oxide scales to deteriorate.
Cxperimentzlly this was observed as a partial detachment of the’scale or’

in some cases complete scale spalling after quenching of the oxidized



) Table 7-5
\.

The comparison of Parabolic Oxidation Rate Constants
for pure Co at 1200°C

Oxyaen Data from kl‘\\ 7 Mean experimental
pressure literature®s valyes

[atm] kpx10 [gme/em? sec] kpxlos[gm Jem? sec)
10v ' 0.1727 ' 0.1787

107! 0.0759 : 0.834

1072 0.0333 ' 0.0385

1073 0.0146 0.0178

107¢ 0.0064 0.0083

112
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samples. Table 7-6 shows the summary of these observations. From this
table 1t is clear, that the tendency for an oxide scale to spall increases
with increasing alloy iron content and oxygen pressure in the reaction

atmosphere.
\

Sqrface topographies of oxidized samples were investigated by
means of scanning electron microscopy. The grain size at the.oxide-gas
interface decreased with decreasing oxygen pressure and increased with
irorrrcontent in the base alloy. The surface of CdO formed on Co at 1 atm
oxygen préssure was smooth and §Tassy. With increasing iron content

and decreasing oxygen/potential the surface lost its glassy appearance.

The tarnishing of the oxide surface wag due to preferential growth of

the oxide grai s in_the moaﬁ;favorable crystal109raph1;'d1rect10n. The
resulting terra ed and ledged structure of the surfacesgnﬁgés the dull
appearance. The preferential growth of oxide grains was most pronounced

during oxidation at 1074 atm oXygen pressure.

7.3.2 ¢ Structures of External Scales Formed at 1 atm QOxygen Pressure

Pure Cobalt ' '
A scale formed on pﬁre cobalt is composed of dense Co0 exhibiting

a small degree of porosity at the metal-scale interface and (20304 re;u]ting

from precipitatiéq during cooling from 1200°C to room'temperature. Fig.

7-22(a) shows the metallographic cross- sect1on of pure cobalt oxidized

for 120 minutes. Precipitates of (20304 outline the grain boundaries and

they could be found also in the middle of the Co0 grains. The shape of

the precipitates appears to be spherical, approg1mate1y 0.5: in diameter.
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Table 7-6

_Spai1ing Tendency of Scales Forming on Cobalt-iron
Alloys at 1200°C

Nominal Iron

Content in : Oxygen'PrESsure.[atm]
m[“]Jy e 1070 10 1we et
0 A A A A A
T A A A A A
2 ©D A A A A Yo
4 . D D A A A 5
Q@/_/ D A A A A
8 L D D A A ) A
10 D A A D~ A
20 D D 0 D A
30 D D D D A
80 . D D D . D A
50 . D D D D n
70 i D D D D A
. ] Y
A - oxide scale attached to the metal
5 - oxide scale detached from the metal
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Co-1, Fe to 10% Fe Alloys

' Figs. 7-22(b) and 7;22(g) show single phase cobaltowilistite scales
formed during oxidation and spinel precipitates which most 11ke1y formed.
dufing coéling: Precipitate formation is caused by oxvgen supersaturation
of cobaltowustite upon cooling from 1200°C. The phenomeha'are anglogbus
to precipitation at a temperature within a Fwo-phase region CoO-C0304.

The shape of the precipjtates changes with increasing iron content Tin the
) R .
oxide. The precipitates, as shown in Fig. 7-22(b) for oxide formed on

Cob-1. Fe alloy, retain globular form. However, the precip{iates in

P

Fig. 7-22{c) found in the oxide formed on the Co-2% Fe a#1loy are elongated

in one dimension. The e}ongation of the precipitates increased with.con-

0 , t

centration of iron. Figs. 7-22(f) and 7-22(g) show a needle type network

of {Co,fej30, in cobaltowlstite matrix of a scale on alloys of higher iron

concentrations.

These micr&graphs show that dense scales are fprmed with some
norosity at the alloy—oxidé“intefface. This interfaee was morphologically
steble retainina a planar shape during the course of oxfdation. Internal
txidation was nct cbserved.

“0-20. Fe to Co-707 Fe alloys

“

~he structures of oxide scales formed on these alloys are shown
in Tics. 7-22{(n) to 7-22(1). Each scale %s composed of three lavers, the
cuter and inner layers being cobaltowustite with spinel Precipitates;with
a continuous laver of (Co,Fe)3O4 between them. ‘The relative position of
e spinel layer in the scale changed with iron alloy content but this

~psition did not change with time. The ratio of the outer to inner cobalto-

wustite layer thickness decreased with increas{ng iron content in alloy and
Q



o | Fig. 7-22
cross sections of oxide scales formpd at 1 atm oOX gen gressure: (@)

pure cobalt oxidized for 30 min - (300X, unetchedx; (b) Co-1% Fe
alloy oxidized for 60 min - (200X, unetched); {c) Co-2% Fe alloy
oxidized for 30 min - (200X, unetched); (d) Co-4% Fe alloy oxidized
for 30 min - (200X, unetched) "

116
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. Fig. 7-22

Cross sections of oxide ‘scales formed at-1 atm
Co-65 Fe alloy oxidized for 10 min - (200X, unetched); (f) Co-8% Fe
‘ (g) Co-10% Fe alloy

“oxygen pressure: (e) .

alloy oxidized for 10 min - (200X,. unetched); / :
oxidized for 15 min - (200X, inetched); (h) Co-20% Fe alloy oxidized

for 30 min - (320X, unetched).
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Fig, 7-22

Cross sections of oxide scales formed at 1 atm oxXygen pfessure:~(1)
Co-30% Fe alloy oxidized for 30 min - (320X, etched); (j) Co-40% Fe
alloy oxidized for 30 min - (320X, etched); “(k) Co-50% Fe alloy
oxidized For 30 min - (200X, etched); (1) Co-70% Fe alloy oxidized
for -30 min - (200X, etched).
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it was 1/3, 1/4, /5, 1710 and 1/25, for scales formed on Co-20% Fe,
Co- 30p Fe, Co 40% Fe, Co- 50% Fe and Co- 70% Fe alloy, respectively.

-

\7.3.3 Structures of External Scales Formed at 10“] atm Oxvgen Presbure

2ure Cobalt

Fig. 7-23(a) shows the CoQ scale formed on pdfe cobalt aftér 30
ningtes. Tﬁe scale was compact and adherent to the metal with some porosity
 at the mgta1-oxfde interface. The C0304 precipjtates are located in the
outer half o? the séé]e and appear to be smaller than\thoée formed in the

Co0" scale ‘during quenching in 1 atm of oxygen.

Co-2. Fe to Co-10% Fe alloys

- The sca?es formed on alloys containing 1, 2, 4, 6, 8 and_10% iron
were sinale phase cohpact cobaltowustite lavers (Fig. 7-23(B) to 7-23(g))
ne porosity at the scale-alloy interface is of limited extent.A The por-
Gsities in the scales shown in Figs. 7-23(f) and 7-23(g) are artifacts
‘created during-metallographic polishing.

The precipitation of a (Co,Fe)304 spinel phase in (Co,Fel}0 sc;]e
during ‘quenching was not observed. The oxide-alloy interface wvas planar
with yery limited poros1ty due to coagulation of the cation vacancies and
*etal]ograph1c null- out: f fine- gra1ned oxide at th1s interface. " Internal
ox1dat1on was not pbserved

~ Y

Co-2C. Fe AﬂOi

The external scale shown in F1g. 7-23{h) was formed dur1nq ox1dat1on
for 15 minutes. The scale is pore free except at the metal- ox1de 1nterface
The tests revealed presence of two phases (Co,Fe)O and (Co,Fe)304. Thel

spinel phase is concentrated in the form of precipitates in the outer part

ar
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. f o\
of the scale. It is interesting to ohserve that the max imum density of
the particles is at the same 1ocat1§ﬂ in the scale, where the continuous
layer of spinel phase was found in the scale on an ox1d1zed Co-20% Fe
alloy at 1 atm 02.

£6-30 to Co-707 Fe Allovs

The scafes shown in Figs. 7-23(i) to 7-23(1) exhibit three ]Ayers.
The outer and inner layers are coba]towﬁstite contaiqing spinel pre-
cipitates and a continuous_1ayer of {Co, Fe) 0 occurs between them. The
chande in ratio of outer and inner (Co,Fe)0 laver thickness with the iran
content in alloy is similar £0 fhe behaviour found for oxidaticn at 1 atm
oxygen pressure, Internal oxidation was observed in thé metal neaf the

regions of the,ﬂ11oy-o£ide interfaces in all -alloys.

-2

7.3.4 Structures of External Scales Formed at 107¢ atm Oxygen Pressure

Ayre Cobalt | ¥

Fig._7-24(a) shovs a Co0 oxide scale formed on cobalt after 60
minutes of exposure.' Precipitates oF 60304>are present but the size of
the particles is much smaller than in the case of cobalt oxidation in
oxygen at 1 atm and ]O"] atm.»'The scale is compact and adherent with
some porosity at the alloy-oxide interface.

Co-1 Fe to Co-10% Co Alloys

The scales formed on these~alloys are 111U5tr§§ed in Figs. 7-24{b)
ta 7-24(g). They are compact and adherent layers of cobaltowustite.
Internal oxidation was not observed and the 1nterface between alloy and
oxide was planar. The minor jrregularities at th1s 1nterface are due to
coagu1ation of vacancies and plastic flow of the oxide phase to fill up

thg cavities. )
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Fig. 7-23

Cross sections of oxide scales formed at 10'] atm oxygen pressure: (a)

pure cobalt oxidized for 30 min -

oxidized for 30 min - (200X, unetc
20 min - (200X, unetched); (d} Co-
(200X, unetched).

(200X, unetched); (b) Co-1% Fe alloy
hed); (c) Co-2% Fe alloy oxidized for
4% Fe alloy oxidized for 10 min -

1
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. Figo 7"23 u

rl ]

Cross sections of oxide scales formed at 10 ! atm oxygen pressure: .
(e) Co-6% Fe alloy oxidized for 20 min - (200X, unetched); {f) Co-8%
Fe alloy oxidized for 15 min - (200X, unetched); (g) Co-10% Fe ailoy
oxidized for 15 min - (200X, unetched) (h) Co-20% Fe alloy oxidized
for 15 min - (320X, unetched).

122
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.

Fig. 7-23

es formed at 10" atm oxygen pressure:
0 min - (320X, etched); (j) Co-40%
etched); (k) Co-50% Fe alloy
(1) Co-70% Fe alloy oxidized

Cross sections of oxide scal
(i) Co-30% Fe alloy oxidized for 3
.Fe alloy oxidized for 30 min - (160X,
oxidized for 30 min - (160X, etched);
for W0 min - (160X, etched).
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The external scale shown im Fig. 7-24(h) has a structure similar
to the $cale formed on the same alloy at 10'1 atm oxygen pressure. The
urecipitates are particles of (Co,Fe);0, imbedded in a compact cobaltowustite
scale.

Cd-SOf Fe to Co-70% Fe Alloys

The oxide scales formed in these alloys have a similar structure
to those formed during oxidation in 1 atm and 10"1 atm oxygen pressure.
For illustration, the scales on the Co-40% Fe and Co-50% Fe alloys are

ohown in Figs. 7-24(i) and 7-24(j).

7.3.5 Structures of External Scalés Formed at 10‘3 atm Oxyqeanressure
ure Cobalt -

The oxide scale shown in Fig. 7-25(a) is compact and adherént CoC. -
snirel particlies as found in the scales fofméd'at higher -0xvgen pressures
were not observed. o

~

So-1 Fe to Co-10° Allovs

~he cross-sections of the scales on these alloys are shown in
“i1s. 7-25(b) to 7-25(g). They are adherent compact one phése cobaltowustite
tayers. The interface retains planar shape throughout the course of
Lxidation at all alloy concentrations. Internal oxidation was not observed
wxcent for thé?Co—loi Fe alloy. The cross-section in Fig. 7-25(g} shows
some irrequiarities at the alloy-oxide interface.

Cc-207 Fe alloy .

-

An oxide scale on this alloy is composed of a cobaltowustite oxide
layer containing particles of (Co,Fe);0, in the outer part of the scale

(Fig. 7-25(h)). Lo
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o d
Fig. 7-24 '
Cross sections of oxide scales formed at 10'2 atm oxygen pressure: o
netched); {b) Co-1% Fe

(a) pure cobalt oxidized for 60 min - (200X, u e
alloy oxidized for 60 min - (200X,'unetched); (c) Co-25% Fe alloy ox1d1zed
for 30 min - (200X, unetched); (d) Co-4% Fe alloy oxidized for 30 min -

(200X, unetched).

P

-



Fig, 7-2&

Cross sections of oxide scales formed at ]0'2 atm oxygen pressure:

(e) Co-6% Fe glloy oxidized for 30 min - (200X, unetched); (f) Co-8%
Fe alloy oxidized for 15 min - (200X, unetched); (g) Co-10% Fe alloy
oxidized for 15 min - (200X, unatched); (h) Co-20% Fe alloy oxidized
- for 30 min - (160X, unetched).

126
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Fig, 7-24

Cross sections of oxide scales formed at 10"2 atm oxygen pressure:
(1) Co-40% Fe alloy oxidized for 30 min - (160%, etched); (j) Co-50%
Fe alloy oxidized for 30 min - (160X, etched).
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Co-30° Fe Alloy

A cross-section of the scale on this alloy is shown in Fiq. 7-25(1):

34
contains a region of large semicontinuous spinel phase formations near

The cobaltowustite layer with dispersed small particles of (Co,Fe).0

~

the outer interface. Internal oxidation is confined to a narrow region at

the metal-oxide interface.

£0-40 . Fe' to Co-70% Fe Alloys . "WL

Figs. 7-25(j) to 7-25(1} show the cross-sections of scales formed
on these-a110ys. The scales have the same E;pdﬁFura] features ay those
formed at higher oxygen pressures: two cobaltowustite 1ayer§ containing
sninel particles with a continuous (Co,?e)ao4 laver between them. Again
internal oxidation ig cgnfined to the narrow zone at the metal-oxide
interface. ‘ . 7

-
!

.3.6 Structures of External Scales Formed at 107% atm Oxygen Pressure

Pure Cobalt

Fig. 7-26{a) shows the compact Co0 scale formed_after 60 minutes.
The polishing revealed the-coTumnar structure of the';ca]e. No porosity
was observed at the metal-oxide interface. Porosity in the scale was
created by "metaliographical éu11 out".

to-1 Fe to Co-10¢% Fe Alloys

The scales on these a]]o}sAare shown in Figs. 7-26(b) to 7-26(g).
fn oxide iayer is a single compact phase of éobaltowﬁ;tite with an
irrequiar cuter inté?ggce caused by outward prefereﬁ;igl growth of Iarge/
co]u&nar gqrains, Inner interface between_a11oy-sca1e is planar with limited

amounts of sinternal oxide occurring in alloys with iron content higher than

’

L.
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Fig. 7-25

Cross sections of oxide scales formed at 10 3 atm oxygen pressure: _
(a) pure cobalt oxidized for 120 min - (200X, unetched); (b} Co-1% fe

alloy oxidized for 45 min - (200X, unetched); (c) Co-2% Fe alloy =~
oxidized for 45 min - (200X, unetc d)}; (d) Co-4% Fe alloy oxidized
for 45 min - (200X, unetched). ' .

.
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Fig. 7-25

Cross sections of oxide scales formed at\10'3”atm oxygen pressure:

(e) Co-6% Fe alloy oxidized for 25 min - (200X, unetched); (f) Co-8% fe
alloy oxidized for 15 min - (200X, unetched); (g) Co-10% Fe ailoy
oxidized for 15 min - (200X, unetched); (h) Co-20% Fe alloy oxidized
for 30 min - (200X, unetched). ' :



Cross sections of oxide scales formed at 10'3 atm oxygen pressure:
(i) Co-30% Fe alloy oxidized for 45 min - (200X, unetched); (j) Co-40% -
Fe alloy oxidized for 60 min - (200X, etched); (k) Co-50% alloy

oxidized for 60 min - {200X, etiched); (1} Co-70% Fe alloy oxidized
for 60 min - (200X, etched). ’
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Figo 7'26 \

: ‘ -4 .
Cross sections of oxide scales formed at 10~ atm oxyaen pressure:

{a) pure cobalt oxidized for 60 min - (200X, unetched j"(b) Co-1% Fe
alloy oxidized for 20 min - (200% unetched); (c) Co-2% Fe alloy oxidized
for 30 min -. (200X, unetched}; (4} Co-4% Fe alloy oxidized for 20 min -
(200X, unetched). :




.% -
g h
_ Fig. 7-26
Cross éections of oxide scales formed at 1b'4 atm oxygen presshrE:

(e) Co-6% Fe alloy oxidized for 30 min - (200X, unetched); (f) Co-8%

Fe alloy oxidized for 20 min - (200X, unetched); {(g) Co-10% Fe alloy

oxidized for 10 min - (200X, unetched}; (h) Co-20% Fe alloy oxidized

for 30 min - (200X, unetched). .
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Fig. 7-26_

Cross sections of'bxide scales formed at 1074 atm oxygen gressure:

(i) Co-30% Fe alloy oxidized for 30 min - (200X, unetched); (j} Co-40%

" alloy oxidized for 60 min - (200X, unetched); (k) Co-50% Fe alloy
oxidized for 60 min - (200X, unetched); (1) Co-70% Fe alloy oxidized
for 60 min - (200X, unetched). ’

s o
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Co-20. Fe to Co-70% Fe*Allays

The structure of thg¢§£31es is two-phase coba]towﬁstite and spinel.
There is a gradual change in the distribution of the spinel phase. Cross
coctions of the scales are illustrated in Figs. 7-26(h} to 7-26(1). The
donsity of dispersed spinel ﬁartic1es at an outer interface increases
with iron a116y content. A continuous spinel phase is formed in the

wcales on alloys containing greater than 40% Fe.

7.3.7 Summary - "Oxidation Map"

The morphelogical development of the scales can be summarized
concisely and 1nformative]y'by_using an "oxidation map". This is a diagram
indicating the type of oxide scales forming on the a1]oy$ as a function of
iron allioy confent and ‘oxygen pressure.

- Five distinct structural tvpes of oxide scales which developed at
1200°C are illustrated in Fig. 7-27. Symbols in the brackets designate
the particular type of structure, and are used in Fig. 7-28., The latter
siqure is an "oxidation map" for coﬁélt—iron a116ys e;qpsed to oxygen at

7200°C. The diagram can be divided into two parts: sinqle ohase and

~uitiple phase scale formation. Since this work will be concerned with
tne theory of alloy oxidaticn when only a one-phase scale 1is forming
Guring the course of oxidation, alloys containing uo to 10% Fe will be

considered in the following section.

Spatial distributions o he constituent elements within the oxidized

7.4 Concentration Profiles ‘ _ .
' b

;becimens were measured using an electron probe microanalyser. The measured

concentrations were recorded as a function of the positﬁon in the ¢ross

sectioned samples. The point count method was used at regular distance
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1 | ,
| SPINEL : F92 CoO4

COBALTO-WUSTITE
(Fe,Co) Oy 4+

ALLOY :Co-Fe

Fig. 7-27 .

Tupes of oxide scales formed on cobalt-iron alloys at
1200°C in oxygen(.ea‘mospheres o
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intervals scanning the sample in the direction of the prevailing diffusion
process, i.e. perpendicular to the alloy-oxide and oxide-gaS'interfaces.
| Iron, coba]t‘and oxygen are the constituents of the experimental
system apart from 1mpur1£1es, and tﬂérefore, the measurements of their
distributions are essential for an understanding of the oxidation process.
To measure oxygen concehtrations in the alloy is impractical because
of its low solubility in cobalt-iron alloys. Similarly impractical are
measurements 6f oxygen in the oxide phdse. in spite_qf”its high concentrations.
Oxygen concentrations measured by the microprobe technique contain large
errors which are due to the fact that oxygen has a very low atomic number.
Elements with atomic numbers lower than 11 are at the 16wer detection limit
of the instrument, and natura]ly the measured concentrations are not
accurate. However, oxygen concentrations in the oxide phases could be |
easily éa]cu1ated from the iron and cobalt profiles knowing the oxide
gtoichiometric composition. Any error introduced by this calculation is
smaller than the measurement error. Moreover, the concentration measure-
ments of one metal component are generally sufficient because- in binary
alloy and oxide systems the concentrations are chgm1ca11y complementary.
Concentration profiles were quantitatively determined in oxidized
samples with original iron concentration 1%, ‘2%, 4%, 6%, 8% and 10%.
Since the cobalt content of the samples is h{gh. the most significant error—_,_,
is involved in its measurement. Accordingly it was more accurate to
determine the iron concentration profile in the alloy and oxide phases.
The line scans for the distribution of fron in the oxidized a11ovs
exhibited very little change in concentration. Any sharp decrease tn tron

concentration at the alloy-oxide interface is not possible to measure; since
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. the spatial extent of the corresponding iron profile at this interface

is smaller than the size of the electron beam. Under this condition, thé
interference from the alloy with high jron content snd from the oxide phase
smears out the actual concentration profiles. This situation was observed
in all analysed samples, and therefore'the'concentrat;on profiles in the
alloys are not included in the following diagrams.

Metal concentrations in the external scales were plotted as a

function of the dimensionless parameter y defined by the Eq. {3.35)
y = X/Xg

where x is the distance from the alloy-oxide interface and xg is the
thickness of the external scale. The concentration of iron is egpressed as
theequivalent fraction of Fe0 in the scale, 1.e. ratio o% the number of
equivalents of cations of Fe to the sum of tfe number of equivalents of
iron and cobalt cat1on5: The equivalent fraction is designated By symbol &.
Figs. 7f29(a) to (e) and 7-30{a) to (e) show the results of éicroprobe
measurements. The exper;%ental copditions and original alloy concentrations
are 1istéd in eaéh figure. A full line was drawn through the points
representing the means‘of the measured values to emphasi;e the most prob-
able form of the actual concentration profile. The errors involved in
the measurements of these profiles include tilting of the samples during
mounting, uncertainty in measurement of the total thickness of the oxide .
scale due to edge rounding during polishing and preferential growth of
oxide grains, and errors associated with electron probe'microana1ysis.

The form of the concentration profiles changes with tﬁe oxvgen
pressure in the reaction atmosphere. Figs. 7-29{a) to (e) illustrate the

concentration profiles in external scales formed on Co-8% Fe, Co-4% Fe and
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Co-1% Fe alloys. At the lowest oxygen pressure 10"4 atm a monotonic
increase of iron concentration towards the outer interface was observed.
The profile for 10”3 atm oxygen pressure has the same form; however, the
increase in iron concentration is more pronounced. With further increase “
in oxygen pressure the 1ron-prof11e exhibits a maximum. The position of

this maximum shifts toward the centre of the scale, away from the outer
Vinterface with increasing oxygen pressuré. Finally, in the scales formed

at 1 atm oxygen pressure the iron concentration profile exhibits a bell-

shaped form. A similar pattern was observed for scales on Co-10% Fe, Co-6% Fe.

and Co-2% Fe alloys. The corresponding iron concentration profiles are\;‘ﬁ_;b‘fu.r

illustrated in Figs. 7-30{a) to (e).
These ‘measurements showed tﬁat the concentration profiles are
invariant in y-spacé within the experimental accuracy 1imited bv the method

of analysis. _ h




CHAPTER VIII
DISCUSSION

B.1 Introduction

The results of thermogravimetric experiments, meta11ograph1c
observations and microprobe measurements are correlated and put into

broader perquct1ve in relation to the general principles of binary alloy

oxidation 1in th1s‘chapter.

8.2 Analysis of the Experimenta1 Results

8.2.1 Oxidation Kinetics

- The parabolic pjots shown in Figsj\7-11 to 7-20 demonstrate that
the welght-gains measured in the thermogravimetric experiments follow
parabolic relationships. This correlation suggests that the oxidation
rafe of Co-Fe alloys is controlled by transport phenomena. Consequently,
the rates of interfacial reactions arelhigher than transport by diffusion
through the scale and local chemical equilibrium 1s achieved.

f‘ In the view of the following analysis, 1t is necessary to re-
introduce the concept of "local equilibrium", which has been tacitly assumed
in the previous theoretical discussions. The reactanté, in case of
oxidation, are separated by an oxide scale and the total free energy change
takes place over a large d1stance, hence, one <an consider any microscopic
volume element as being substant{é11y in equilibrium within 1tse1f even
&uring the course of reaction. It is very important to estabLish.whether
‘Jocal equilibrium prevails because i1f this condition is satisfied the

reaction attains a steady state. The requirement that the various d1ffusing
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species wust be conserved at the interfaces leads to a coupling or inter- )
dependence of the diffusion fields. This signifies that the concentrations: -
at the intertaces are not functions of time and that the mctalloqranhic
Llructure is weil defined and stable. Thus the transverse cross—sectionaf
concentrations are stable in y and 1 space {viz. Section 3.4).

The fact that the reaction rates followed parabolic kinetics is
the main experimental evidence that steady state oxidation actuallv occurs.
However, additional experimental evidehce will be discussed in a following
wection based on concentration paths. .

As shown in Figv 7-21, the parabolic oxidation rate increases
rap1idly with increasing iron concentration up to 10% in the base alloy.
fnen the oxidation rate drons sharply with further increase jh iron content
with a subsequent steady moderate increase, The pos{tibn of the maximum
in _reaction rate is a function of iron content in the base alloy and
oxyyen potential in the reaction atmosphere. With decreasing oxygen
sressure the maximum shifts toward higher concentrations of iron in

)

thee alloy, ' This type of scaling behaviour is typical for a number of

116,117,118 i o119 Log roocrl 20

sinary allovs namely Ni-Cr,
it is to be emohasized fha the analysis in this work concerns

the oxidation reaction when a steady state is achieved, Therefore, no
attempt has been rade to study the processes occUrring at the very early
stafes a%d during lonqg periods of oxidatioh. The oxidation kinetics in
these periods can exhibit deviations from parabolic behaviour due to
numerous Tactors, e.g.'mechagica1 stress, changes in crystal structure,
accurulation of large quantities of defects and porosity in the scale,

etc, irrequiarities in the weight-gain kinetics curves have been reported
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for Co—Cr,]Zo']Z] Fe-Cr]22 and Ni-Cr123 alloy oxidation. Therefore,
the present experiments were confined to intermediate reaction times, .
when the reaction rate is diffusion controlled and follows a parabolic‘

type of dependence.

#.2.2 Oxidation Modes of Cobalt-Iron Alloys

At least five different types of scale morphology occur as a
function of oxygen pressure and iron content in théﬁh1]qys over the
0-70% Fe composition rangé, The results of the meta]fbdraphic observations
are shown in Figs. 7-27 and 7-28. Tp1s “oxidation map" could be divided
into fwo parts: a region where one-phase oxide scales form and the
remaining part with two-phase scale format1on The first region includes
a]loys with iron content up to 10% at all oxygen pressures The scale 1s
a cobaltowustite solid solution of CoO and Fe0. The second region includes
alloys with iron contents from 20% to 70%. Although the scales exhibit
very complicated morphologies, they are comprised of only two phases,
cobaltowustite and'spineI (Co,Fe)304. Co-Fe alloys belong to class Il
of the Qenera] oxidation cléssificat1bn.“since both alloying elements
react with oxygén. In fact, that the oxides of individual elements
react wifh each other to form a solid solution or a mixed spine]lclassifies
| ox1dat1on behaviour of these alloys as Class Ilg Further classification
offers two possibilities: one-phase sca1e formation which describes. the -
alloys up to 10% Fe, Class II%. and two-phase scale formation which
describes the alloys with iron content higher than 10%, C]aSS‘IIE In
the latter case the second phase consisting of spine] could be preseng
as a continuous layer, separate particles or a comb1nation of both embedded

in cobaltowﬁst1te.
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1.2.3 Correlation between Oxidation Kinetics and Scale Morphologies

A striking correspondénce between the scale morphology and
oxidation rate constant was observed. For low iron alloys (i.e. up to
10% Fe)y the oxidation rate was increasing linefrly with increasing iron
content in the base alloy. The rate of increase was decreasing with
decreasing oxygen pressure in the ox1d1zjng atmosphere. Atpl atm )
pressure a sharp decrease in oxidation rate w;s observed, when iron con-
tent increased from 10% to 20%. This abrupt chénge can be cﬁp]aineq‘by
© the pregﬁnce of continuous layer of spinel phase in the cobaltowistite
scale 11lustrated in F1§. 7-29. ;Since the oxidation reaction remained ’
diffusion controlled, the spinel layer acts as a barrier for cation species
diffusing in the cobaltowiistite. Further additions of fron to the base
alloy do not ﬁroduce any significant changes in the external scale mor-
phology. Thus, the increase in reaction rate is the result of the combined
offect of diffusion blocking by a continuous layer of‘sp1ne1 phase and an increas.
~increase in free energy change across the scale due to the increase 1n-
iron concentration, The change in oxidation rate due to two-phase scale
formation is more gradual in oxygen atmospheres with pressure less than
1 atm. The reason foé this phenomena could be found in the morphological
development of the external scales. Fig. 7-41'shows that at 10']'atm of
oxygen pressure the continuous layer of spinel is not present. Instead, 3
a region of discontinuous spinet particles occurs in the middle of the
scale. Again, the spinel phasé obstructs the diffusion, but to 2 lesse:t/)/
degree than the continuous layér, since the outer and imner cobaltowﬂsi' e
layers are interconnected. If } e iron content of the alloy fis fncreased

10%, the scale develops a continuqus spinel layer with a simultaneous

____.__——’“




dncrcqsn in oxidation rate. This typu of scale developrnent was observed
also at luwe; oxygen. pressures, with <the only diffef%nce that the con-
tinuous layer deve?i;[d at higher iren contents in the base al]oys.
irter appearance of this layer the increase in the rate of oxidation was

st lay to the 1 atm case.

oo "
-).(.?.“

Composition Paths

The concentration profiles measured in the cross sectioned samp?qs
. .
o allovs oxidized for different periods of time indicate that they are
not ; function of time and are invariant in A-space. Figs. 7-82 to 7792
~how that within the limits of the experimental error the interfacial
" concentrations as well as the profile within the scale are constant.

“his fact is the additional experimental evidence, that the steady state

oxidation process for the investigated periods of reaction really exists
and conditions of Tocal equi]%brium prevail, In the view 6f the theoretical
vonsiderations in Chapter IIi the stationary concentration pro%i?es in
ine v-space can be transposed on to the phase diagram by eliminating .
inis transposition refiects the condition of mass conservation and
sonehonic activity gradients for the diffusing species.

It is impractical to plot all composition paths for all investigated
allovs and oxygen pressures; therefore, only schematic plots of two
tvpical cases will be shown. Fig. 8-1 illustrates the first type of
composition path which occurs in a11'1nvéstigated alloys (i.e. up to 107

Fe) oxidized at ]O-q

and 10‘3 atm oxynen pressure. Fig. 8-2 iilustrates
the second Lype of composition path which occurs in the same alloys

oxidized at 10—2 to 1 atm of oxygen pressure. The plots are sections of

—~
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ternary Co-Fe-0 diagrams at 1200°C. The numbers correspond to the .

interfacial compositions: 1 - composition of the base alloy, 2 - composition

of the alloy at al]oy—oxide'intérface, 3 - composition of the oxide

e J

sc;he at-the same interface and 4 - composition of the oxide at the
outer interface. The curve between 1 and 2 represents the concentration pro-
files in the alloy,the tie-line between 2 and 3 represents the interfacial
concentrations of the two phases coexisting at equilibrium and the last
part of the composition path from 3 to 4 represents the concentration
grofile in the oxidé scale. Both composition paths illustrated in
,Figs. 8-1 and 8-2 show monotonically decreasing values of oxygen activity
from the outer interface of the oxide, to the bulk alloy, as required
from thermodynamic considerations.

The actual composition paths could be estimated from the concent-

ration profiles in the oxide scales on alloys containing up to 10% Fe

(Figs.7-29a to 7-30¢}and oxygen potqaiga1 phase diagram (Fig. 5-5).

T
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CHAPTER 1IX

APPLICATION OF THE DIFFUSION MODEL OF BINARY ALLOY OXIDATION
70 COBALT-IRON ALLOYS: RESULTS AND DISCUSSION

R

3.1 Introduction

\ L3
A ternary diffusion model is applied to describe the high temperature

oaidation of coba]t-}ren—a]loys when parabolic kinetics represent the

S

crowth of a single ckbaltowustite scale. Equations déf%ved by lrdagner]5

for metal diffusion through p-type ternary oxide scales under chemical
activity gradients are shown to lead to a description of the cation dis-
tributjon iq the alloy and oxide in the cpurse of'pxidation. The correlation
1s sought between the concentration profiles caTcu]atedrfrom kinetic and
tnermodyinanic data and actual profiles neasured by electron probe micro-

analyser.

R, . . T
J.7 initial Considerations .

Oxidation of an Co-Fe alloy with iron content up to 10%7at 1200°C

. e 1
is one of the limiting cases]5 of reaction cjass1f1ed as Class IIB. In

\¥]

tnis case diffusion in the ailoy is sTow in comparison to diffusion in the

scale, 1.e.

: de -10_14° 8 .0~
DFeCo(Order of 107'%-10 ]]) << DFB(Order of 107°-107")
and .
’ ; . xn-10 94=11, -8 _ya"
o 'DFeCogpraff of 107 -10 << D lorder of 107°-1077) y:

99

The diffusivity constant for the alloy™ is at least one order of

-

cagnitude lower than the diffusivity con&t;ht;_jgﬁ iron and cobalt in the

158
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oxide, Thus, the raﬁio of the fluxes of Fe and Co in the scale at y = 0

in equivi%ents per pnit.cross section per unit time must equal.the ratio

of the number of‘équiva1ents of Co and Fe in the bulk alloy. The'materia1

balance at the alloy-oxide interface consequently gives the relation

between f, %ﬁ-, 3, and k' in the form of Eq. 3.52. Since there is negligible

diffusion in the alloy,fay = &alloy- Similarly, the material ba]anceiat

the gas-oxide interface yields a relation between the above variables in

the form;pwaﬁ. 3.44, if evaporation from the surface is negligibly small.

fhe beauty of this limiting case qf binary alloy oxidation is in

the fact.fhat one can consider the giffusion in the scale separately, -

since there is negligible diffusion in the metal phase and the relations between
the variables given by Egs. (3.44) and (3.52) can be used. The necessary

| condition is of course, thatlthe steady state of oxidation must be'aftained‘

tey

and local equilibrium at the interfaces must prevail.

9.3 Development of Diffusion Equations Describing Cancentration Profiles
in Cobaltowustite Scales on Cobalt-lron Alloys at 1200°C

In Co0-Fe0 solid solutions we have Zg, = Zg, = |z4] = 2. In the
following analysis A, B and X correspond to Co, Fe and O, respectively.

Thus equations (3.36) and (3.37) reduce to the following expressions

respectively, _ .
aLna Lna
%00 d 0 .
DCOU-E)(- —B-E-—" . aé"" T)
ALNAL .~ dgnag - . s
Fe0 d Oy _ . (9.1
* DFeE(- 3L : 3§'+ dy ) =k _ (-1 )
d d 3LNAcq ¢ dznaO{] (5.2)
nd ke = G0 & T '

(

L Q.

i
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whore r is the equivalent fraction (equal to mole fraction) of FeO in
col)-TeO mixed oxide and y and k have been defined previously. .

Henry's law behaviour for Fe0 in CoD-FeO solid solutions has been

v 95,102
rctablished by Aukrust and Muan. This can be expressed as

9
WNAcan  aeng 1 3%

-1 |
TR PR (9.3)

R

The Gibbs-Duhtm equation for the oxide may be written as

Mo o o (9.4
From [QS.‘(9.3) and (%.4) we have o ’
N300 ] (9.5)
B TR o
Substitution of Eqs. (9.3) and (9.5) into Ea. (9.1) yields
| (0;-Dpe) g * f;';iO [(-600¢, * ©0pe] = & ©(9.6)
.

The variation of cation diffusion coefficients with 3 and 3 in

the Co0-FeQ*mixed oxide could be expressed in general as

D¢y * Dgo CONgT 630.Y : ag g | (9.7)
-~ and simi1ar1y'foF.irpn cétions .
. D oﬁe . N; = D?e. Y. ag.-lim | - (9.8)
tow. let |
_9EE-=p - constant or f(pg,) ¢ (9.9)
Dgo ' o
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and

k'::.._‘i_..-.

DO

{9.10)
CoY

substitution of Lgs. (9.7). (9.8 F.9) and (9.10) into Lq. (9.6}

qives the variation of oxygen actiydys n the scale - .

h"

dr

1) i/ p-de] (9.11)
Puys parameters above, Laq. {9.2) may be written as,
- Hj“ -—?ﬁr—)] (9.12)

The intended differentiation of kq. (9.12) after substitution of

tq. (9.11) and (9.9} and rearrangement if p = f(pgz) leads to

I AN
vl T\ T n omtl t d -
y pag & F

; d d dina -
-{5.3%+ [(m+1)a£+ ng-—-d——

dina
1 dr 0, .1
SR TR AR
di 2 » k!

] ;
P L2 LY A
2y T re(p-1)ed-ane” Ldy Y

dlnao

-r(—dg,—)/[mp-ns_} SEACSIES )

L ("17‘1‘ HE & ) T T o ‘ (5.13)

© ' ) . . \
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1f the parameter p = constant and {s not a function of oxygen
potential, all terms from tq. (9.13) containing %5 will vanish, |
Similarly, the relations derived from material balances at-hoth
interfaces, represented by Lqs. (3.47) and (3.55) could be modificd
i view of Lgs. (9.3),(9.59), (9.7), (9.9) and (9.10)}. After substitution

and rearrangement, the relation for the inner interface ylelds

dr K D'L'-[1+(p—1).nﬂga]]0
(gyly-0 ° = L CAL)
Y0 e )" b’
and tor the outer interface gyives
(4 [AEARIGIAD .
= { f
U’;_y:] .(all)n([.")n‘--‘Ilpll - (J.]J) ‘

where Lhe oxygen activitiés and iron concentrations with s1ng1e prime

represent the values at the alloy-oxide interface and quQli prime designate

the values for the gas-oxide interface. N 7]
Equations {9.11) and (9.13) describe the variation of the mole ~

fraction of Fe0, r and oxygen potential, 3y s 3 function of y. Unfortunate]y,

the dependent variables ¢ and ao,are‘inseparable and an analytical solution

does not exist. Therefore, these differential equations must be solved

{to obtain ¢ and ag as a function of y) simultaneously using numerical

method with appropriate conditions.
./_\

9.4 Numerical Solution

Lqs. (9.11) and (9.13) developed in the previous section are ordinary
first-order and second-order d1fferen;ia1-equations, respectively. In
order to obtain a unique solution, it is necessary to supply additional

intormation, namely, values of ¢, 2 and/or their derivatives at some -specific
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values of y. Eq. (9.11) requires one such value and Eq. {9.13) requires
at least two values to be known.

A secoﬁd-ofder differential equation given by Eq. (9.13) may be
written as a system of two first-order cquations by defining a new
variable o equal to the first derivative of the concentration. This trans-

o

formation u11m1nzres the second derivative term in Eq. (9.13) and adds a

new relation to £he set of equations to be solved:

(%) " : (9.16)
“The reason for this transfonnation is, that ‘the numerical methods
for solution of first#order differential equations are superior in
accuracy and simplicity to the methods available for solution of higher-
order differential equations. Eqs. (9.11), (9.13) and (9.16) were sinm-
¢1tancously solved with the help of a computer using Hamming's predictor-
Lorrector method. This routine is astable fourth-order 1niégration procedure.

liowever, it is not self-starting, that is the functional ialues at a

wingle previous point are not enough to get the function 1 values ahead.

' Tnurefore, this rouiine was modified and the Ruhge—Kutt procedure followed

by one iteration step was added to the Hamming's predi tor-corrector

method.

In order to calculate the concentration profi e in the oxide in

" ddition to k', three additional conditions must be favailable. At the

quter interface, the oxygen activity is known from xperimentaf conditions,
' js obtained from microprobe measuremgnts and yel SN be calculated

sroi Lq. {9.15). At the alloy-oxide interface, £'¢is measured by the micro-

nrobe, aa can be obtained from phase diagram Fig. 5-5) and (%%Jyzo can

Le calculated from Eq. (9.14).
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To ensure the highest accuracy of the calculations, the profiles
were cg]culated as an initial-value probiem starting af y = 0. A "shooting
nethod" was used to iterate an accurate value of ', since microprobe
measurements were not accurate enough because of the interference of
X-rays generated from the adjacent alloy phase of different composition;
The more accurate value of f can be obtained upon extrapolating the
measured profile to the outer interface at y = 1. This va1ue was compared
with calculated ", obtained from 1ntegration procedure starting with
approximate n'. If caIculated (" and measured " did not agree, the
eotimate of £' was corrected and the integration procedure across the scale
carried out. This iteration loop was repeeted until calculated and
measured " did agree. Also values of a, and a;-were obtained in the course of
tnecalculation as a function of y.The values at the oxide-gas jinterface a
ihe end of the " iteration were eompafed with the actual oxygen potential in the
reaction atmosphere and (%§Jy=] calculated from £q. (9.15).

These calculations required, apart From k' and initial conditions,
the parameter p and the concentration of defects as a function of oxygen

activity. The value of k' was obtained from kp's listed in Tables (7-1)

and (7-2) using the relation:

K ——P——(V/m) _ g (9.17)
20C .

l

;erc V 15 the mo1ar volume of oxide and DC y are constants from Eq.r(9.7).
which have menerical values 1. 46%0.04 x 1076 cm /sec and 0.60%0.11, '
respectively. The va1ue of the cdnstant n which appears in all equations
is 0;15t0.03. The dependence of the parameter p on oxygen potent1a1 is

illustrated in Fig. (5-10}; the values for computer solution were supp11ed‘
{_q - I .
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trom this curve as numerica]_ﬁa]ues in tabular form. The detatled
description of the errors involved as well as the source of all 1i{terature
data are g1vcn in Chapter V,
Calculated concentration pr0f11&bJ1n several scales are illustrated
in Fig, 9-1.to 9-10. The extrapolated values of " Tsted in Table 921
were used in fterations to obtain ¢! listed in Table 9-2. In the course
of the integration procedure, the values of i and %& were obtained as
4 function of y. For 1llustration oxygen activify profiles f6r Co-10% Fe
alloy oxidized at 1072 and 1 atm are shown in Fig. 9-11 and 9-12, respectively.

The initial values of a0 and (%40 are listed in Tahles 9-3 to

yy=1
9.7 together with actual axperimental a, in reaction atmospheres and values
“of (%3)y 1 * calculated from Lq. (9.15). The relatively good agreement
between iterated and experimental or ca1Lu1ated values offers an 1nterna1
chech on the validity of the utilized constant and relations obtained

from literature data.' The calculated oxygeh activity profiles cnable one
to estimate the oxygen potential at each poh??in the scale where the

-
maxium in the 1. profile occurs. The posit1onJ of and oxygen potcntfulq

4t the maximum_in scales oxidized between 1& atm to 1 atm of oxygen

pressure are summarized in Table 9-8.

e

.4 Comparison of Results from Theoretical Ca]cu1at10nr and_Experimental @k‘
feasurements '

The calculated profites of f as a function of y are shown in
Figs. 9-1 to 9-10 (dashcd lines) together with the profiles measured hyihe
-mic;Oprobe {(full lines). Good aqreement was found between these profiles,
which indicates internal consistency of the diffusion analysis. Consxdering

the reliability of the data pbtained from the literature, the validity of
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Table 9-1
Extrapo1ated7values* of £ at the oxide-gas 1ntgrfa¢e
Nominal - ' | S { x
- Concentr- . - ' : - .
“ation of - . A
Iron in P - -
. ressure of Oxygen in Reaction Atmospheres
AV1Qy[%] | ) 4 9 i tm: pheres
| 0%t 0%t 107w - J0Tam 1 at
1 Nn,NM K A oA I8 ﬂ.n]"tl r:{._nnp AT 4TS
' . ' - : ;//
B 0.021° 0,032 - Nefi24 N.017 N0 113
4 S DN TS N.066 ALY ©D.03? ATA R -
n 0T «.n;ﬁo1 n N7 n,N&ea eI Y | -,"
0 BEUS REARF -5 B AP A 0,06 C.N4R
10 ' Celtts Nal5? L Ne12A n.ﬂR?__._'n.nﬁa .
*Eyror 5% . ' o -
¢ :
Table 9-2 -
Iterated values* of ¢ at the alloy-oxide interfacg .
Nominal £ ' ,
- Concentr- e , - :
ation of Pressure of Oxygen in Reaction Atmpsphere -
Iron in -4 -3 . 2 I :
Alloy[%] 10 Tatm 10" %atm - 10 “atm - 10 ‘atm 1 atm
o C.C063 01,0062 0.N0A3  ~ N 0067 N, N0&?
7 .’]:0_12 . . 0-01“‘ honlqr ' n.('qq r\.nl?‘
a_‘ NJNR26 . 0024 n.n26 n.0?€ - Ne07F S
: a . o , .
A 0.038 0,037 . feN30 0.038 . N.03R |
i 7 0,082 | 0,0517 04051 1 . 0,051 "0.051° |
‘”. 0,NAS n.ns? ' .n.ksﬁ ' N NRe -n.ng:' l

_*From nﬁmeriga] integration y1e1djng g equal'tode“ ffgm Tngé 9-1
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. Table 9;3
N e o T e
Nominal : ' ' C
- dey —
Concentr- P : (%) ‘
ation of __.. % (atm?) R -"aé.y:l '
Iron in Calculated -
Alloy[%] Experimeqgtal Iterated fzom E?. . Iterated
: - (9.15
) 1 - n,N0 o, n0g oA, E NI
_— . "\.01(7 n.-’\ﬂb . M eN3D ST VA ‘.
4 0,010 0,011 ° 3,757 N N&R
6 0,01°C 0.511 . a8l LA § N <\' ’
a ~aJme nJoNg~ T Nn3 AT '
v [ - N
10 NngN1o 0.a0 T eV 2h Talh” . o
~ Table 9-4 "
Nominal . " : _ d ‘
Concentr- - a, (atm%) | (agoyé]
ation 6f : _ - ' :
Tron in_ . Calculated ' _, L

Alloy[%] Exper1menta1 Iterated from £q. (9.15) . Iterated

! . : 'n'nq OCn? . r r‘17

? 0.03 © 0.0l Nen32
| *&h.‘- 0.03 NeNS ren6l

, ’ 4
6 n.03 0.6 ronol
a 0403 0,08 - fe118
' - " :
16 0,03 - 0.03 D147 * 0.164 7 : .
R i - )
. 2



'ng] ._

, (
] . Table 95 )
.Nom'ina] - o ;i . . | d (
Concentr- 3y tatm?) _ (3§0 ] '
ation of ‘ Y ¥= R .
Iron in ' Calculated J i
Alloy[%] Exper1menta1 Iterated from Eq.(9.15) Iterated : .
1 0410 0.07 . K:;ﬂla . =0.018
2045 7 0,00 =027 -0.027
o - AGIN 0k “2.r6n —n.nus
;\ N,IN . O,fm‘ ' ..n.r*'rlp' ~N N7
R 0,10 . 0,18 2 =0.n94 ;n.gnﬁ
10 " 0.16 \'  O;TQ',-13-0-105‘, -N.005
1
_ TabTe-9-6
. A | |
Nominal ' s ‘ S |
Concentr- = .- aS‘(atm%) ' . (%§Jy=1 . e .
ation of : . x .
Iron in Calculated ‘
Alloy[%] Experimenta] Tterated from Eq.(9.15) Iterated
1™ YN e ﬂ.bb D -ﬂ.f“a\Q - gN27

2 | 21 i ‘ o,an‘E\\\::LEEIL - -n,08R

Ao NJ31 0e19 -Ne148 $=0e150 -
-“ . 0?1 0,39 ~04195 J-o.1hq'
TOA | 0.3 - 0453 =0e229 - H—0.°117-

: R



Nominal

—

Concentr- aa (atm?) - (550 o -
ation of At
Iron in | - - Calculated =
Alloy[%] . Experimental - Iterated from Eq.(9.15) Iterated
. 1 1. 00 ' Ne?5 ="My 7 ~feaNR7
> 1,00 . 0,51 -n,n79 -n.n53
4 1.00 ©1.3m w127 -Na121
£ B 1.(\'0' 1,60 -0:‘171 -Nn,1%0q
: .
A 1400 1«11 -Ne221 - ~NL?21R
1o 1.00 né?'o ~Ne367 -NW7bE
. ;-
Ly
~ .

'c.L
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Table 9-8

[

.The position of the maximum* in ¢ profile and corréqund1ng
oxygen potentials .

' " Ym Log po, )
Oxygen Nominal Position , at ym
pressure iron of the in oxygen
in reaction content maximum potential
atmosphere in alloy ing gradient
[qtm] (%] profile o
' \ . . . : - .
oo T De5?  =2ebh :
~ e 2 -lno'.;“‘ ’ ] =231
.01 4 0,409 =l elb
‘ . ALY N Y.
00 ) 6 W
d o T ' . 2N
.01 . =] ‘ Cab =7
[ N . v o - .
el B © 10 NeSN =273
AN 1 . Neb? LR
Dol 2 “h.pa < =pehT
Coln 4. 0462 47
fa1C .6 . Dees =247,
0.10 .8 feb? . “7416
v L
‘9.1.0 ’ -In . ) r\.ﬁ: ---).F‘F\
1.00 S SR Ne78 . mPen
1.00 . ‘ r f1a 87 -2«58
1.00 e Ne81 ~2477 .
1.00 & .- £ n.10 —?-ﬁ“ -
1.00 . o N (Y T -2.78
loon - 10 - e O.B".. ; "'?;“6‘

*The average error in estimation of the position of maximum
" ymt0.5 which corresponds approximately to the_deviftion QT;}
.Tog poztp,zs, .- _ _ . _.



various approximattons and exper'lmenta’l errors 1n measuring k 's and the

' mterface concentrations, the corres.pondence of measured and’ ca]culated

profﬂes is sat1sfactory Ca]culated and ‘n\ieasured profﬂes correspond

in both magni tyude and‘ fgrm. T i \ ’

‘The deviations o? a" from the experime'nta] lue set by the oxygen
pressure in the atmOSphere pppear to be rather sermus. in sane insxances _
up to 50%. . However, one has to bear in mind thagbthe oxygen act1v1ty
graduent across the sca‘le -encompasses an act1v1ty change of‘ at least five

L
orders ‘of magnitude.. Moreover,_ the cation fluxes are pmportwna] to %ﬂ]—
da, ot T s o - dy
and not "to &y Consequent]_y; the error in the ao profile is réht'ive]y

" low and is 1n accordance with the overa]] accuracy of the calculations.

To support this assertion, one notes ﬁrom Table 9 3 to 9-7 tha*t the values
of ( ) calcu]ated frqn Eq 9. 15 usmg expemmenta'l a and 1terated
a]ues in the. process of integration are in very good agreement. Thus.

#

. the relative de\n ations of iterated a0 do not have an- 1mportant effect on

\ ! ‘
the concentration gradient. : o

9.6 Discussion

.o

Agreemen{ between the theoret1ca1 calcu]at1 ons and the exper1menta'l ‘

results (Fig. 9-1 to 9-]0) may be regarded as worthwhﬂe SUpport for the

validity of Hagner's general treatment of binary Noy ox'ldatwn.. Further-,

dae )

- more, "che present ana'lysis also serves to conﬂrm the assumptions which

ar€ made regarding the nature . of cobaltowushte—(to Fe)0 in Section 5.4, 2

Exlstence of uneven distributions of cations in oxide scales leads
to uphill diffusion phenomena,' when one of the cations is diffusing against

its concentragion B?nt. In general, one would expect iron or cobalt

u

-
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oxygen act1v1ty'grad1ent to overcome the effect of the first term.

/ A

te d1ffuse down. its own grad1ent But th1s s1tuatidn 1s 1mﬁ5§s1b1e sinoe

both jron and coba]q are,on the same sublattice-and a decrease in con-
centrat1on of one would a]ways cause a corresponding 1ncrease in concentr-
ation of the other. This means, that no cat1on gradients in the ox1de
woo1d.be possible other than that due to nonstoich1ometry,.1f diffusion
occurs, since there is no soofce of either cobalt or iron in the oxide scale.
The present)treetment'of the problem eliminates.this Timitation
by taking into account thermeodynamic interactions befﬁeen'the components.
This can be'demonstrEted oy<considefing Eqs. 3-30 and 3-31-and'the notation
from Sec;.9.3 for.the.cations. We See thaf the first part of ;he‘equations

- describes d1ffus1on down. the activity gradient of metal cations. Since.

Co0-Fel sol1d so]ut1ons exhibit Henrian behaviour, the term gﬁﬂg-is

' a1ways pos1t1Ve. P051t1Ve values of ai-or aﬁ-wou]d then 1ead to a negat1ve

d1ffusion flux. However, the second term in Eqs. 3-30 and 3 31 must-be
numer1ca11y greater and posit1ve for a posifive diffusion flux of JFe and |
Jeoe From this it is obvious. that uphil di ffusion against a metal con-

~centration gradient is possible, but only in the presence of a sufficient

Both cat1ons d1ffuse through the ox1de scale under the same oyygen
activity, or vacancy concentration gradient. A relatively minor difference

in jump frequengies of cobalt and iron cat1ons results in a very s1gn1f1cant

enr1chment of the more mob11e constituent away from the alloy-ox1de 1nterface.l

The parameter p, which represents the rat1o of the cation jump frequencies
was used in calculations as a function of oxygen pressure. Fig, 5-10
shows and Table 5-4 1ists the values of p obtained as a ratio of tracer- ""

-

diffusion coeff1c1ents from the results by Crow. 85 At 1200°C the va]ue of
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p is y].6}in the preSSure range of oxygen'from ]0?? to_.'lo'3 atm. However,

the parameter p does not remain constant and gradnally Changes the yatue .

to 0.6 at 107! atm; The value then stays constant up to. 1 atm. This:

fact, that -f(pgé). was taken into account 1n the general diffusion

equations from Section 3.4.3a,' They. were modified in Section 9.3 to

yield £gs. (9.11) and .(9.13). These equattons‘nere used in numerical -

calculations of the concentration'profiles in the scales.. ttbuas necessary.

tz consider p = f(poz) to expTain the changes in the shape of the .iron

concentration profiles. o - o e
Two types of ¢ profi]eg were observed in and ca]cu1ated for the

(Co,Fe)0 scales form1ng on a11oys containing up to 10% Fe in oxygen |

atmospheres with pressures ranging from 10 to 1'atm.  In scales at

the pressures from 10'4 to 10"3 atm the iron concentration is increasing

_monotonically towards theouter 1nterface; “The profile at ﬂofa-atm was mone'l

Steep doe to the increased oxygen activity gradient across the scale. The |

increase of oxygen pressnre to 10'2 atm 1eads to the proflle with a

oronounced maximum. The appearance of the max1mum in the ¢ proftle coin-

c1des w1th the change in the value of p. The maximum shifts with 1ncreasing

oxygen pressure in the reaction atmosphere toward the centre of the scale.

It is noteworthy that of the maxima in the pnof11es in scales formed

at 10 -2 to 1 atm of oxygen pressure corresponds to. the value

of log PO, & -2.3 (zna0 % -1.0) on the oxygen activity profile. The value -
of p at this pressure 1s %1.0. This coincidence of the maximum in the

.5 prof1le at the oxygen potential for p % 1.0 offers an additional sub-

~ stantiation to the adopted assumption that "be1? type concentratIOn .,‘

profr1es are primariTy due to the change in the mobilities of the’ cat1ons. .

-\‘
'

&
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ConCLntrat1on prof11es s1m11ar to those qbserved at low oxygen

kA [

Tpressures (monoton1c 1ncrease of jron- concentrat1on towards the outer

. intgrface) -have been observed in ox1ge scales on N1 Co,lz4 125 Nﬁ r, 15

126,.27 128 -

Li-Fe ~and Fe Mn ailovs. The analysis 1nVOIV1ng ternarv

o us1on in LonJunct10n w1th compositional, d1ffus1ona].and thermodynanmic

resuTts qave’ 3 cons1stent descr1pt1on of the oxidatiop phenomena. The /™\__

a

analysis adopted in these "investigations based uppn ternaf} diffusion
cauations,nevertheless, is .to be regarded_as'a simplified embirisal'

description of the oxidation phenomenay” A more fundamental analysis can-

not be aftempted unti} additional‘definitive knowledge becomes avaiiabie.

-on, the structures, thermodynamics and mobilities of thé lattice defects

. k4
- . [

in solid solutions of ternary dxides. g




CHAPTER X |

L3

The following conc]ueione can be presented es a result of this
- exparimental inyestigatton:end theoreticel analysis carried out on‘the
"oxidation.Jroperties of cobqjt-iron alloys in oxyoen atmospheres at:
. }.2000&:. . : | - : .‘ ° ' ) \
(1) The oxidation kinetics of co&%lt-iron alloys with iron con-
tents uo'to 70%,eprsed‘tg oxygen over‘the,pressure range'10'4 to 1. atm
at 1200°C ob'ey paraboh'c kinetics. . . o " ‘
(2) The parabo11c oxidation rate increases w1fh 1ncreas1ng oxygen )

~

pressure”in the reect1on atmosphere. The change in ngact1on rate as a
functjon of oxygen'potehtia1 is most pronounced in the alloy composition:
. rarse from O to 10% Fe. ~Alloys ofrhagher iron content-were Tess
-Jens1t1ve to the change/fn oxygen pressure |
(3) Iron add1t?ons cause a 11near 1ncrease in the parabolic |

oxidation rate Ep to 10% Fe in the-al]oys._ Further 1ncreases in theh

iron content in a]loys cause a decrease in the ox1dat1on,rate The extent
of the iron compos1t1on range, where- this decrease occurs is a funct1on.'
of oxygen potent1al in the react1on atmosphere, 1t is between 10 to 20%
and 10% to 40\ for 1 atm and 10” -4 atn, respectively. Fol]owing th1s
transition range 1ron addit]ons to the alloys cause a moderate regular

increase in- ox1dat1cn rate. |

- {4) There are two d1st1nct types of scales fonned on cobalt-lron

= alloys exposed to oxygen atmospheres i: 1200°C Alloys with 1ron content

188
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up” to 10% exhibit onephase (Co,Fe)0 scale formation with negligible

~ internal oxidatien. This type of oxidation behaviour falls under Class

II; of the general classification of alloy oxidation modes. The reaction

product for alioys crnta1n1nglmore than 10% Fe was a two phase scale
composed of (vo Fe)0 and (Co,Fe) g4 With a small degree of internal
oxidation. "The oxidation mode descr1b1ng this type of oxidation behav1our
under the general classification is IIg : N ' /
{5) A direct correlation -was found between the morphological

development of scales and the ox1dat10n L1net1cs A region of ]1near1y
increasing ox1dat1on rate with 1ncreas1ng 1ron concentrat1on correSponded%%%“
to single-phase sca]e fornat1cn A second region of decreas1ng rate
corresponded to two-phase scale format1on w1th a d1scont1nuous (Co, Fe)
phase imbedded in the (Co,Fe)0 scale. The third.region of a moderate’
increase in oﬁidétion rate with.increasipﬁ’iron‘content in the haée.a?loy‘
corresponded again to two-phase scale formitiop. ~However, the spinel
nhase formed 4 eontinﬁous layer on qpﬁ of the (Co;Fe)O-]ayer. The decrease
in the rate of oxidation in the second and third'regiens was due to a
ulock1ng effect on diffusion- by the (Co, Fe)304 phase in (Co, Fe)O since
the ¢iffusion rate in (Co Fe) O4 is lower than in the (Co,Fe)0 phase.

(6) Concentrat1on prof11es for ,the meta] d1str1but1on in the sol1d
" Lnases of reacted alloy specimens were neasured by the e]ectron micro-
'probe technique. In thewreg1qn for fonnat1on of s1ng]e-p2?se (Co,Fe)0 {

scales on alloys containing up to 10% iron, no pronounced concentration

profiles were found in the base alloys. However, the cation concentrationy

*

n (Co,Fe)0-varied across the ecale. .Lron concentration’increased with



T

jncreasing distance from the al]oy-oxtde interface. Ther1ncreose was .
monotonic in scales formed at 10'4“and 1073 atm. A maximum‘1o the iron N
profile appeared in scales formed at\higher~oEE§sures. The position of

the max1mum is a function of the oxygen potent;al in the react1on

atmosphere, .With increasing dkygen pressure, the maximum was observed

" to shift toward. the centre of the (Co,Fe)0 scale The measured con-

centration profiles were found ,to be time invariant in y-space.

| (7) The oarabolic kinetfcs and the time 1nrar1ant concentration

profiles in y-spac ! gest that oxidatton of cobaTthiron alloys with
iron‘contents up t:_:22\ﬁs'a steady”state orocess and conditions of local

" equilibrium prevail at the interfaces and across the scale,

(8) A diffusion model- based upon equations derived by lrJogm-:w]5
for metal transport through a scale under chemical activity gradients
_ was invoked to corre]ate the kjnet1cs and the goncentratjon_profiles

The modi fied diffusion.eqUations were numerically eolved to yield the
normalized metal profiles with the'boundary‘cohditions from'present

"experiments. The good agreement between the calco]ated and measured |
normal1zed metal profiles demonstrated that the theoretical ana]ysis :
“adopted in th1s work 1s consistent with actual physical and chemical :

processes occurring during the course of oxidation, e




/

_experimenta1‘systems.

APPENDIX A

SUGGESTION _FOR FUTURE WORK

" -~
~

A ternary diffusion model for diffusion controlled oxidation of
binary alloys based on the concept of local equilibrium and ternary
diffusion theory was used successful]y'te describe the one phase torm<

ation on metals ranging from chromium to nickel ir the first transition

' series. Five combinations of meta]s’Ni-Co, Ni-Cr, NisFe, Fe-Mn and .

-

Co-Fe 'were analysed usiqg the above mentioned mode}. A reasenabfe-agree»
ment was found between the tﬁ\ziy and expef1hents‘ir spite of seridus v
lack of accurate and re11ab1 ta on thermodynam1c, transport and defect
propert1es(tf m1xed oxides. There rema1ns, neverthe]ess a w1de open
field for 1nvest1gat1ons of these propert1es in concentrateﬁ solid so]ut1ons
of trans1t1on meta1 cxides at elevated temperatures S1m11ar lack of*
data was found for solid so1ut10ns of other metal ox1des. Furthermore,

theoretical ana]ys1s based upon cnrre]at1ng diffusion and defect structure

is in only the ear1y stages of deve:opment since exper1menta1 data are

only recently appearing in the sc1ent1f1c 11terature.

15

It'would appear that the original wagner's treatment of the

" diffusion model for the formation of single phase-sca]es can be extended

to describe multilayer scale formation and its app]itation te suffahlg




~ APPENDIX B.
ERRORS IN EXPERIMENTS AND CALCULATIONS

The sources of experjmental errors involved in the quantitative'
measurements of some bhysjcal parameters in this work will be discussed

along with the limitations of the 1ns:rugents.and techniques‘useu.

1.. Dxidation Kinetics . ' i ‘ R /‘
) w . . : .

; The recorded ogygen'uptake on the Ainsworth seqiautoﬁatic microbalance

s expressed as'we1ght gafn vs. time. Vibration, oxygen flow in the

- ) o . - . .
" reaction chamber, dand electromagnetic fields inside the furnace caused
-;maﬂ sample oscillations on the chart read-out. The maximum oscilation.

-

was $0.25 mg. This represents a negligible erFBr-in detenninatioo of -
“

-

the weight gain(;spec1a11y 1n the 1ntermed1ate time. periods of the oxid-
h

ation process.
of reaction were effectively eliminated by weighing the spec1mens before

and after oxidat1on and plotting the weight gain curves as described
in Chapter VII, g - o 4

2.  Parabolic Oxidation Rate Constants

From the slopes of weight gain curves lotted in parabol1c form.,,

the values of the parabolic oxidation ra con;tant were eva]uated. The

e errors associated with the 1n1t1a1 unrecorded per1od .

A

N

%

Jerrors {ﬁ k, determination are'direct]y 1ated to the degree of ExperimeﬁtATM_

p

reproducibility. The factors which influence experimental reproducibility

are: accuracy of temperature and oxygen pressure regu]ation. size of

-the samp]e positxon of . the sample in hot zone, ets. All these ‘factors
- Yo b
192

[ e

+
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B

are reflected in the error of the k evaluations (Tables 7-1 to 7-4),

which is in the range from 0. 5% to ]O“ from the arimethical average“

vaiues.

~

- 3. C(Concentration Profiles

The precision of the concentration profile determinations from
cross-sectioned oxidized samples was limited by the detection parameters
of* the electron pnebe micreenalyzer and influenced by all the factors®
discussed in Chapters VI ehd IX. Figs. (7-29(a)) to (7¥30(e)) show the
experimental scatter. .A "curve of best fit" was drawn through the
experimental points,using the freehand method. 130

The second estimate of the actua]lprofi1e'Was obtaihed‘fron the
solutions of E£q. (9.11), (9. 13) and (9 16) by numerical integration.

This’ procedure was hiJh]y accurate since Hamm1ng s pred1ctor-corrector

HELhOd allows an estimate of local truncat10n error at each 1ntegrat1on
step. The procedure for step size adjustment was bu11t )nto the
program, which assured the optiea1 length ot integration interval and
kept the truncation error under-the preset tolerance. The'valde of the = 7
to1erance « = (r.0001 was chosen in order that the 1ast sighif1cant d1g1t

Jin the sma]]est vaiue of the dependent variable was at least one order

of magn1tude higher. The round1ng errors were 1ns1gn1f1cant s1nce the

. CDT 3600 computer can handle chh smaller numbers than.those involved in =
present calculations. Hence, the_ovefa]i errehs acising from the com-
putational procedure‘were'ineignfficant.' The maihrsource_of errors in
these:caIcqlatiohs were the data from the literature in the form ef

constants and parameters, and estimates of- the intehfectal:concehtration

of Fe0 in cobaltowistite.

~



. . - e o
/’_fd_;/,/”fs ' | 194
The variance in concentration profiles was characteri;ed bj'a
sqgndard deviation in ¢ calculated from the estimates of fhe actual
'conéentration»{n the non%a] fashion. The standard deviatjon from the
"best fit curve" drawn through the egperiménta] points, UEBXD, was

taken gs an error estimate in the measured profiles. This value is

4]

2

compared with the standard deviation, o tbeor.’ in ¢ rmeasured by point
" count method frum the numerically calculated préfi]es. 1t is abparent

frb@ the Figs. {9.1) to (9.10) that the tﬁo estimates of actua), concent- Ny
ration brofi]es are closely tomparable in size ;nd_shape. The standard .
deviations afé in ‘similar agreement, e.g., i; case bfia-profilé in
scales formed on Co-10% Fe at 1073 atn 0, o;®*P = 0.0065 o €™ -

+0.0076 and in scales formed at 1. atm 0,.

o, P = £0.0069 00" = %0.0090

It coiid be concluded from these facts that computational procedure

yields an’estirate of ¢ as accurate as the expéiimenta] detérminations.



APPENDIX C o
COMPUTER PROGRAM FOR GALCULATIONS OF CONCENTRATION
*mm—oﬁ‘—ﬂ‘ix COBALTOWUSTITE SCL—ALES_.

£

In this appendjx.rthe computer program is described for‘numericalh
integration of Eqs. (9.11), (9.13) and (9.16). The purpose of the
numerical calculations is to obtain an approximate solution to the system
of diffusion equations with initial values. The results of the ca]cu]at1ons
are numerical va]ues of £, ag and 55- as'e function of y across the entire
cobaltowﬁstite-scale. This computation procedure was used as the major

part of the jteration 1oop described in Chapter IX:

The computer program, written in Fortran, ut111ses the HPCG
129

subroutine from IBM‘s Scientific subroutine package.“” This subroutine usessl
Hamming's modified predictor-corrector_method for solution of a genera] .
system of first-order ordinary differential equations'with given-1n1t1a1
values. The discussion of the method will be confined to the general
description, since the mathematics of this method is inherent)y invo]vedpand '
would be out of the scope of this work to present it. Th‘ls stable
fourth-order 1ntegrat1on procedure requires the eva]uation of the dif-
ferent1a1s of functiona] va1ues only ,  per step. This is a great
advantage. compared with other methods of the samejorder of accuracy,
especially the Runge-Kutta method which requireé,the eva]uagﬁons four
times per'step. Another advantage is that at each step the calculation
'procedure gives an estimate for ‘the Tocal truncation -error;. thus the

.procedure is able, without a significont amoynt of ca1culation time, to

. . . ' .195 . . . b . N
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% _
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choose and change the step size h: The estimate of the truncation error
is constant1y compared with a given to]erance (in program'upper errer
bound) If the est1mate of truncat1on error 13 greater than the
tolerance, the in: egratton step size is ha]ved and the procédure computes
a new value of the fidction at y. The estimate of truncattpn-error for

-

hé funcfion at given y is assumed to be

this value is again compared with the giﬁen_to1eranCe. If it is smaller,
the'qeﬂ computed value of’\\

[* e

correct This procedure g1ves a very good control over the truncation
" error in calcu]3t1ons Pchas been demonstratedmg prev1ous]y that the
procedure does not eﬁfeed a global relative error. approx1mate1y equal to
the given tolerance used in calculations. .Itifs aJéo very 5mbortant
that the starting valugs be accurate as ﬁbssib1e. becuase errors,in.

these values may,inerease dering uhp computaﬁicns. The accuracy of the

starting values calculated by'Runge-Kutta is ensured by the simtlar

procedure of step size adjﬁstment as ‘in corrector-predictor method.

3

The entire input of the procedure is: '

1. Lower and upper bound of the-inte;}etion interval (y' = PRMT(1), .
‘and y" = PRMT(2)), initial step size h of independent vafiebie (PRMT(3)),
andAupper errqr bound e of the local truncation erroy (PRMT(4)) ' (/"

2. In1t1a] values oﬁ the dependent variables (5' = Y(l), 9.na0
¥(2) and ( ) y=0 = Y(3)). and error weights for the local truncation error
in each component of the dependent var1ab1es..

3. The number of d1fferent1a1 equat1ons in the system tn NdIM).

4 Two externa] subrout1ne subprograms, one is for computataon of.

d{ dina

2
the &~ —L0 and 9-5.‘the r1ght-hand sides of Eqs. (9.11), (9.13) and
y.' dy dy2

Y . , L
(9 16), respectively (SUBROUTINE FCT‘ The second one is output subroutine
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. v §
for ‘f"lexibﬂity in output (SUBROUTINE OUTP). J

5. In éuxfliary storage arfay named AUX with 16 rows and n

e - L
columns., ——

Outphp;is done in the f%]]owing way. If a set of approximations .
to the depen&entAvariab1es is found-to be of sqfficient acéuracy; it - .
is handed, toqether w{th y; der%vatives of depeqdent variables, ;tep'
size and humber of bisections to the gutpdt'subfoutine (SUBROUTINE OUTP).
This subroutiq§ prints out the results. , | |
The program uéed to‘calcu1at? the goﬂcentrat&?n profile {n the
cobaltowlstite scale formed on 10%_Fe alioy at 1073 latm s shown in

. ’ N “a
Table C1 with output data in Table C2 for illustration.

o .
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Computer program used For numeriba] integrations

5 b
ISR E RN RS R L Iﬂ»*l***lll*Nii*i****l*ﬂ****%****i***!*ll*****l**

-
*

MA TN PROGQAM ‘ .
FE RN ERENERE SR N

nnnnu*uunu§!lniinlun*nuuuli&»tﬁiiiﬂu**iimlllnuun*nf**iluii***
HaED ry\a]qLc ’ . 7

pn“T(])-lﬂWFP AOUND OF THE INTEGRATION INTERVAL {(Y=0.0)
”PVT(’)-”°PFR HOUNﬁ OF THF lNTfG ATION INTORVAL (Y=1a.0)

PRYT (V= INTTTAL TNCREMENT_OF Y (STEP SIZF) -
PRUATLAI=FRRNR ROUNND ANDJUSTING THE STEP S12F

Y (1 Y=NATIIRAL LOGARITMUS OF OXYGEN ACTIVITY

YI2)=MOLAR FRACTION OF FEO IN COBALTOWUSTIIF

¥}y =SLOPF OF THF CONCFNTRATION PROFILE

CDERYI1)=FRROR WFIGHT OF Y(1)
T NERY (2)=FRROR WETGHMT OF Y(2)
CAFRY V) =FRROR WEIGHT OF Y(3), %

PeOATIAN MARTE TTY RATIO ‘
NP-FIRAT DFRIVATIVE OF P=F{ OXYGEN ACTIVITY
MO TMENUIMPER OF FQUATIONS IN SYSTEM

n!li!*l!*Il******l***ll***l**** ********«&I****llﬂld&***l**l
NIMENSTON PRMTUS)1eDFRY(3) Y (3) PX{16;3) . ﬁ) o
FXTERNAL FCTLOUTP ) _

PRMT(1)1=D0 ’ : . .
DM T r')}-'p 4]
PEMT{33=0,01 _
nN‘“T{fl)at .llr)gl . L4
NERY (1Y=0e4 ‘

NFRY(31=0.2 ° _ .

NDiME3 . | :

Y{11==1046K T

Y172 1=0,048 ‘

Y{1}~—"6”C1b -

CALL HP(CH (pR”T'YoDFRYvNDIWQ[HLF!FCT!OUTPQAUX]
STOP

TEND \ ' .

v -
a*a*&:ul4*uln{Qiiiiilﬂiitin*i*&*i*m**u#**l****i******u»w**#&*
i . - . . R ; .‘ .
SURROUTINFE OUITP -
[FXETEREREE XS R Y

T E i}I4****&******!!*!!*l***li*******ﬂ!**¥**l*****llllt*lI e
F-(oo . o
[FI{XeEDFY ~O TO 21 ’ X : .
DETUOM ' . . . .

F=F40,1

WRITE(6+2D) X.Y(])tY(Z"fwé)anRY{II'DFRY(Z"DFRY(3)OPRNT(&1
FOARMATIAF]1243)

RETUIRN . ‘ ' s . ‘ _— '

-

L]
*ainl**rn******ikaiirn4au**u*****u****&i***l**auiuu*******w**
: . : - tCONTINUE.-)

¢
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*li*i**ui***l***l*l*&***I************************************
" Vd

CLRROVITINE FCT ' .

o W WM W

!I*I**NﬂGN*il*Ii*ui*iu*****n****i****}*****u**u**nu****u»&**«

HeED SYMBOLS ; .

A =PARARNLIC OXIDATION RATE CONSTANT CEQ.G-10 )

v=nIAPRSTONLFSS THICKNFSS OF THED SCALT Y

.[‘19_1:1.(\ . ' .

=M OFROY FQeHe3 ) SR : \i;

N=N CFROY 0563 . ) : ’
FEY (11 =TMA911 - T h ;
NEFRY(21=7Ne9elb *

NE2Y(1)=FNe9.13 °

1r}luhunk}#i*ll***ﬂ&i!I**l*****l!l}*****i***lli**ﬂ***{*i***#*
ﬁ?ﬁﬂnHTlNF FCT (XsY+OFRY)

DEMENSTON Y(3)sDERY(3)

e =N, 2478

D:].F\ _/

ate - NARN o

Q\':]nn . . ~
’N_"’:clr ) . - ‘ . o T‘
Al=(P=1e4) ' '
AZ=(P=1.7)%Y(2) - -~

AF=]4C+A2

Al = DK/((Y(?)**l)*(EXP(RN*Y(lI)))
AGzAL+ALRY (3) ’ '

RH=AR /AT )

NDERY{1)y=A6 : ' -5 . &\

NERY{PY=Y(3)

X]'((RM+].0)*1Y(3l)+RN*Y(?)*A6)+YI?)*DPIP

2=y (31 /Y {2)=Ab

X22‘((X]"Ah*Y(3))/(Y(2)*p) o /!
134&6/A3)*(Y(q}*A1+DP*Y(ZI}

X3 A= ({DPAY (311 /A3

VA= (YLAINY (32U L2 RY (2 ) : :
Xq“(hh/n3)*((RM/Y(?!)*Y(1)+RN*A6) : ) .
X6={1s/7¥421)=CAY/AT) ;

NERY (2 )2 {XbL=X77- {fX]*X?l/Y(?))—X5 =X3+X33)1/X6

RFTURN - . ' . \
CPND . ' _ . .

+ W lt-!'I-#*****Il****.lﬁ**'I**.I'*I****'ﬂ-*** T YT TR S A LA L AR S

*

. . -
. .
- i % '
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. Table C2 :
Computer output (calculated profile for Co-10% Fe alloy at 1023 atm 02)
S : _ o, . ] —
- a, ’
: 3 . dena ' 2 . )
_ : d 0 d accuracy
Y nag . 33 dy .. ' E;% tolerance

.156F+02 V650E~r1 o34NE-D2 «17BF+C2 +4512E=N01 J1N0F-03
¢ONTE+C] W657E=NT «122E-01 «139E£+02 +.131E-01 «100E-03
CT782F+01 +677E=01 «+3N2E-01 «112F+N2 +.229E+00 .100F-N3

LA0NEHO
.]OOE+-"_:‘\

. PUTE4DD

t

LIODF+0D —o6RIFHNT 4 T2NE=D1 (RETF=N1 “9TTF+N1 +4283F+NC «100F=-N3

C LORF+00 — ROGE4N] oT9PE=N1 +ASAE=N1 +731E+N] +.269F+NN 1NDE-03
TEEOFANN —.534E40] JRAGE=N] J1NOF+NQ SBOF4N] +,193F+A0, L 10DE-N3
CAD0E+0N —ouBOF+0] «101E+N0 «124F+00° 44BOF+01 +.107F+00 «100E-03
LTONE4N0 —o436F+01 41136400 <131E+00 ¢39BF+01 +.337F+01 .10CF-03 ﬂ
BUUF400 = 4007401 +127E+00 +132E+00\e336F+01 -.107E-01. 4100E-03
LO00F+RT —u369F401 1405400 +H29E+00 «290F401 —,418F=n1 +iDOF-03

T100F+C] ~n341F+01 +152E+00 o 124E+00 #254F+01 -.607E=01 <100E-03

o

7
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