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ABSTRACT

The oxidation of Ni-Co alloys under two extremes of oxygen potentials at
1000°C is studied. -In both cases, an external solid solution oxide scale is
formed with extensive internal oxide formation in alloys oxidized under the low
oxygen potential. Selective oxidation of the metal with the more stable oxide,
Co0, is observed when the ambient oxidizing potential is low, and as a conse-
quence, the oxidation rate constant increases acéo;'ding to the 'dégree of selec-
tive oxidation. The growth of the external oxide scale is described using
Wagner's ternary diffusion model. A more refined defect model, which includes
the presence of all types of vacancy species within the scales, is adapted to
obtain the diffusivities of cations'in the scales as a function of oxygen potential
and cation composition. In addition, correlation effects between elementary
jumps of the cations are included to account for additional compositional
dependence of the diffusivities. Theoretical calculations on the oxidation rate -

constants and the cation concentration profiles are compared with experimen-

tally measured data.
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I. INTRODUCTION

In its most general sense, the high temperature oxidation of a metal, or an
alloy means its reaction with constituents of its gaseous environment: these can
include not only oxygen, but also nitrogen, sulphur, carbon, chlorine, etc. Over
" the past 10-20 years, the field of alloy oxidation has widened considerably. The
various monographs,!™ review articles®?® and recent conference proceed-
ings®!! provide rnuch of the detailed observations of alloy oxidation behavior.
The oxidation mechanisms usually become increasingly complicated as more
alloying constituents are considered, or as the 6xidizing environment changes
fro.m_a single oxidant to a mixed-gas environment. Although oxida;cion behavior
in mixed-gas environﬁents has been studied extensively in recent yearé, espe-
cially in coal conversion atmospheres,!?”14 the alloy systems that have been
investigated have been principally limited to two or three components. These
binary and ternary alloy systems are either the basis of many cqmmercial high
temperature aterials, (e.g. Fe-Cr-Ni, Co-Cr) or they may represent an idealized
system (e.g. Ni-Co, Pt-Ni) where quantitative studies on oxidation phenorﬁena

can be made.

The oxidation process of an alloy can generally Be divided into three sfages
as shown in figure 1. Upon initial exposure of the alloy, the oxides ofA essentially
every reactive component are formed in a proportion given by the composition
of the bulk alloy.!® Oxide nuclei with high intrinsic growf._h rates overgrow the
nuclei of the slower growing oxides. The rapid ki_netics of the overgrowth for-
mation contribute to a relatively high initial rate of oxidation. While the over-
growth is forming, the underlying nﬁclei of the slower growing, and usually
more stable, oxide grow laterally. Eventually, they may impinge and form a
continuous layer, or may remain as isolated preci;:;itates in the fas‘ter growing

matrix. This depends on the various factors which determine the steady state

/



scale configuration.

Eventually, the transient oxidation period gives way to a steady state,
which means that the morphology in the scale is independent of time. Gen-
erally, the overall oxidation rate is governed by the transport of one or more
species through a particular layer in the scale and as a consequence will
approximate to a parabolic rate law. Any oxidationfresistant alloy depends on
this period for continued protection. It cannot last indefinitely, since ususlly
selective'removal of one of the alloy components takes place, and the period
must end when that component has been totally removéd from the alloy. Quite
often, the end of the steady state period occurs before all the selectively
removed element has been consumed, by some kind of mechanical disruption of
the oxidé scale. Then, because the. underlying alloy is a different composition
than originally, it does not regain its steady state oxide. The final breakdov;’n is
often related to mechanical influences such as scale adherence, void formation,
thermal or mechanical stresses etc. Usually, the more severe the oxidation
condition, such as a higher temperature, a rapid temperature cycle, simultane-
ous mechanical stress or erosion, and so on, the shorter the steady state period
becomes.

The scale morphology during the steady state is determined by a complex
interplay of thermodynamic and kinetic factors. The various morphologies that
can form when a binéry alloy is oxidized in a single oxidant gas has been
classified recently by Bastow et al.!® Basically, there are four types of binary

alloy-oxygen systems:
(a) Only one stable oxide (noble metal alloys),

(b) Complete miscibility between the two oxides,

&y
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(c) Partial miscibility between the two oxides,
(d) Partial miscibility between the two oxides and formation of an éddi-
tional compound oxide or oxides.
(a) and (b) represent, of course, somewhat simplified systems, but are impor-
tant limiting cases: firstly, because they can be analyzed quarititativelyA and
secondly, because many aspects of the more complex systems (c) and (d)

approximate to (a) and (b) under limiting conditions.

A schematic arrangement of the different types of scales which can be pro-

duced for the simple system (b) is given in figure 2 where B is taken to be the

thermodynamically more oxidizable or less noble component. Although A{X)
and B(X) are completely miscible, virtually pure A(X) and B(X) scales can form

on A-rich or B-rich alloys, respectively. The essential purity of the scales

depends on the relative oxidation potentials of A and B and the dilution of the

minor component in the A-B alloy (as in cases 1 and 3 in figure 2). Case 4
represents internal oxidation while the ambient oxidant partial pressure is
lower than the dissociation pressure of the oxides, and the internal oxide

formed are (A,B)X type solid solution particles,!?

Apart from cases 1,3 and 4 discusséd in the previous paragraph, case 2 in
figure 2 represent the most general type within this system where both com-
ponents A and B are oxidized, prdducing a solid solution external scale. The
relative proportions of the two éomponents in the scale are determined by the
oxidation potentials of A and B and their diffusion rates in the alloy and scale.
A general treatment of scale growth of these conditions has been provided by
Wagner!® who pointed out that, unless the diffusivities of A and B cations are
equal, their concentration will vary across the scale, the distribution of A and B
depending on their relative diffu_siviﬁes. Two limiting cases can be identified,

which correspond to minimum and maximum values of the scale growth rate.
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(In the example used, B, the more easily oxidizable component is also the faster
diffusing cation in the scale, and as a consequence, increase in the concentra-
tion of B in the scale causes faster scaling rates; the opposite situation would

exist when the more easily oxidizable element was the slower diffusing cation).

(1) When diffusion in the alloy is very slow in comparison with that in the scale,
the overall ratio of A to B in the scale can be shown identical with that in

the alloy.!® As a consequence, there is no selective oxidation, and the

differing tendencies.of the alloy components to oxidize, as expressed by

8(AG) (=AGjp - AGBp > 0, since component B forms the more stable oxide),

has negligible influence on the composition of the scale, or its growth rate.

{2) When diffusion in the alloy is much faster than in the oxide, the composi-
tion of the oxide, and hence the oxidation rate, is controlled by the degree

of selective oxidation, 6{AG).

- Intermediate values of the ratio of diffusivities correspond to intermediate
dégrees of selective oxidation and rates of oxidation. Corresponding concen-
tration profiles through binary alloys of Fe-Mn®? and Ni-Co,?! oxidized under
most conditions of temperature and oxygen pressure, fall into this categbry of
forming (A,B)X type external scale under case 2a (Fig. 2). The unusual depen-
dence of cation diffusivities on oxidant activities in case 2c have been shown by
Mayer and Smeltzer?® with Co-10%Fe alloys oxidized at oxygen potentials
greater than 1072 atmosphere. The diffusivity of Fe?* ions in the {CoFe)0 was
found greater than .that of Co?' ions at low oxygen potentials, but lower at

higher oxygen potentials.

The steady state growth of these (A,B)X type of solid solution scales
through the transport mechanism of cation outward diffusion has been treated
quantitatively by Wagner.!® There have been a number of recent analyses of the

oxidation of this kind of alloy system using this ternary diffusion model put

-5
2
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forward by Wagner, and subsequently modified by Dalvi and Coates®?® and Bas-
tow, Whittle and Wood.a‘; The growth rate of the solid solution scale depeﬁds pri-
marily on the distribution of the two cations through the scale and on the oxy-
gen activity profile. These are calculated from Wagner's transport equations,”’

which in turn allows calculation of the parabolic growth rate of the scale.

A complete solution of the cation concentration profile in the scale and the
rate constant k, would involve several necessary auxiliary equations and the
knowledge of many diffusion properties and thermodynamic relat;lonships.
Such a calculation is a tremendous task even with the help of modern comput-
ers. Consequently, analyses have been focused on special cases which permit

introduction of appropriate simplifications.

A very suitable system is Ni-Co-0 ét lQOO‘; C. Nickel and cobalt are adjacent
transition metals in the periodic table and have nearly equal ionic radii inv
cbrresponding valerice states.?® This facf. together with the fact that NiO and
CoO have almost equal free energies of formation at 1000° C2627 (with AG} for
Co0 ~ 8 kcal/mole lower) gives rise to theif observed mutual solubility across
the entire phase diagram. In addition, there is indirect evidence that the solid
solution, (Ni,Co)O, exhibits ideal behavior. The position of the phase boundary
between the (Ni,Co)O solid éolution and the two phase field (solid solution +
Cog0,) is consistant with approximately ideal behavior,?® and a comparison of
tracer and interdiffusion data in mixed oxides shows that the thermodynamic

factor (1+dlny; /0N;) in the Darken equation is close to unity 2930

The monoxides of nickel and cobalt exhibit the rocksalt (NaCl) stucture®!
in which the oxygen ions are cubic close-packed and the cations occupy the
octehedral holes. Both CoO and NiO are metal-deficient at high temperatures

and in a wide range of oxygen partial pressures,® and the metal deficiency is

*These equations will be discussed in detail in section IL
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equivalent to the formation of cation vacancy type defects. Neér the metal-
oxide decomposition pressure the oxides are approximately stoichiometric,
While at higher partial pressures of oxygen the concentration of Vacahcy type
defects increases. The concentration of the predominating point defects are
10-100 times smaller in NiQ than in Co0. Chen and Peterson® have shown that
addition of CoO to NiO increases the deviation from stoichiometry and conse-
quently enhances cation diffusivilies in the solid solution, {Ni,Co)0, since cation
self-diffusion takes place by a vacancy mechanism in both CoO and Ni0,347%7 and

the oxide scale grows by the outward movement of cations and electons.

In order to apply Wagner’s analysis to practical situations similar to the

Ni-Co system, a knowledge of the variation of the self diffusion coefficients of .

the two cations through the scale is required. Earlier investigators®® 42 have

found it necessary to use data from the oxidation experiments themselves in

order to establish the boundary conditions for the calculation of the theoreti-

cal cation profiles, and as a consequence, the agreement between theoretical

and experimental profiles arises partly because the boundary conditions are

the same. More recently, cornpletély independently determined diffusion data
and boundary- conditions have been used in similar calculations*348 to substan-
tiate the model. However, in the one case?3** these were still based on a rela-
tively simple defect model for the oxide solid solution, while in the othert546

empirically based relationéhips were used.

There is now mounting evidence3? especially when a wide range of oxygen
potentials is considered (as in scale growth) that a simple oxide defect model,
in which ;:ssentially only one type of defect predominates, is not only
unjustified, but is likely to produce nontrivial errors in any éalculations of tran-
sport properties. Recently, Whitf.le et al.*” proposed a more refined defect

model in which the concentrations of cation vacancies with all possible effective
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c.harge.s in the nonstoichiometric oxides can be e;'aluated. This approach in
turn allows for the calculation of the total cation vacancy concentrations in the
scale as a function of oxygen potentials and composition. One of the purpose of
this work, then, is to provide a more complete description of Wagner's original
theory by including this more refined treatment of the rgal defect structure of

the oxide solution growing on a binary alloy. Ni-Co alloys are used for the

analy_sis'because they are relatively simple systems, as described earlier.

Theoretical calculations are'concentrated on these alloys oxidized under high
oxygen potentials where conditions are most suited for Wagner’'s theory. In
addition, an attempt to view the applicability of the theory on alloys oxidized

under low oxidizing atmospheres is also made.

Another objective of this work is to investigate the genéral oxidation
behavior of Ni-Co alloys under a low oxygen potential (qear their oxide dissocia-
tion pressures). Ni-Co avlloys oxidized near 1 atrﬁ. O, approximate to the first
limiting case discussed earlier in this section, where diffusion inv the scale is
much faster than f.hat in the alloy so that the composition of the two com-
pbnents in the scale and in the alloy is .about the same. However, as the
ambient oxygen potential decreases, the degree of nonstoichiometry of the
oxides also decreases, and as a consequernce, diffusivities of the cz;xtions in the
scale are reduced and the system may start to approach the.second limiting
case.‘ Under these conditions, selective oxidation of the more stable oxide, CoQ,
may occur. The degree of such occcurence with different Co content in the
alloy, and the effect of this selective oxidétion on the oxidation rate constants

are examined.
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II. THEORETICAL ANALYSIS

The basis for the theoretical work presented here is the ternary diffusion
model first put forward by Wagner.!® The approach for analysis is to use com-
pletely independently determined diffusion and thermodynamic data rather
than to use data obtained from oxidation experiments in order to establish
boundary conditions. Such an approach provides a more rigorous test to the
model and has been adapted by Whittle et al%34* However, in these previous
works, a somewhat simplified defect model was used in order to calculate the
cation diffusivities in the scale. The compositional and oxygen activity depén-
dencies of the diffusivities were arbitrarily assigned functional forms, and only

one type of defect structure with an average effective charge was assumed.

Recently, a somewhat more complete defect model was proposed by Whittle
et al*” The model allows the concentration of cation vacancies with all possible
effective charges to be determined. As a consequence, the total vacancy con-
centration in the scale can be calculated for any oxygen activity and cation
'cvvomposition. The present analysis makes use of this defect model to obtain
cation diffusivities as a function of composition and oxygen activity. Further-
more, correlation effects between elementary jumps of the cations are con-
sidered using Dieckmann and Schmalzried’s*® analysis to correct, to a certain
extent, for the fact that the ratio of cation diffusivities is also a function of

composition.

Only the basis and development of the theoretical analysis are discussed in
this section. Results of the analysis which include the cation concentration
profile, the oxidation rate constant and the total vacancy concentration profile

will be presented later.
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List of Principal Symbols

activity of component i.

interdiffusion coefficient in the alloy.

self diffusion coefficients of A and B cations respec-
tively in the scale.

tracer diffusivity of component i in the scale.
correlation factor of component i.

correlation factor for vacancy diffusion for a pure
oxide of the rock salt B1 structure.

diffusion flux of component i in the scale.

parabolic rate constant in terms of scale thickness.
equilibriurn constant for the formation of i type of
vacancy in j type of oxide.

mole fractions of A and B respectively in the alloy.
mole fraction of B in the bulk alloy.

ratio of cation diffusivities in the scale.

gas constant.

time.

absolute temperature, K.

distance measured from the initial surface of the alloy.
molar volume of the alloy.

volume per equivalent in the scale.

molar volume of the scale. . .

distance measured from the alloy-scale interface.
total thickness of the scale at time t.

dimensionless variable of distance in the scale(= z
/zs).

absolute valence of ion i.

concentration of vacancies with effective charge z.
concentration of electron holes in the scale.

parabolic rate constant in terms of recession of the
alloy surface.

elementary jump frequency of component i.

free energy of formation of component 1. _
parametric variable of distance in the alloy (= u /t¥).
value of A at the alloy-scale interface.

equivalent fraction of compound B(X) in the scale.
equivalent fraction of element B in the bulk alloy.
average equivalent fraction of B(X) in the scale.

A. Diffusion Processes in the Alloy and Scale

The following general description assumes that diffusion control is main-

tained at all stages of scale growth. The nucleation of a uniform layer of the

stable oxide across the whole ailoy surface is assumed to be instantaneous. The

oxide is assumed to be a semi-conducting one. Scale grows solely by outward

cation diffusion and that the oxidant does not diffuse into the underlying alloy.
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Local thermodynamic equilibrium is supposed to prevail so interface concentra-

tions are assumed to take their equilibrium value.

Following Wagner,!® a system is considered in which an initially homogene-
ous binary alloy, A-B, is oxidized by a single oxidant, in this case, oxygen, and a
single phase scale consisting of a solid-solution of the compounds A(0) and B(0)
is formed. The diffusion profiles which develope in the alloy and scale, Ng{\)
and ¢(y) respectively, are shown schematically in figure 3, where Np is the mole
fraction of B in the alloy and £ is the equivalent fraction of compound B(0O) in
the scale, together with the associated profile for the activity of the oxidant,
ap(y), and the coordinate systems used in the deséription of the diffusion
processes. The coordinate frames of u and A have their origins at the original
alloy surface and A= u/t% . The frames -of" x and y have their origins at.the
alloy-scale interface and y=z/z;, where z; is the instantaneous thickness of
the scale. The use of the (parametric coordinates A and y results in profiles

which are invariant with time t.
(i) Diffusion in the scale

The diffusion flux of cation B, jg, through the solid solution scale is given,

in equivalents per unit area per unit time by

. Dp¢ dlnap

JB =~ Vog Oz

(1)

where Dg is the self diffusivity of cation B in the scale, ag is the activity of
cation B and V,, is the equivalent volume of the solid solution, and it is assumed
to be independent of composition. When writing ap in terms of the activities of

the oxidant, ap, and the compound BO, agy,

. Dgf alnago ) 2p alnao
R e e (&)
ag 0 z

where zg and 2z, are valencies of B and O respectively. By combining equation
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() with the equivalent expression for the flux of A catlons ja, in a relation

descrlbmg the rate of thickening of the scale, dzs / dt

L dz k k
(Ja+7B)Veq = 'j= 7 - (ét—)’i (3)

where k is the parabolic rate constant. It has been shown that

—alnago __f_ ZB dll’lﬂ.g
e dy zo dy

Glna,w _§_ 24 dlnay =k (4)
3 dy zp dy

Dy(1-8)| — Dy

which is the first transport equation governing scale growth proposed by

Wagner.'® The second equation, which is essentially a mass balance equation for

. one of the components (B), reads

dlnagy d¢ 23 dlnay

% dy zp dy (®)

I
at _ —d
Y Gy = ay |22t

When systems like Ni0-CoO are considered, whose oxide solutions have the
simple cubic NaCl structure on which 24=2zp=2¢ and in which the pseudo-binary

oxide solution approximates to ideal thermodynamic behavior, 8(lna,p)/3¢ and

8(lnapgy)/8¢ can be replaced by -1/(1-¢) and 1/¢ respectively. Thus, equation

{4) becomes

dlnao

k = (D4 -Dg) SE-+10(1-6)+ Dp] (6)
and equation (5) simplifies to
kd_g_ —f-—s dlnao )
YWay ~ dyl

These equations contain the self-diffusion coefficients of the two cations D,
and Dg which are in general, a function of both the oxygen activity and the

oxide composition. The form of the dependence is closely related to the type of

. defect structure present in the oxide, and it may be shown*’ that the form

assumed for this function by aufhors who have solved these equations pfev'i-
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ously3®~* is essentially valid if only a single type of defect predominates in the
- oxide solution. However, it is becoming increasingly clear (see, for example,
Kofstad3?), that one type of metal vacancy may dominate at high partial pres-

sures of oxygen, while another type dominates at low values of Pp,. For exam-

ple, Fisher and Tannhauser?® had found that the cation vacancies in CoO were
singly clixarged tending to a doubly charged state at pressures approaching the
oxide dissociation pressure. Since the oxide activity through the scale varies
over a wide range, from the dissociation pressure of the oxide at the inner
oxide-alloy interface to the ambient oxygen pressure (~1077 - 1 for oxidation of
Ni-Co alloys at 1000°C in 1 atmosphere oxygen, for example), the simple
approximation of only a single type of defect is not adequate. A proposed, more

adequate solution of the diffusion coefficients is discussed later in this section.
(ii) Dr.ml.swn in the alloy

Du'ring the oxidation process, a depletion zone of component B is esta-
blished in the alloy, as shbwn in figure 3, because it is assumed that B is pre-
ferentiallyv oxidized. The distribution of B in the zone is described by Fick’s

second law applied to a semi-infinite system

d dNB )\dNB ’ 'u.s
2 lp, S8 ALY _ g, L _ (2o)® 8
ax [P |t 2 A> o = (2a) (®)

»

where D, is the interdiffusion coefficient in the alloy and « is a parabolic rate

constant describing the recession of the alloy-scale interface,?* a = uy dug / dt.

B

where V,,; is the molar volume of the alloy and £,, is the average equivalent

Hence a is related to k

P du, _@_[o_-a,,sal 9)

dxe Vag 2y zZp

fraction of BO in the scale. When z4=25=2 as in the Ni0-CoO system, and if ¥,

is the molar volume of the solid solution, then V,, = zgV,, and equation (9)
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becomes
V
o ‘ all .
L] = sk 10
[k Ve (10)

The equation describing diffusion in the alloy (eqn. 8) can be neglected if
the depletion zone of B in the alloy is very narrow,?¢ Otherwise,r simutaneous
solution of equations (8), (7) and (8) will be necessary. These relationships will
be described in more detail when the solution of the diffusion equations are

presented.

B. Diffusion Coefficients in Oxide Solid Seolutions

Initially, it is appropriate to ré-consider the assumption made in previous
solutions to these equations, namely that the ‘ratio of self-diffusion coefficients
of cations A and B in the oxide solution is a constant independent of ay and £.
Young et al*® and Narita et al.*® in recent caiculations of the concent'ration
profiles in growing (CoFe)S scales and (CoFe)0 and {CoNi)O scales respectively,
removed this restriction. However, they used empirical relationships for the
dependence of D,/Dp on composition. Dieckmann and Schmalzried*® have
pointed out that correlation effects betwe.en the elementary jumps occur, which

make the ratio J,/Dp dependent on the composition of the oxide solution.

According to Dieckmann and St’:‘hrnalzried,‘*e correlation effects are found if
the elementary jump frequencies Iy of an A-cation into a neighboring vacancy
differs from the corresponding jump frequency for a B-cation, I'z. Corrections
can be taken into account by defining an eﬁeétive jump frequency ,[grr. to
deterfnine the cation diffusivity, and which differs from I; {i=A or B) by a corre-
lation factor which is concentration depgndent. Accordingly, tﬁe self-diffusion

AN

coefficients in an oxide solution (AB)O are written as

DAzz_FAf;:,z[_]_ and _B=§_I_‘£,_f;:12[ﬂ . a4
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where I; and f; are the elementary jump frequencies and correlation factors
respectively; f,(=0.782), the correlation factor for vacancy diffusion for a pure
oxide of the rock salt Bl structure;*° a, the elementary jump distance; and [V],
the atbrnic fraction of vacant sites. The concentration dependence of the

correlation factors may be found*® from either

L 0.218 ,. . 0.218
T = e e s D) ¢ 1B T TS0 Do) vE (12)
or
.. ., 0218—(1—§)-n, 0.782n, _ _ _Te/Ty
SRS s S0 M Gy-r (1%
0.218—(-np 0.782n5 _ _ Tu/Tp
fg"'fB ¢ + ¢ =0 ; e = (PA/ PB)—]. (‘13b)

According to experimental determinations of the tracer diffusivities of both

Co and Ni ions in (Co,Ni)O between 1100 and 1550°C, at Poa = 0.21 atmos. by

Chen and Peter“son29 and calculations by Dieckmann and Schmalzried,*® when
these correlation factors are taken into account, the ratio of elementary jump
frequencies, I'g, /Ty, varies by only 8% over the entire composition range, as
opposed to a vari'ation of about 167% in DCO/DM. Hence it seems more appropri-
ate to consider [y, /Ty as a constant and use eqns.(13) and (11) to find
diffusivities aé a function of composition. This correction should only refine the
theoretical calculations slightly since there is still 8% variation in the elemen-

tary jump frequencies ratio.

In addition to the concentration dependence of the cation diffusivities
through the correlation factors, [V] also depends strongly on oxide composition
and oxygen activity. As discussed by Whittle et al.,*” vacancies of different
effective charges are now considered to exist in these types of non-
stoichiometric oxides, with the relative proportions of each depending on oxide

composition and oxygen activity. All the vacancies contribute towards the



-15-

diffusivity and thus [V] in eqn.(11) really represents Y[ V* ], the sum of the con-
centrations of the vacancies carrying effective charges z=0,1,and 2. As given by
Whittle et al.,*? the atomic fractions of the various effectively charged vacancies

can be expressed by

[V2] = (K22 (K9 )¢ay (14a)
[V] = (2RO B (140)

[V] = (KAOKAOKAO)(I f)(KBOKBOKBO)f (140)

[A- ]2
where KE (i=V®, V', V' j=A0,BO) are the equilibrium constants for formation of

the three types of vacancies according to

S0, =05+ V*: V=V4h: V=Vih (15)

in the two pure oxides, where ¥*, V'and V' represent vacancy lattice sites in
the cation sub-lattice. The equilibrium constants are related to the free ener-
gies of formation of the defects in the two pure oxides by

(AG°){=-RTInkK] , i=V?,V,V; j=A0,B0 (18)

The concentration of electron holes, [k}, is assumed to be much larger than
that of n-type electronic defects, and is given by the simplified electroneutral-

ity condition:

[h] = (K{9KAC)-0( KBOKEO)E Z0y 2 KAKAOKAD Y-} (KEOKEOKEOYE 0 (17)

(h-] [A- ]2

Through solution of eqns.(14) and (17), [V] is given as a function of ap and ¢,
and together with solution of egn.(13), can be substituted into eqn.{11) to give

Dy and Dg as a function of ¢ and a,.
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C. Solution of the Diffusion Equations

The Ni-Co system falls in the category of A-B binary alloys where com-
ponent B is removed selectively from the alloy during oxidation and is also the
faster diﬁusing cation in the scale. For an alloy of bulk composition N, £,
depends on both the relative diffusion rates in the alloy and scale and the
degree of selective oxidation of B. By using Dp to represent the cation diffusion
rate in the scale, the minimurn value (¢&" = N§) occurs when Dy, /Dg » 0 and
the maximum value (N} < £¢82% < 1) is attained when alloy diffusion is infinitely
fast, Dyy/Dp ™ oo,

Ni-Co alloys oxidized under 1 atm O, approach the first limiting case, and
diffusion in the alloy can be neglected. Solution of the diffusion equations only
involves equations (8) and (7) Substituting for d Inap/ dy from eqn.(8) into
eqn.(7) and using p =D,/ Dg where according to eqn.(11)

_ fala :
~ f8Ts (18)

and is a function of compositiori through the term f,/fp. gives, after

differentiation
"—angB[p ~(p-1)¢]+ %i{yk[p ~(p -1)¢PP-pk (19)
+p[p—(p - 1)6] —P-[DBE*"CE(l f)]} +(—§')2DBP(P 1) =

Using the relationships that

Dg = Dg(¢,ap) and p =p(§) (20)
then gives
d? d¢ k dlnDp
@%Lp—(p—neh@i o | 2l (P —1)¢P -1+ 5= ] (21)

| alnD 3inD
+(%§-)2[p—(p-l)él—g$£+(i"‘1)(1'612a§)+‘;in}g)r“g (1- é)]]



-17 -

Using the same nomenclature, eqn.(6) becomes

dinay

a2y (22)

k d
o=@ ;y§+[p(1-5)+e]

Eqns.(21) and (22) are solved numerically using finite difference method, with

fa. fp and [V] obtained from eqgns.(13), (14) and (17), and hence Dy and 8ln

p/8lné can be obtained from eqns.(11) and (18) respectively. 8lnDg/dln¢ and
dlnDp/dlnay are obtained assuming linear variation within one steplength of

the finite difference forms of equations (21) and (22).

Additional relationships are required for the solution, as detailed in

Wagner's paper.!® These include a mass balance at the scale-gas interface:

= R - 1 3 SR U
vl o p[dy](p—l)(s—l)e (29)

where the values of the variéble p, d¢/dy, Dy and ¢ are those pertaining to y=1. '

At the inner alloy-scale interface, because the interdiffusion coefficient in the
alloy is very much smaller than the growth rate of the scale, the composition of

the scale at y=0 is given by!?

= = Pla
R E Y (24)

where again £ and p refer to values at y=0, and £, is the equivalent fraction of
element B in the bulk alloy. The oxygen activity at y=0 is directly related to the
oxide composition there, since thermodynamic equilibrium is assumed. Thus

+$exp[AG§o]- (25)

GO

"RT

where AGYp and AGPp are the standard free energies of formation of AO and BO

respectively.

The numerical technique for solution is initiated by trial values of the rate

constant k and the cofnposition of the oxide at y=1, and the equations

integrated inward to y=0, the procedure being repeated using continuously
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better estimates of k and f”“v until the calculated and actual values of §, -
(from eqn.(24)) and @oy=0 (from eqn.(25)) are within 1 and 5% respectively. The
‘step length, Ay, in the finite difference forms of eqns.(21) and (22) is reduced
until the result is independent of the stép length; it is also independent of the

initial estimates.

When oxidation of Ni-Co alloys are carried out under very low oxygen
activities, the diffusivities in the scales are markedly reduced, and the system
no longer approximates to the limiting case where {;, ® N§. Diffusion in the
alloy needs to be considered and equations (8), (7) and (8) are solved simutane-
ously.

The solution of equation{8) describing diffusion from the bulk alloy towards

the alloy-scale interface is given by

erf (\/ 2D}))—ers (As/ 2D};)

erfe(Ag/ _203;1) (26)

Np = NB+(N§-NB)

while assuming J,; being independent of composition. Np is the mole fraction
of B in the alloy, the single prime ' refers to values at the alloy-scale interface,
and A; is the value of A at the alloy-scale interface. According to eqliations (8)
and (10)

As = J“zk[%i‘—] ' (27)

for the Ni-Co system.

Solutions for the transport equations in the scales {eqns.(8) and (7)) are
the same as described previously. However, the boundary condition for the
value of ¢ at the scale-alloy interface can no longer be deduced from egn.(24).

The relationship between ¢, _¢ and Ng, - are given as

. Ngy .
£ TN0) (28a)
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v = exp[(AG3o~AGBo)/ RT] ~ (28b)

since thermodynamic equilibrium is assumed and the alloy is also considered to
approximate to an ideal solution. The oxygen activity at y=0 is still satisfied by
eqn.(25), and the mass balance equation at the scale-gas interface (eqn.(23))

also holds.

A new boundary condition is introduced by equating the relative amount of
B depleted in the alloy to the relative amount of B enriched in the scale. This
additional boundary condition, toge.ther with eqns.(23),(25) and (28), the bulk
alloy concentraton, N3, and the oxygen activity of the oxidizing atmosphere, ap

at y=1, enable eqns.(6),(7) and (8) to be solved.

As before, the numerical technique for solution is initiated by trial values
of the rate constant k and the composition of the oxide at y=1, and eqn.(8) and
(7) are integrated-inward to );=0.. Once éy=0 is obtained, Nz can be acquired
from eqn.(28) and diffusion profiles in the alloy can be calculated using
eqn.(26). At this point, the amount of depletion of B in the alloy and the
amount of enrichment of B in the scale can be computed through integrating
the diffusion profiles. The two relative amounts are compared as well as the
computer calculated a'p, and the a'p obtained from eqn.(25). The procedure is
repeated until these values agree within 2 and"5% respectively, using better

estimates of k and {,, -;.

D. Data for the NiO-CoO System

Equilibrium constants for the formation of the different ionic defects in
CoO have been measured by a number of authors and summarized by Dieck-

mann.5!

K30 = 1.6x107%exp[-26000(J/ mole )/ RT] "~ (29a)

K30 = 2.4exp[-51000(J/ mole )/ RT] (29b)
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K$° = 0.17exp[-72000(J/ male)/ RT] (29¢)

Corresponding values from experimental measurements for Ni0O are not avail-
able. Theoretical estimations of these equilibrium constants calculated by
Osburn and Vest®® using a conduction band model for the pre-exponential

terms and a hydrogen atom model for the ionization energies give

K0 = 5.43x10'! T-%exp[~187544(J/ mole )/ RT] (30a)
K0 = 1.61x107"T% 2exp[ -9260(J/ male )/ BT] (30b)
K0 = 4.03x107879/2exp[ -36998(J/ mole )/ RT] | (30¢)

Chen and Peterson®® have measured tracer diffusion coefficients in CoO,
NiO and in some oxide solutions, (Ni,Co)0. However, as indicated earlier, rather

than fitting their somewhat limited data to an empirical expression,*® it is more

appropriate to utilize the model outlined in this section. Thus, using their '

measured values of the tracer diffusion coefficients of Ni and Co ions in pure
CoO in air (Pp,=0.21 atmos.), given as

DE%%Xa, = 0.46) = 5.0x10 %exp[-160800(J// mole )/ RT] (31a)

Df®%a, = 0.46) = 3.3x107%exp[ —197600(// mole )/ RT] (31b)

the fatio of diffusivities of the two cations in pure CoO can be obtained. Then,
with a value for the correlation factor for Co diffusion in pure CoO of 0.782, and
the corresponding value for Ni diffusion in the same oxide calculated from
enq.(12), the ratio I'p/I'w is calculated. Furthermore, using eqn.(13), p
=y f4/Tpfp can be calculated for other compositions. Finally, using the value
of D&®°=D&%/f, and eqn.(11) with the total vacancy concentation, }[V],
obtained from eqns.(14) and (17) enables the constant 2I'p,a?/f, to be found.
Thus, Dy, and similarly Dy; can be calculated as functions of oxide composition,

oxygen activity and ternperature.
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Figure 4 shows a typical variation of Dp and Dy with oxide corﬁposition, £,
at different oxygen activities. Both diffusivities increase with Co content of the
oxide and the oxygen activity, primarily due to the concomitant increase in
vacancy concentration. However, unlike in the simple defect model used ear-
lier,*3** log Dy, (or logDy;) is not exactly a linear function of composition. This
is shown more clearly in figure 5 which presents 8lnDg, /8¢ and 8lnDg, /8lna,y as
functions of £ and agp; p, the ratio of diﬁusivities, and which depends only on

composition, is also shown.

As a final point in this section, it is perhaps appropriate to examine how
the diffusivities calculated according to this model compare with the experi-
mental data of Chen and Peterson.?® This comparison is shown in figure 6 where
the solid curves represent values calculated from egns.(11), (13), (14) and .(17)
| using equilibriﬁm constants according to eqns.(29) and (30), and eqn.(31) in
conjunctioh with .eqns.(lz) and (11) to obtain Iy /T and 2T'g,a?/f,. The cal-
culated sélf-diﬁ’usion coefficients are converted to tracer diffusion coefficients
using th_e correlation factor (_f,,) of 0.782. The agreemént falls off rapidly as the
NiO content of the solid solution increases, and this is presumably due to the
variation in defect conceﬁtration with composition, not being adequately
expressed by the constants given in eqn.(30). When these equilibrium constants
calculated for T=1573%K are reduced in order to obtain a best fit to the experi-
mental results, much better agreemeht c¢an be obtained. A comparison between
experimentally measured tracer diffusivities and the diffusivities calculated
using KVAQO, K{}w and K{ﬁo values reduced by 407 is shown in figure 7. Although
the reduced equilibriu‘m constants give better agreement to experimentally
_méasured DT data, those values given by Osburn and Vest3? in eqn.(30) are still
used in the actual calculations. Calculated results will be presented and dis-

cussed in later sections.
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II1. EXPERIMENTAL PROCEDURES

A. Experimental Apparatus

The experimental rig was constructed so that oxidation kinetics can be
monitored continuously using the thermogravemetric method. A schematic
diagram of the rig can be seen in figure 8 and a photograph in fig. 9. The whole
system was leak checked using a high vacuum He leak detector before it was

put into operation.

The microbalance used is a Cahn 2000 model, which has a maximum accu-
racy of 0.1 ug when operated under room temperatures with a total sample
weight of less than one gram. This accuracy was reduced to 10 ug at the oxida-
tion temperature (1000°C) due to convection flows within the reaction tube. The
microbalance is supported on an air-cushioned platform to minimize vibration.
A constant small flow of Ar was introduced into the balance chamber to keep

the microbalance in an inert atmosphere.

Specimen and tare weight pan are both suspended by means of a very fine
quartz fiber with a diameter of 0.1-0.5 mm. The tare weight pan is isolated in a
pyrex chamber, on the inside of which was coated a thin film of Au to avoid
static charge build-up. The suspended specimen can be centered using the lev-
eling screws so that the quartz fiber is not touching any part of the apparatus,

and a truly free suspension can be achieved.

The furnace tube assembly was designed so that gas entering the reaction
tube reaches a state of equilibrium before coming into contact with the speci-
men. [t is important that fully equilibrated gas mixtures are used in laboratory
studies of high-temperature oxidation of this kind. Equilibrium is important

because the equilibrium partial pressure of oxygen (Poa) determines the reac-

tive potential of the gas from a thermodynamic point of view. A detailed sketch
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of the furnace tube assembly and the path of gas flow is shown in fig. 10. The‘
assembly consists of three parts, a gas mixing chamber, an inner guiding tube
and an outer reaction tube. Both the inner and outer tube material is mullite,
and their demensions are 1/3 inch OD, 1/4 inch ID, and 1-1/4 inch OD, 1 inch ID
respectively. |

Reactant gas enters the assembly through tine gas inlet (i), fig. 10; it then
passeé down between the outer and inner tubes into the furnace, where it
should come to equilibrium at the furnace temperature. The equilibrated gas,
on reaching the specimen, enters the inner tube through its opening at (ii).
The gas then travels up the inner tube and exits via the gas outlet at (iii). The
pressure of Ar for the balance chamber was always képt below the reactant gas
pressure to prevent Ar from flowing into the reaction tube. The flow rate of tﬁe
reac;tant gases was controlled via a model FC-1P Hasting mass flowmeter and
flow t.r'ansdu.cer, and flow rate fluctuation coﬁld be minimized to +1 cc/min for

an experimental run of 360 hours.

The furnace used is a Quad Elliptical radiant heating furnace which can
heat up to 1000°C in 5 minutes. Temperature inside the furnace was controlled
using Pt-PtRh thermocouples located in sheaths next to the reaction tube. (Fig.
9.) Both the éontrol and read-out thermocouples are connected to a Research
Inc. model 640UD process controller in connection with a Diarac model 402A
trandicator, and the temperature could be controlled within +1 degree. Tem-
perature inside the reaction tube at the position of the specimen was calibrated
using another thermocouple replacing the length and position of the quartz
fiber used to suspend the specimen. This caiibration was done frequently (after
every 15-20 experimental runs), and the variation of these calibrations was

within +£5 degrees.
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B. Materials and Material Preparation

A series of nickel-cobalt alloys was obtained from International Nickel
Company Ltd., containing 1, 5, 10, 20, 40, 80 and 80 weight % cobalt. Chemical
analysis results showed that these alloy compositions were actually 1.2, 5.1,

10.9, 20.7, 38.2, 60.5 and 80.0 wt.” respectively.

The alloys were prepared by vacuum melting using 99.97% nickel and 99.6%

cobalt. The manufacturer’s analysis for impurities in wt.% was as follows:

NICKEL COBALT
C=0.008 C=0.011
S<0.002 © $=0.001
Fe<0.03 | Fe<0.05
Pb<0.002 Ni<0.34
B<0.001 Cu<0.005

Cr,Co,Mo,Ti,Al,<0.01 Zr,ALSi,Cr,Mn,T1L,Mg,<0.01

Si,Mn,Zr,Mg,Cu,<0.002

Since nickel was the major impurity in the cobalt, the overall purity of the

alloys was better than 99.957%.

Specimens 1.5'cm X 0.6cm were cut from a sheet 0.063cm thick. A 2mm
diameter bore was drilled on the face of each specimen for suspension pur-
poses. The specimens were thoroughly degreased in acetone, then annealed in
a quartz tube at 950°C for 24 hours under 5 millitorrs of argon pressure (meas-
ured at room temperatures). Prior to each experimental run, the specimen
surface was polished with silicon carbide grit papers from 240, 320, 400, to 600
grit, using water as the lubricant. After the polishing procedure, the specimen

was ultrasonically cleaned with soap and water, and subsequently rinsed with
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water. Dimensions of the polished specimen were measured down to 0.001mm
using a micrometer. The specimen was finally rinsed with ethyl alcohol before it

was put on the microbalance for an oxidation experiment.

The reactant gas used to obtain a high oxygen potential was high purity
oxygen from Matheson. This gas was used without further purification. . A mix-
ture of re.search grade 0.17% carbon monoxide in carbon dioxide, also from
Matheson, was used to obtain a low oxygen potential atmosphere. The equili-

brium Py, value for this CO/CO, mixture at 1000°C is 8.0x107? atm., according to

the reaction

co + %02 -+ CO03 AG = —42459 cal / mole

This oxygen partial pressure is about two orders of magnitude higher than the
dissociation pressure of NiO at 1000°C, and three orders of magnitude higher

than that of CoO.

C. Methods of Investigation

All oxidation experiments were carried out at 1000°C using the microbal-
ance apparatus described previously. Specimens were put iﬁ the system
immediately after polishing and cleaning, then the reaction tube was flushed
with Ar to remove any residual air in the system. After the Ar flush, the reac-
tion tube was equilibrated with a steady flow of the reactant gas; at the same’
time, balance stability was observed on a strip chart recorder. Oxidation was
initiated by switching on the furﬁace. and weight gain was monitored continu-
ously on the recorder. After about 24 hours of oxidation under high oxygen
potential or 70 hours under low oxygen potential, reaction was stopped by
turning off the furnace and the specimen was cooled in a continuous flow of the
reactant gas; The cooling process from 1000°C to < 100°C usually took about

half an hour, and the reaction tube was flushed with Ar before specimens were
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taken out and stored in a dessicator for further analysis: . Total weight gain
obtained from the microbalance recording was often compared with the
difference in initial and final weights of the specimen, measured independently
on a model SEA-1 Torsion balance (with 0.1mg accuracy). Such comparison

acted as a test to the microbalance’s calibration. -

The oxidized specimen was observed under scanning electron microscope
(SEM) for its surface morphologies. Before examination using the SEM, all
specimens were coated with gold using a gold-sputtering unit. This was done to
compensate for the non-conductive properties of the oxide. Specimen cross
sections were obtained by mounting the specimen in a clear epox'y and polished
with succesively finer silicon carbide grits and diamond pastes to one micron.
The cross section was then examined under an optical microscope or an elec-

tron probe microanalyzer.

The microanalyzer used 'm this research was a MCA-Model 5 analyzer. It
was used principally to determine elemental concentration proﬁlgs on cross-
sectioned samples across the oxide scale into the alloy. Spot analysis was car-
ried out to establish the concentrations of Ni and Co, using a 1um spot size with
a 15KeV excitation voltage: One major drawback of this particular instrument is
the inability to detect oxygen. Therefore, analysis of Ni and Co content in the
oxide scale was done by an oxygen subtraction method on a microcomputer. All
samples had to be carbon-coated to prevent éxcessive charging under the elec-

tron beam.
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IV. RESULTS

A. Kinetics

Oxidation kinetics were obtained using t.he thermogravemetric method on
the apparatus described in section III. Ni-Co alloys in the composition range of
1-80wt% Co were oxidized under two different oxygen potentials: high oxygen

potential with Pp, = 1 atm. .and low oxygen potential with Py, = 6x107% atm.

attained from 0.1% C0/CO, mixture. Figure 11 shows typical kinetic curves
obtained during exposure of these alloy specimens to the two environments at
1000°C. In both cases, oxidation kinetics seem to be parabolic with the rate

constant much slower at the lower oxygen potential, as expected.

A comparison of the parabolic kinetics of alloys with different compositions
oxidized under 1 atm. O, at 1000°C is shown in figure 12. The data-w_ere
analyzed by plotting (Am/ A4,)? vs. time, Where Am is the weight gain and 4, is
the initial specimen surface area, assuming negligible change in total surface
area durinvg oxidation since the oxide fo.rmed was relatively thin compared to
the bulk alloy. Good parabolic behavior was observed for all the Ni-Co alloys. A
short non-parabolic transient stage was seen with the slower oxidizing alloys
(those with less Co content), but parabolic kinetics soon took over after no
more than five hours. The parabolic rate constant (kp) for eﬁch alloy can be
obtained from the slope of the corresponding straight line in figure 12. Usually,
more than one specimen of each alloy was tested and independent &, values -
were measured. Results were qu‘ite' reproducible and fell within 5%. These para-
bolic rate constants are summarized in Table 1 where each column contains k,
values obtained from different oxidation experiments, and the rate of scale

growth is seen to go up concomitantly with Co content in the alloy.
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TABLE 1

Parabolic Rate Constants of Alloys Oxidized Under 1 atm. O,

Alloy Composition
1 5 10 20 40 ‘860 80
{wt% Co)
Rate Constant 126 | 1.76 | 1.95 | 3.44 | 9.02 | 20.8 | 50.2
x10710 1.35 | 1.71 | 2.38 | 3.44 | 9.13 | 20.7 -
(gRcm*sec™) - - - 3.19 - - -

Oxidation kinetics of these Ni-Co alloys oxidized under low oxygen poten-
tials also showed parabolic behavior (figure 13), although there was a much
longer non-parabolic transient stage during the first hours of exposure to the
oxidizing atmosphere. - Parabolic rate constants were obtained from the

straight line portion of the curves. Table 2 summarizes the kinetic results of

alloys oxidized under the low oxygen potential.

TABLE 2

Parabolic Rate Constants of Alloys Oxidized Under 6x107®% atm. O,

Alloy Composition
5 10 20 40 60 80
(wtZ Co)
Rate Constant 8.37 8.62 8.65 11.8 17.5 44 .4
x10712 7.01 - - 13.5 - 47.5
(gPcm %sec ™) 6.60 - - 14.1 - -

The rate constants shown in Table 2 tend to scatter more than those
obtained for alloys oxidized under high oxygen potentials, probably because
total weight gain was much smaller and higher balance sensitivity was required.

Nevertheless, good reproducibility was still achieved and the data scattered
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within 107%Z. A éomparisoh of the variation of k, with alloy composition betwe‘en
alloys oxidized under both high and low oxygen potentials is shown in.ﬁgure 14.
In both cases, the rate constants increase with C@ content in the alloy.” The
rela£ionship is near logarithmic with alloys oxidized under high oxygen poten-

tials. At low Po,, the oxidation rates vary only slightly with composition as the

alloys become richer in Ni.

B. Oxide Morphologies and Compositions

All compositions of Ni-Co alloys oxidized under both high and low oxygen
potentials formed a uniform external scale and some internal oxide particles
beneath the external scale. Figure 15 shows a polished cross section of a Ni-
60%Co alloy oxidized under the two oxygen potentials. In both qases. there
were coherent external scales with oxide particles formed under the scale-alloy
int’.grface. The pores in the scale may well be artifacts, since it is difficult to
polish these scales without a certain degree of pullout. The number and size of
the internal oxide particles increased with o#idation time, and the precipitation
zone ‘deepened as shown in figure 15a and b. The width of the precipitation
.zone within the alloy relative to the total thickness of the external scale greatly
increased as the ambient oxidizing potential was lowered from P'Oa =1 atm. to
Po, = 6 x 1079 atm., and the internal oxide particles were larger and more
widely spread. (compare figure 15b and c)

Surfaces of the external sclales revealed by SEM exhibited very uniform and
crystallographic oxide grains as shown in figure 16 where SEM top views of the
oxides formed on Ni-20%Co specimens oxidized under 0.1% C0/CO, for 17 hours
and 70 hours are compared. [t is seen that a uniform morphology of the scale
was established within the first hours of oxidation. Further oxidation time

resulted in an increase in the average size of the oxide grains and a reduction
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in their number: this may have resulte\d from a growth selection process.
Larger grains developed near the scale-gas interfacé while smaller grains near
the scale-alloy interface as demonstrated in figure 17. The scale shown in
figure 17 was partially fractured and the broken pieces removed. Because the
scale was highly adhesive, its complete seperation from the alloy surface was
not achieved. A thin layer of the fractured scale still attached to the alloy sur-
face is seen on the upper right part of figure 17. Although it is often difficult to
analyze fracture surfaces, the oxide grains observed in this section are
definitely smaller than those near the lower left of the micrograph, which are

part of the unbroken scale external surface.

Typical morphology of the internal oxide particles formed beneath the
scale-alloy interface is shown in figure 18. The internal oxides are distributed
randomly within an internal oxidation zone. Howvever,v no sharp delineation of
an internal oxidation front is observed. The fraction of internal oxide precipi-

tates within the internal oxidation zone falls off with distance into the alloy.

The depth of internal oxide formation zone relative to external scale thick-
ness increased with decreasing Co content in the alloy. This effect was not so
obvious for alloys oxidized under high oxygen potentials, because the internﬁl
oxidation zones in these cases were very narrow. However, the eﬁAect becomes
more obvious for oxidation carried out under low oxygen potentials since the
internal oxidation zones were much wider, and larger internal oxide particles
were formed. Figure 19 compares the depth of internal oxide formation on a
Ni-40%Co and a Ni-80%Co specimens both oxidized under low oxygen potentials.
The internal oxides are seen penetrated deeper into the underlying alloy for

the 40%Co specimen.

The rough front of the internal oxidation zone corresponds to the Co

depletion profile in the alloy as demonstrated in figure 18 where the electron
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'microgr"aph of a Ni-40%Co specimen taken inside the chamber of an elec-
troprobe microanalyzer was compared with its corresponding microprobe
analysis. The path of the electron beam through thé external scale into the
alloy cutting through an internal oxide particle was outlined on the micrograph
by the arrow. The microprobe trace of the internal oxide particle in figure 20

indicates that the particle is also a solid solution of Ni-Co oxide.

Composition of these‘internal oxide particles was examined using the elec-
tron microprobe analyzer. A spot size of 1 um with 15 KeV accelerating voltage
was used to minimize beam penetration through the oxide particle into the
underlying alloy. Only large particles with approximately 10 um diameter were
chosen for analysis. The electron beam was centered on the particle and the
penetration depth measured from this centered point to the scale-alloy inter-
face. Figure 21 shbws the composition of these internal oxide particl’es as a
fu-nction of distance away from the scale-alloy interface for three different
alloys oxidized under 0.1% CG0/CO, for 360 hours. Scattering of the data points
may be due to possible thin sectioning of the particle and penetrat.idn into the
underlying alloy, or to the irregﬁlarity of the scale-alloy interface as well as the
irregular shapes of the particles. The general trend of these results shows that
the internal particles are solid solutions of Ni-Co oxides with an enriched Co
content. The Co enrichment inpreases for particles farther away from the
scale-alloy interface. Alloys with lower Co content tend to form internal oxides

richer in Co with a longer internal oxidation zone.

Distribution of the cations, Co and Ni, within the solid solution oxide scales
as well as in the underlying alloys was also observed using an electronprobe
microanalyzer;. Since the scale growth kinetics is parabolic, parametric vari-
ables A and y can be used so that all concentration profiles can be made invari-

ant with time, t. A and y were defined in section 1l as
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A=z / vVt  y=z/ =z

where =z is the distance coordinate and z; is the total thicknéssvof the scale.

Figure 22 shows the Co concentration profile of Ni-60%C§ specimens oXxi-
dized under high and low o_xygeﬁ potentials. In both cases, Co is enriched near
the scale-gas inteffa‘ce. A much wider Co depletion zone in the alloy is observed
for bxidation under low Pp, and the concentration profile within t_he scale
appeérs Aatter with a hig‘hef degree of. Co enrichment. (This is seen through
the averagé Co content in the scale). A comparison éf the cation concentration
profile for four different alloys oxidized under 0.1% CO/CO; is shown in figure
23. All of these proﬁles shoyv a wide Co depletion zone in the alloy and the zone
becomes wider as the Co contént in f.he bulk »al-loy decreases. Concentration
profiles within the scale all have similaf shapes and thg: Co:corﬁ;ent increases
from the sca—'le-allo& inte‘rfacg towards the scale-gas interface. The average Co
content in the oxide and the degree of Co enrichment, taken as the ratio of the
average Co concentration in f.he scale over the bulk Co content, of eaéh alloy is

surmmarized in Table 3.

TABLE 3
Degree of Co Enrichment in the Scale
buik Co content in | average Co content degree of Co
the ‘alloy in the scale | enrichment
(Colows | (Colawe B

10 - 25 ' 2.5

20 - 36 : 1.8

40 ‘ _ | 52 1.3

80 87 1.1
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These result indicates that the degree of Co enrichment in the scale gets higher
as the bulk Co content in the alloy becomes lower. The relationship is not

linear, but goes up almost lbgarithmically.

C. Theoretical Analysis

Results of the theoretical calculations followed the theories treated in sec-

tion 1. The outcome of the computer simulation includes the cation concentra-

" tion profile, the parabolic rate constant.and the cation vacancy concentrations

across the scale. Those calculated for oxidation under.1 atm. 0p; will be
presented first and compared with available'experimental data.
(i) Orxidation Under High Orygen Potentials

As discussed earlier,. Ni-Co alloy‘s oxidized under 1 atm. O; approach the
limiting case where diffusion in the alloy can be neglected. Therefore, the
cation concentration profile was only considered within the scale. Figure 24
shows the calculated ication profiles across the scales formed on four Ni-Co
alloys oxidized under 1 atm. oxygen, and compares ﬁheﬁ1 with the correspond-
ing profiles determined by electron microprobe analysis.’® The agreément
between theoretical calculations and experimental data is very good consider-
ing the various approximations made in the theories and the scatter of the

cation concentrations obtained by microprobe analysis.

The value of the parabolic rate constant k is obtained as a direct result of
the iteration-procedure of the c‘omputer simulation. k is converted to the
gravemetric rate constant, k,, using the expression . '

M .00y0 e
k= %[_—_ .

Pmi.coyoMp

where Mp is the atomic weight of oxygen. My )0 is the average molecular

weight of (Ni,Co)O of metal ratio equal to that in the specific alloy, and PNi.Co)0
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is the (Ni,Co)O density l(g/cms) calculated from room temperature densities of
pure metal oxides® assuming a linear dependence between these oxides with
composition. These éalculated kp values are compared with experimentally
obtained data from this work and some other workers®3%%-57 as shown in figure
25. The agreement between theoretical and experimental values of k, is good

in both magnitude and compositional variation.

An additional result of the theoretical calculations is the vacancy concen-
tration through the growing scale. Figure 26 shows the total vacancy concen-
tration through the scales of the four alloys. The overall vacancy gradient
across the scales increases with increasing Co content of the alloy, and vacancy

concentration increases towards the scale-gas interface where the scale is most

rich in Co.
(ii) Oridation Under Low Orygen Potentials

When oxidétion.of Ni-Co alloys is carried out under very low oxygen activi-
ties, the diffusivities in the scalés are markedly reduced and diffusion within the
alloy needs to be included in the calculation of the cation concentration profile.
The method of calculation was discussed in section II. A theoretical profile
across the scale and within the alloy was calculated for a Ni-38%Co alloy oxi-
dized under 8 x 107® atm. 0,. This result is compared with the corresponding
cation profile determined by electron rnicro‘probe analysis as shown in figure
27. The theoretically calcﬁlated profile acrosé the scale is seen to be steeper
than that obtained experimentally, but the total vCo content in the scale for
both cases is about the same. The two profiles within the alloy agree better as

they recede away from the scale-alloy interface.

Although the calculated and experimental cation profiles determined for
the Ni-38%Co alloy oxidized under low oxygen activities do not agree very well,

the corresponding scale growth rate come close to one another. The computed
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and experimentally measured rate constants expressed in g% cm™ s~! are 1.06

x 107! and 1.20 x 107! respectively.

The célculated total vacancy concentration across the scale is shown in
figure 28, where similar calculations for the same alloy oxidized under 1 atm. Oy
is included for comparison. In both cases, the vacancy concentration increases
towards the scale-gas interface. Larger vacancy concentration gradients are
observed for higher ambient oxygen potentials, and the average amount of
vacancies present in the scale is about 1.5 orders- of magnitude lower when the

oxygen activity {(ag) is lowered from 1 to 7.8 x 107°.
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V. DISCUSSION

A. Kinetics

The oxidation kinetics of Ni-Co alloys oxidized under both high and low
oxygen potentials appeared to be parabolic, which suggests that scale growth is
diffusion controlled. Many previous workers®’%® who studied the oxidation
behavior of Ni and Co had pointed out that the rate limiting process for scale
formation is outward diffusion of metal cations through the cation vacancies in
the scale. Because of this outward flux of materials, most grain growth occurs
near the scale surface, and as a consequeﬁce, larger oxide grains were
observed near the scale-gas interface relative to those grains near the scale-

alloy interface as shown in figure 21.

The pérabolic rate law was.not always followgd as soon as oxidation had
started. This was especially so with slower reaction rates, such as those result-
ing from oxidation under low oxygen potentials where a long initial stage was
observed with a faster rate before parabolic kinetics took over (see fig. 13). In.
its most general description, the initial stage is the time needed for a uniform
and relatively thick and large-grained scale to develop in order for steady state
lattice diffusion to be established. Therefore, the slower the oxidation rate, the
longer the initial stage. Rapid oxidation during the initial stage is often
believed to be causéd by the presence of rapid diffusion paths through the vefy
thin oxides. These diffusion paths could be dislocations and sub-grain boun-
daries,?® especially vv;hen the oxide grains at this stage are very small with rela-
tively high grain boundary areas. The presence of large electric fields across
tbin oxide films can also contribute to the faster rate until the oxide film
exceeds about 50 A as pointed out by Graham et al.8 Presence of impurities,

such as sulfur,®! can impede the recrystallization process which is known to
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occuf during the early stages of oxidation,%? thereby extending the period of
" rapid non-parabolic k‘inetic's.

The variation of the parabolic rate constant, kp, with alloy cobrnpositicv)n is
shown in figure 14. The rate consiant is seen to increase légarithmically with
increasing Co content in the alloy when the ambient oxygen pressure is 1 atm.
Chen and Peterson®® had studied the diffusion, semiconductivity and non-
stoichiometry in (Ni,Co)O crystals and found that the tracer diffusivities of Ni
and Co in (Ni,Co)O crystals at 1445 and 1300°C in air both increased with
increasing Co content in the oxide. The relationship is approximately loga-
rlthrnic., decreasing towards pure NiO as shown in ﬁgulre 29. Since the mechan-
ism of scale growth of Ni-Co ‘alloys is cation outward diffusion through the
oxide, as discussed earlier, the major deciding factor for the rate constant will
be the diffusion coefficients of the caiions within the oxide. When the oxide has
the same composition as the alloy, that is, there is no selective oxidation of the
less noble compbnent. the oxidation rate will be expected to increase with alloy
composition in similar fashions as cation diffusivities are increased with Co con-
tent in the oxide. This is indeed the case with alloys oxidized under 1 atm. O,.
Very little Co enrichment was observed in their oxide scales (see figure 24), and
the composition of the oxide is similar to that of the bulk alloy. The variation of
k, with alloy composition is near logarithmic as Chen and Peterson;s observa-
ti;ns on the variation of the cation diffusivities with Co content in the oxides.
The major confributing effect to the increase in cation diffusivities in (Ni,Co)O
with Co content could be an increase in the tétal cation vacancy concentra-
tions in the oxides. Since Co0 is 10-100 times less stoichiometric than Ni0,% an
increase in Co content in the oxide would naturally increase the available

vacancies for diffusion.

Although cation diffusivities within the oxide scale are the major factor in
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deciding the actual oxidation rate, the shape of the diffusion path as well as the

degree of Co enrichment in the oxide scale are all contributing factors. When

Ni-Co alloys are oxidized under low oxygen potentials, selective oxidation of Co

takes place. This effect is manifested through the enrichment of Co content in
the external oxide scales, and as a consequénce, leaves a Co depletion zone in
the underlying alloys. Table 3 in section IV compares the degree of Co enrich-
ment in thev scale of four diﬁ’erent. alloys. As a result of the enrichment,
diffusivity of cations through the scale will increase and a higher rate constant
than if there were no selective oxidation will be observed. Since the degrée of
Co enrichment in the scale increases drastically with alloys pborer in their bulk
Co content, but not so much with alloys richer in Co, the relationship between
oxidation rate constants and alloy compositions is no longer near logarithmic
like those oxidized under high oxygen potentials (see figure 14). To better illus-
trate this phenomenon, the rate constant for the alloys oxidized under 68 x 10~°
atm. Péa is lowered according to its degree of selective oxidation which is taken
from the degree of Co enrichment listed in Table 3. The resultant relationship
is the dashed line shown in figure 30, which is again logarithmic. Therefore, the
increase of the rate constants towards the Ni rich end of the alloy composition

is mainly, if not solely, due to the increase in Co content in the scale.

B. Selective Oxidation

As discussed in section I, binary alloys which form completely miscible solid
solution oxides upon oxidation, such as Ni-Co alloys above 950°C, can have
scales with varying overall composition. The relative proportions of the alloying
components A and B in the scale are determined by the oxidation potentials of
A and B and their diffusion rates in the scale and alloy. Two limiting cases can

be identified:
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(1) When diffusion in the alloy is very slow in comparison with that in the scale,
the average amouﬁt of cation A or B in the scale will be the same as that of
tl‘;e bulk alloy. As a consequencé, there is no selective oxidation, and the
differing tendencies of the alloy components to éxidize, as expressed by
6(AG) ( = AG3o - AGjo > 0, since B forms the more stable oxide), has no

influence on the composition of the scale.

(2) When diffusion in the alloy is much faster than that in the scale, selective
oxidation of the more stable oxide takes place. Composition of the result-
ing oxide scale depends on the degree of §(AG). If 6(AG) were sufficiently

large, the scale can be virtually pure BO.

Ni-Co alloys oxidized under 1 atm. O; approximate to the first limiting case.
The cation concentra.tion profiles across the scale show very little Co enrich-
ment (see figure 24). As a'consequence, there is little selective oxidation and
Co depletion within the alloy is only a very ﬁarrow zone beneath the oxide scale
as shown in figure 22. The slight depletion of cobalt in the alloy immediately
beneath the scale is due to the fact that Co has a marginally greater affinity for
oxygen than Ni and is consequently slightly enriched in the steady-state scale.
Also, since Co diffuses out through the scale faster than Ni,?® Co enrichment at

the scale outer surface is observed.

When the ambient oxygen partial pressure is lowered from 1 atm. to 8 x
1079 atm., the solid solution oxide scales formed become more stoichiometrie,
since the degree of nonstoichiometry in both NiQO andeoO decreases towards
their dissociation pressures.3? This increase in stoichiometfy is also demon-
strated by the theoretical calculation of total vacancy concentrations within
the scale as sho;vn in figure 28. As a result of this increase in stoichiometry, a
"denser"” oxide scale is formed in terms of its available vacar1ci¢s for diffusion,

and diffusivities of cations in the scale will drop considerably. This is more so
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for scales formed on alloys poorer in Co content because the cation diffusivities
in the scale are very concentration depéndent. They are usually two orders of
magnitude lower in NiQO than. in CoO at 1000°C in air.®® On the other harld.
diffusivities in the alloy do not change with changing oxidizing potentials and
there is relatively slight dependence on alloy composition. Therefore,. Ithe
difference between diffusivities in the alloy and in. the scale decreases with
decreasing ambient oxidizing potential, and the difference is less for alloys
poorer in Co content. The situation here no longer approximates to the first
limiting case but begins tov approach the second one, and selective oxidation of
the more stable oxide (CoO) is observed (see figure 23) with a higher degree for
alloys poorer in Co content due to a smaller difference in diffusivities in the
alloy and in the scale. Since the difference in oxidation potential, expressed by
6(AG), for Ni and Co is relatively low,?*® the oxide scales formed with selective
oxidation is still a solid solution of NiO and CoO rather than pure CoO. A larger
Co depletion zone is observe;d in the alloy as a result of the enrichment of Co
into the scale, and within this depletion zone, disérete internal oxidé particles

of (Ni,Co)O are formed.

C. Internal Oxide Formation

Internal oxidation in the Ni-Co system is somewhat different from that clas-
sically reviewed by Rapp,®? Swisher® and Meijering.®® They considered the for-
mation of internal oxide in dilute alloys for the situation where the internal
oxide is a different phase from the surface scale. It has be:en pointed out by
Wagner® that in certain circumstances it is possible to have the same oxide
forrned\ both as an external scale and as an internal oxide precipitate within the
alloy. Growth of an external scale enriched with the less noblé component pro-
duces a depletion of that component in the alloy beneath the scale. If diffusion

of oxygen into the alloy occurs, at some depth into the alloy the-solubility
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product for oxide formation could well be exceeded. Thus, formation of inter-
nal oxide in these systems stems from the depleted zone of the less noble com-

ponent of the alloy below the surface scale.

It was first suggested by Rhines®? in studyirig the oxidation of copper alloys
that metal oxides at the scale-alloy interface can dissociate into metal atoms
and oxygen atoms which are dissolved in the alloy. Suppose that the oxygen
activity in the two phase region alloy+{Ni,Co)O is determined by the equilibrium
(Mi,Co)Ogy » (Vi,C0)guey + Oldissoived in auoy)- Then, at the interface between the
external scale and the alloy where the Co activity is low (as in fig. 23), the con-
centration of dissolved oxygen atoms is greater than in the interior of the alloy
where the Co activity is high. Thus there is an oxygen concentration gradient
in £he alloy resulting in .inward diffusion of oxygen and precipitation of small
internal oxide particles_fm- the alloy. Quantitative analysis ‘by Wagner®® showed
that the internal oxidation process would be favored if the diffusivity of oxygen
in the alloy (Dp) is relatively high compared to the interdiﬁusion coefficient of
the alloy (Dsg). Few data are available for the diffusivity of oxidant in Ni, Co
alloys: Typical values for oxygen lie in the range 1078 - 1078 ¢m.?/ s at 1273°K,17
and Dyp for Ni-Co alloys at the same temperature is about 107'% cm2?/ s %8 This
large difference in diffusivities enhances the internal oxidation process and
internal oxide particies are formed within the entire Co de?letion Zone as

shown in fig. 20.

The reasons why the internal oxide precipitates obéerved are solid solution
{Ni,Co)0 are because N1 Co alloys form solid solution oxides over theirlentire
composition range above 950°C, and tﬁat the difference in the affinity fof oxXy-
gen is slight. Therefore, although Co is the less noble component in the alloy,

the precipitates still have a substantial amount of Ni dissolved in them. As the

Co concentration increases towards the bulk alloy and consequently the con-
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centration of dissolved oxygen decreases, the internal oxide particles will

become richer with the less noble component, Co. This is indeed the case

observed experimentally as shown in figure 21.

The Co content in the internal oxide particles shown in figure 21 can be

compared with the Co concentration profile of their corresponding alloy within

the internal oxidation zone as in figure 31. The solid line in figure 31 is the Co

concentration profile within the internal oxide precipitation zone, and the

points represent Co concentration in the internal oxide particles. The activity

of Co in the oxide particles should be the same as that in their surrounding

alloy, since the system is essentially at thermodynamic equilibrium. Table 4

summarizes the relationship between Co content in the oxide precipitates and

i their surrounding alloys for the three alloys oxidized under 6 x107? atm. O,.

TABLE 4

Co Concentration (in wtZ%) in Internal Oxide Particles and in Their Surrounding Alloys

Ni-40%Co

Ni-60%Co Ni-20%Co
[Co lauoy [Colozide [Co Jauoy [ Co Jozide [ Co Jauoy [ Co Jozide
39.0 57.6 24.7 48.4 12.5 30.1
41.7 61.4 26.5 45.0 12.9 25.5
46.2 63.6 28.3 50.0 13.9 30.0
47.5 61.1 34.0 54.4 17.4 37.2
57.6 64.0 34.5 57.2 17.8 40.0
- - 38.7 58.2 - -

These results are plotted as [ €0 Jozige VS [ €0 Jauoy in figure 32. Although the data

points in figure 32 are confined within 10-60wt% Co in the alloy, the general

trend still shows that the solid solution oxides in equilibrium with the alloys
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have a relatively higher Co content when the alloy is low in Co. This behavior

seems to indicate that the activity of Co in the NiO-CoO system exhibits a nega-

tive deviation from Raoult's law as shown schematically in figure 33(b).

The activity of cobalt in the Ni-Co system shows Raoultian behavior (fig.
33(a)), since the Ni-Co system at 1273°K forms an ideal solid solution.® Under
thermodynamic equilibrium, ag (in the alloy) = ag, (in the oxide). Therefore,
an alloy with .20% Co would 'correspond to an‘oxide with ~38% Co following abcd
on figure 33, and similarly, following efgh, an alloy with 60% Co will be in equili-
brium with an oxide of ~85% Co. These relalionships correspond with those
observed experimentally as shown in figure 32, and explains why a relatively
higher Co content is observed in intefnal oxides formed within alloys poorer in

Co.

D. Theoretical Analysis
(i) Oridation Under High Orygen Potentials

A comparison between theoretically calculated and experimentally meas-
ured cation concentration profiles across the oxide scales formed under 1 atm.
0, is shown in fig. 24. The agreement is not only good but shows an improve-
ment over earlier calculations*® where a relatively simple defect model was used
as discussed in section II. Figure 31 compares the cation profiles calculated in
this work and in the previous work with éxperimentally detérrnined profiles by
eiectron microprobe analysis. Although the improvement is not tremendous,
because those calculated from .the previous work have already achieved fair
agreement with experimental data, there is still a better overall fit with each
experimentally determined profile. Furthermore, the dip in the previously
obtained theoretica.l profile for Ni-80%Co and Ni-38%Co alloys near the scale-
alloy int.erface cannot be justified by diffusion theories, but such a dip' is no

longer present in this calculation.
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Although the theoretical "analysis presented in this work has brought
better agreement between calculated and experimentally determined profiles,
the fit is still not perfect. This can be due to the Various.assumptions made in
the calculations and the scatter in the cation concentrations obtained by
microprobe analysis as mentioned earlier. In addition, the lack of a very com-
plete defect model for the nonstoichiometric oxide, the limited experimental
defect .equilibriurn constants and the lack of any theory a.ccounting for the
variation. of the elementary jump frequencies of the cations (I'y and I'g) as a
function of composition, are all possible contributing factors toward the imper-

fect fit.

Additional results of the theoretical calculations include the oxidation rate
constants and the variaf.ion in total vacancy concentration through the scale.
They are presented in figures 25 and 26. The good agreement between calcu-
léted rate constants and those measured experimentally arises mainly because
there is a good agreement in the cation concentratidn profiles across the
s}cales. This is so because the growth rate of this type of solid solution scale is
greatly dependent upon the distribution and concentration of the cations in

the scale.

The total vacancy gradieht through the scale is, of course, related to the
growth rate of the oxide. Thus, the overall vacancy gradi'ent across the scale,
and the growth rate, increases with increasing Co content of the alloy. The
vacancy concentration profile has a stronge dependence 6n the oxygen activi-
ties across the scale as shown in figure 35. The oxygen partial pressure varied
from 1 atm. at the scale-gas interface to the dissociation pressure of the oxides
at the-scale-alloy‘ interface, and as a consequence, the scale has the highest
degree of nonstoichiometry at the scale-gas interface and the lowest degree at

the scale-alloy interface. Co enrichment near the scale surface, due to its
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higher affinity for oxygen and faster diffusion rate in the scale, also enhances
higher vacancy concentration near the scaIe-gaé interface since CoO is the less
stoichiometric oxide. This compositional effect on the variation of the vacancy
profiles through theb scale coincides with the oxygien activity effect and there-

fore, is not as obvious.
(ii) Oridation Under Low Oxygen Potentials

It is not the purpose of this work to extensively study the applicability of
the theory _described here to the oxidation behavior under very low oxygen
potentials, although an attempt has been made with the Ni-38%Co .alloy to see

how the calculation would agree with experimental data. This comparison is

-shown in fig. 27. The poor agreément resulted, in general, from the lack of con-

sideration of the dissociation of the oxides at the scale-alloy interface, followed
by inward diffusion of the okygen atom to form internal oxide particles. From
the depth of internal oxidation zone found on these alloys oxidized under low
oxygen potentials, it is clear that t;he inward oxygen diffusion process is no
longer a negligible one. This process will cause the scale-alloy interface to
move towards the original alloy surface and counterbalance the effect of a
receding interface which results from the external scale growth. The moving
boundary diffusion problem then, would have to involve not only outward cation
diffusion through the scale, but also inward anion diffusion from the scale-alioy
interface. Furthermore, the coAnstant dissociation process of the oxides at the
scale-alloy interface may upset the local thermodynamic equilibrium there. As
oxygen at the scale-alloy interface dissociates from the scale and diffuses into
the alloy, a new interface is created. The oxygen activity at this new interface
would be higher, especially whven the oxygen activity gradient near the scale-
alloy interface is the steepest (see fig. 35), and a long diffusional process is

necessary to bring it back to its equilibrium value again. Figure 36 shows the
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comparison between e)_{perimental‘cation profile on the Ni-387%Co specimen oxi-
dized under 6 x 107? atm. oxygen and a theoretically calculated profile allowing
for the oxygen activity at the scale;alloy interface to be one order of magnitude
higher than its equilibrium value. The agreement proves to be much better
although it will not be right to say that this is the only factor preventing the

theory and experiments from agreeing with one another.

The steeper theoretical cation profile in the écale shown on fig. 27 can also
suggest that higher cation diffusivities (D, and ,‘_DE) are being calculated, which
could be due to a higher calculated vacancy concentration across the scale.
Since there has been very little study of the defect structure of thé'se oxides
near their dissociation pressures, it is plausible that the defect model used in
the analysis does not adequately describe the actual defect concéntrations
under these low oxygen partial préssures. Another reason for the difference in
steepness of the two profiles in the scale could be dué to an experimental error.
Na-rr.iely, the experimental oxygen potential in the oxidizing atmosphere {0.1%
C0/CQ0,) is actually lower than that predicted from thermodynamic equilibrium
of the reaction CO+ 1/2 0, » CO,. If this were the case, the vacancy concen-
tration gradient across ‘the scale would be smaller and the experimentally

measured cation profile would be flatter.

Values of the theoretical and experimental scale growth rate for this Ni-
38%Co specimen are quite close regardless of the discrepancy belween the
cation profiles. These rate constants are, kp(cq) = 1.06 x 107! g? cm™ 57! and
kg(ezpty = 1.20 x 107! g% em™* s~!. This agreement is due to the fact that one of
the boundary conditions set for the theoretical calculations is to make the
enrichment of Co in the scale equal to the depletion of Co in the alloy. Since

the theoretical and experimental profiles in the alloy agree somewhat better,

the calculated average Co concentration in the scale is quite close to the
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experimental value. As mentioned before, the growth rate of this type of oxide
scale depends greatly on the average cation composition across the scale;

therefore, the two growth rates agree fairly well.
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V1. CONCLUSIONS

Ni-Co alloys in the composition range of 1-80 wt%Co oxidized at 1000°C
under 1 atm. O, or 6 X 107® atm. O, all formed a solid solution external scale.
The scale growth rate was found to be parabolic. ,When the ambient oxidizing
potential was high, the parabolic rate constant increased nearly logarithmically
with Co content in the alloy. This relationship arose from the increase in cation
diffusivities within the Ks_cale which was caused by a concomitant increase in
vacancy concentrations. The rate constants for alloys oxidized under the low
oxygen potential behaved differently, with similar values for alloys low in Co
content and increasing gradually towards the Co rich end of the composition.
This effect was caused by the increasing degree of selective oxidation of the
more stable okide, in this case also the more nonstoichiometric oxide, in the
external scale 'for alloys that are poorer in Co content. The difference in the
degree of selective oxidation between alloys of different compositions and
between alloys vxidized under the two extremes of oxygen potentials could be
explained by considering the different diffusioﬁ rates in the alloys and in the

scales.

A subscale of solid solution internal oxide precipitates was found beneath
the external scale. The depth of the subscale was very narrow for alloys oxi-
dized under the high oxygen potential, but became extensive for alloys oxi-
dized under the low oxygen potential. All of these internal oxide particles were
enriched in Co as compared to their bulk alloy compositon, and alloys with
lowerv Co content formed precipitates that were relatively richer in Co. The
fraction of internal oxide precipitates within the internal oxidation zone fell off
with distance into the alloy and there was no sharp delineation of the front of
internal oxidation. The depth of the internal oxidation zone corresponded to

the depth of depletion of the less noble component in the alloy. In addition, the
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composition of the oxide precipitates varied throughout the internal oxidaiton
zone, with an increasing concentration of the more stable oxide component at

increasing depths below the scale-alloy interface.

The theoretical analysis made use of Wagner’s ternary diffusion model with
a more refined defect model to express the compositional and oxygen activity
dependence of the cation diffusivities. Calculated catioﬁ concentration profile
and scalelgrowth rate for alloys oxidized under t:he high oxygen potential
showed very goodv agreement with experimental data. This good agreement
demostrated that correct interpretavtion of .the growth of these solid solution
types §f scales really requires as accurate as possible a model for the point

defect struéture of the oxide.

Similar calculations considering diffusion processes in the alloy as well as
those in the scale for alloys oxidized under the low oxygen potential showed
rather poor agreement with experimental data. A more complete theory was
called for, where extensive oxygen dissociation at the scale-alloy interface and
its subsequent inward diffusion causirig internal oxide formation need to be

included.
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VIII. FIGURE CAPTIONS
Scherhatic alloy oxidation kinetics showing different stages in alloy
oxidation. '

Schematic presentation of the relationship between scale morpho-
logies on binary alloys which form completely misible oxides.

Schematic diffusion profiles in the alloy and scale, illustrating the
relevant coordinate systems and boundary conditions.

Variation of Dg, and Dy with oxide composition, £, at different oxy-
gen activities.

Variation of 8lnDg, /0¢ and 8inDy,/8lna,y as functions of ¢ and ap,
and p as a function of {. '

A comparison between values of D%, Df; and p calculated from
theory and those obtained experimentally by Chen and Peterson.?®

A . comparison between experimentally measured D&, Df and p
values and those calculated using reduced equilibrium constants
for the formation of vacancies in NiO. '

Schematic presentation of the experimental rig showing the bal-

- ance and furnace assembly with indications of gas flows.

Q-

Photograph of the experimental rig.

"10 - Detailed schematic preséntation of the furnace tube assembly

showing the path of gas flow within the system.

11 - Kinetic curves obtained during oxidation of Ni-20%Co specimens

under 1 atm. Py, and 8x107% atm. Py, at 1000°C.

12 - Parabolic plot of the kinetics of various Ni-Co alloys at 1 atm. Po,

for 1000°C.

13 - Parabolic plot of the kinetics of various Ni-Co alloys at 6x107% atm.

Poa for 1000°C.

14 - Variation of the parabolic rate constant, k,, with composition for

Ni-Co alloys oxidized under 1 atm. Pp, and 6x107% atm. Po, at
1000°C.
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Figure 15 - Optical micrograph of Ni- 80%Co alloy which was oxidized at (a) Po,
= 1 atm. for 100 minutes (b) Py, = 1 atm. for 15.5 hours (c) Py, =
6x107% atm. for 18 hours.

Figure 16 - SEM image of oxide surfaces on two Ni-20%Co alloys oxidized at
8x107% atm. Py, for (a), {(c) 70 hours and (b), {d) 17 hours.

Figure 17 - SEM image showing difference in scale grain size near the scale-
alloy interface and at the scale surface on a Ni-80%Co alloy oxidized
at 6x107% atm. Py, for 360 hours.

Figure 18 - Optical micrograph of a cross-sectioned Ni-60%Co specimen oxi-
dized at 6x107° atm. Pop, for 18 hours showing typlcal morphology

of internal oxide particles.

Figure 19 - Optical micrographs comparing depth of internal oxidation zone on
two different alloys oxidized at 6x107® atm. Pg, for 360 hours (a)

Ni-40%Co (b) Ni-80%Co.

Figure 20 - Trace of electron beam during a microprobe analysis on a Ni-40%Co
alloy oxidized at 6x107° atm. sz for 360 hours.

Figure 21 - Cornposition of internal oxide precipitates as a function of penetra-
tion distance into the alloy obtained from microprobe analysis on
Ni-20%Co, Ni-40%Co and Ni-60%Co alloys oxidized at 6x107° atm. Po,

for 360 hours.

Figure 22 - Comparison between Co concentration profiles through Ni-80%Co
alloys oxidized at 1 atm. Pp, and at 6x107°% atm. Po,.

Figure 23 - Co concentration profiles in y and A space through Ni-
10,20,40,60%Co alloys oxidized at 6x107° atm. Pg, for 360 hours.

Figure 24 - Comparison between experimental and theoretical calion profiles in
oxide scales formed at 1000°C on Ni-Co alloys contining 10.97%,
20.6%,38.4% and 80% Co respectively.

Figure 25 - Comparison between the parabolic rate constants, k,, obtained
experimentally and theoretically on alloys oxidized under 1 atm.
Oa.

Figure 26 - Calculated total vacancy concentrations across the scales formed
on four different Ni-Co alloys oxidized at 1 atm. Po,.

Figure 27 - Comparison between experimental and theoretical Co profiles
through a Ni-38%Co alloy oxidized under 6x10~? atm. oxygen.
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Figure 28 - Comparison between the calculated total vacancy concentrations
across the scales formed on Ni-38%Co alloys oxidized at 1 atm. Po,

and at 6x107° atm. Py,

Figure 29 - Diffusion coefficients of C0® and M5’ in (Co.Ni,_.) O crystals at
1445 and 1300°C in air. Plotted as log D vs c.

Figure 30 - Variation of the parabolic rate constant with composition for alloys
oxidized at 6x107® atm. Pp,. The dashed line represents the varia-
tion after the degree of Co enrichment in the scale has been
corrected. :

Figure 31 - Comparison between Co concentration in the alloy within the inter-
nal oxidation zone (solid line) and the Co concentration in the
internal oxide precipitates (points) on a Ni-40%Co alloy oxidized at
Pp,=6x107® atm. for 360 hours.

Figure 32 - Relationship between Co concentration in the internal oxides and
their surrounding alloys.

Figure 33 - Schematic illustration of the activity of cobalt in {(a) the Ni-Co sys-
tem and (b) the NiO-CoO system. .

Figure 34 - A comparison between experimental cation profiles and theoretical
profiles calculated in this work and in a previous paper® in oxide
scales formed at 1000°C on Ni-Co alloys containing 10.8%, 38.4% and
80.0% Co respectively. .

Figure 35 - Calculated oxygen activities and total vacancy concentrations
across the scale formed on a Ni-38%Co alloy oxidized under 1 atm.

0, at 1000°C.

- Figure 36 - Comparison between experimental and theoretical Co concentra-
tion profiles through a Ni-38%Co alloy oxidized at 6x107? atm. Po,,
while allowing for the calculated oxygen activity at the scale-alloy
interface to be one order of magnitude higher than its equilibrium
value.
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Figure 1 - Schematic alloy oxidation kinetics showing different stages in alloy
oxidation.
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Figure 3 - Schematic diffusion 'proﬁles in the alloy and scale, illustrating the
relevant coordinate systems and boundary conditions.
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Figure 8 - A comparison between values of DL. D} and p calculated from
theory and those obtained experimentally by Chen and Peterson.?®
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- Figure 8 - Schematic presentation of the experimental rig showing the bal-
ance and furnace assembly with indications of gas flows.
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Figure 10 - Detailed schematic presentation of the furnace tube assembly
showing the path of gas flow within the system.
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Figure 21 - Composition of internal oxide precipitates as a function of penetra-
tion distance into the alloy obtained from microprobe analysis on
Ni-20%Co, Ni-40%Co and Ni-80%Co alloys oxidized at 6x10~° atm. Po,
for 360 hours.
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Figure 22 - Comparison between Co concentration profiles through Ni-60%Co
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Figure 23 - Co concentration profiles in y and A space through Ni-
10,20,40,60%Co alloys oxidized at 6x10~° atm. Pp, for 360 hours.



- 80 -

I I 1 l
Microprobe | & Ni-109wt% Co alloy
analysis | Ni-20.6 wt% Co alloy

— profiles @ Ni-384wt%Co alloy -

C Ni-80 wt%Co alloy
Theoretical cation profiles

1.O—
0 c© © 0 T

Ni-80%Co

0 | | | |
0 02 04 06 08 10

y XBL 831-1109

Figure 24 - Comparison between experimental and theoretical cation profiles in
oxide scales formed at 1000°C on Ni-Co alloys contining 10.9%,
20.6%,38.47 and 80% Co respectively.
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Figure 26 - Calculated total vacancy concentrations across the scales formed
on four different Ni-Co alloys oxidized at 1 atm. Pp,.



- 83 -

| ] [ | 1 vt
80 T Ni-38 wt% Co -
: — Theoretical
70 | - © Experimental =
e0r )
o\o 50"‘
= |
o 40
O
30+
20+
Solid solution
10+ Ni-Co oxide —
Ol ] ] ] ] | | : | N A R T B T
7 -6 5 4 3 2 l O 02 04 O0O6 08 10
Ap hr-'/z_) y |

XBL 831-1108

Figure 27 - Comparison between experimental and theoretical Co profiles
through a Ni-38%Co alloy oxidized under 8x107° atm. oxygen.
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Figure 28 - Comparison between the. calculated total vacancy concentrations
across the scales formed on Ni-38%Co alloys oxidized at 1 atm. Py,

and at 6x107° atm. Pp_.
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Figure 29 - Diffusion coefficients of Co® and M°’ in (Co.Ni,—.) O crystals at
1445 and 1300°C in air. Plotted aslog Dvsc.
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Figure 30 - Variation of the parabolic rate constant w1th composition for alloys
oxidized at 6x107° atm. Po The dashed line represents the varia-

tion after the degree of Co enrichment in the scale has been
corrected.
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Figure 31 - Comparison between Co concentration in the alloy within the inter-
nal oxidation zone (solid line) and the Co concentration in the
internal oxide precipitates (points) on a Ni-40%Co alloy oxidized at
Pp,=6x10"% atm. for 360 hours.
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Figure 32 - Relationship between Co concentration in the internal oxides and
' their surrounding alloys.
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Figure 33 - Schematic illustration of the activity of cobalt in (a) the Ni-Co sys-
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Figure 34 - A comparison between experimental cation profiles and theoretxcal
profiles calculated in this work and in a previous paper*® in oxide
scales formed at 1000°C on Ni-Co alloys containing 10.9%, 38. 4% and

80.0% Co respectively.
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Figure 35 - Calculated oxygen activities and total vacancy concentrations
across the scale formed on a Ni-38%Co alloy oxidized under 1 atm.

0, at 1000°C.
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Flgure 36 - Comparison between experimental and theoretlcal Co concentra-
tion profiles through a Ni-38%Co alloy oxidized at 8x10~° atm. Po )
while allowing for the calculated oxygen activity at the scale-alloy
interface to be one order of magnitude higher than its equilibrium
value.
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