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ABSTRACT
i .

Two model systems, Co—Rh and Ni—Co, were used to study surface segregation
and oxidation phenomena on binary alloys. - ,

Cobalt was found to sputter preferentially from five Co—Rh alloys rz;.nging in
composition from 19.3 to 84.7 at% Rh when irradiated by 4A keV A:+ ions. Surface
segregation experi:pents on this system in the temperature range 623 to 1123'K‘
showed that cobalt was enriched on the surfacé of a 84.7Rh alloy, while rhodium
énrichment was determined for a 19.3Rh alloy. No conclusive segzr;egation could be
measured on the surface of 2 47.8Rh alloy. The variation of surface concentration
with temperature indicated enthalpy values of 1 + 1 kJ mol ! and -3 = 7 kJ mol_l
for the 19.3Rh and 84.7Rh alloys, respectively. Reasonable agreement was found

between these measured enthalpy values and those calculated from the combined

* bond Breaking and lattice strain models of surface segregation.

~ Oxidation experiments were performed on (110) Ni—3.86Co and Ni—4.0Co
\,

polycrystalline alloys at temperatures in the range 673 to 1073 K and a pressure of

5x107S Torr. The effects of surface pretreatment and orientation of the alloy

surfaces were correlated to differences in oxide morphology and growth rates. Single

crystal specimens which were chemically polished, annealed in vacuum and initially

exposed to oxygen at room temperature showed a tendency to ' form
(100) (NiCo)O || (110) Ni-3.86Co. These layers also exhibited the slowest growth

rates and greater enrichment of CoO from the inner to outer oxide surfaces. Single

* . crystal surfaces prepared by chemical 'polishing, annealing in vacuum and initial

exposure to oxygen at the reaction temperatures developed additional oxide

orientations parallel to the underlying alloys. Finally, the polycrystalline Ni—4.0Co

specimens which were prepared by mechanical polishing followed by exposure to
iii "
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room temperature oxygen developed polycrystalline oxide films. These types of
structures were associated with higher rates of oxide growth and lower enrichments
of CoO from the inner to the outer oxide éurfa.ces.

The experimentally measured composition profiles were analysed accord.ing to
- the Wagner(®* model of oxidation, modified to include the effects of short circuit
grain boundary diffusion. Effective alloy interdiffusion coefficients were calculated
which showed that the rate of tfansport in the alloy zone beneath the growing oxide
layer was enhanced relative to that expected solely on the basis of volur.ﬁe diffusion
in this phase. The results were rationalized according to a dislocation model for the
accomodation of plastic strain and vacancy annihilation in cation conducting

sca.les(ug).
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CHAPTER 1 RS
INTRODUCTION

An understanding of the chemical and physical properties of interfaces is

essential in many areas of science and engineering,. including biology, éa.talysis,_
cdrrosion, high temperature oxidzition, and wear. Interfacial properties may be
influenced by many factors such as. the bulk composition, impurity segrégafioﬁ,
oxidation, phase transformations and radiation damage, to name onlf a few.
Clearly, the study of interfaces and near—surface phexiomena (including thin films)
covers a broad range of disciplines and interesis. : ;
Over the last two decades, progress'in these areas has been aided immg;lsely by -
the develdpment of a host of surface analytical techniques. It is now routinely
possible to examine: the structure and cémposition of solid surfaces and films which
may correspond to-thicknesses of less than one atomic 1ayer. One of the most
widely used spectrdscopies for the measurement of near surface composition is Auger
electron spectroscopy, AES. With the aid of thgs and other techm‘ques, résearchers \
have made extensive investigations l;,ading to an improved understanding of the
“chemical and physical properties of atomically clean ;i‘éta_ls and alloys as well as the -
earliest stages of the interaction of these surfaces with‘ réac‘tive_,étmospheres. In

particular, -there is now a substantial body of literature réla.ted to the

thermodynamics and kinetics of adsorption or segregation at solid surfaces and
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interfaces. This growing experimental database has led to increasingly detailed
models which attempt to theoretically explain the observed segregation phenomena.

The thermodynamic principles of adsorption or segregation were set forth by
Glbhs( ) over a century ago. Many a.uthors have since proposed refinements to this
theory which attempt to correlate the observed adsorptlon behaviour to other
experimentally ‘measura.ble parameters. Two principle intrinsic factors have

generally been used to predict the constituent of a homogeheous binary alloy which

will be enriched at the surface relative to the bulk. These are the differences in -

chemical bond strength and atomic size. However, there is less agreement about the
the actual extent of segregation, which is mainly due to the relative importance
assigned to each of these factors. Additionally, there are differences in the exact

way in which the two driving forces are represenied and in the choice of the most

"'{"l"'appropna.te correlatmg physma.l property

The smface segregatlon measurements compnsmg the first part of this thesis

..research were 1mtrated -on a. model system, Co—Rh, as a further test of the current

theories of segrega.tlon These alloys were an mterestmg choice for experimental

1nvest1ga.t10n because the two dmnng forces descnbed ea.rher theoretlcally work mv

'opposn;e directions for this system This indicated that a changeover of the |

segregating species mlght occur depending on which element acted ‘as the solute

speci_es.' A review of the literature was conducted which failed to find any previous

i experimental work on the segregation behaviour of Co—Rh alloys.

. Co—Ni aIloys have also been the subject of surface segregation investigations,

but for somewhat different reasons. Prior to the work of Hajcsar and cowor:kers(2 3)-_ o

the few expenmenta.l data for this system had been contrad1ctory rega.rdmg the |

" nature and extent ot‘ the surface’ enrichment in this system This sxtuatlon was

thought to be due to the fact that mckel and cobalt are very close in atomic size and



chemical binding energy, leading to very small predicted driving forces for
segregation. In an a.ttempt to resolve these differences and also to demonstrate the
feasability of using the most ‘siurface sensitive EVV Aﬁger electron peaks as
quantitative indicators of composition, further studies were\eonducted at McMaster\
University. In these investigations digital spectrum sunulatlon tecuuques wete also\
employed as 2 method of deconvoluting overlapping Auger tra.nsmons from\the t;o \*‘\\__

N
elements, wlnc.h is another reason that study of this system is difficult. " Slmllar\_\_.\' - "3\
analysis techniques were used to study the Co—Rh alloys. The early stages of oxide T

~

nucleation and film formation are also of interest for the Co-Ni system, but
experiments in this area were limited to the nucleation and growth stages of o:d&e\f\“--\\:_ . |
islands at low oxygen pressures. |
Another iznpertant surface—related phenomenon is that of corrosion, which in
its broedest sense, refers to the chemical attack of a material by reaction with its
~environment. The bas13 of corrosion protection for most metals and alloys used at
high temperatures is the forma.tlon of a protective oxide layer whxch sxgmﬁcantly
| reduces the rate of further attack by acting as a barrier to the tra.nsport of reactants B ;

’ between the meta.l and the ‘reactive environment. - These tra.nsport pr0pert1es are .

dependent on many physxcal and chemxcal pmpertles of the ox:de It is therefore

important to have as complete a physical and chemical descnptlon of the reaction
layers“as possible in order to fully understand the‘cortosion'reaction.

The oxida.tinn of alloys in various reactive atmospheres may result in a
seemingly limitless number of .oxide morphologies and reaction rates. However, by
restnctmg their "attention to simpler alloy systems in controlled atmospherec
researchers have attempted to classify the possible limiting cases which ma.y
" naturally occur. The basic pnnmples which are derived from this type of research )

may then be applied to the design of more complex engineering materials.
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At elevated temperatures and _oirygén partial pressures, Co—Rh and Ni-—Co
alloys can be expected to develop diﬁ'e'rent steady state oxide scale morphologies.
This prediction may be made upon conmdera.tron of the relative thermodynamic
sta.brhtles and dlffusmtres of components in ea.ch of the possible oxide phases.
Co—Rh alloys are a partlcnlar example of 2 more general class of noble metal alloys.
While the- oxidation propertres of this system have not been examined

experimentally, their behs.siour is expected to be similar to other single phase

"binary systems in wluch one component is selectively oxidized, while the other more

noble component rema.ms thermodynamrcally inert. Scale morphologies which may
o be produced in these systems have been reviewed by Wlnttle(4) and Smeltzer(s)
.‘::?Ta.long w1th models ba.sed upon: terna.ry drffusron and solutlon thermodynamics which

- 'may account for the observed growth mecha.msms

The oxides of cobalt and nickel exhibit complete oxide solublhty and hence
represent the simplest of binary systems under-conditions in which both'components
are oxidizable. The relative proportions of each species in a uniform external oxide

scale are therefore determined by the relative oxidation potentials and diffusivities

. of each component in the two sohd phases. A ternary diffusion model for this type
’of growth was first: proposed by Wagner(a) in 1969. His theory was subsequently

:used to interpret the o:ndatzon beh:mour of a number of - systems (1nc1ud1ng. o

Nx—Co—O) d15pla.y1ng thxs type of growth morphology

Whrle there appears to be a sound theoret:ca.l baSlS for our understanding of

| these two hmrtmg types of bma.ry a.lloy oxrda.tzon, much more expenmenta.l data
| .rela.ted to thermodynannc, drffusmnal a.nd ox:datlon propertles is presently available
._for the Ni—Co—O system tha.n for the Co—Rh-—O system. In order to extend a.nd .
- .eva.lua.te the potentra.l application of these o:ndatlon models at lower temperatures

~ where alterna.trve growth mecha.msms ma.y come into play, thrs independent data



becomes very important. Hence, the Ni—Co system was selected for further
oxidation study in the latter part of this thesis. These experiments were intended to
explore the thin film range of solid—sclution oxide growth at intermediate
temperatures. Until recently, very little experimgntal work has been done in this
rcea. | _ |
At sufficiently high temperatures the transport of reactants through oxides of
the transition metals and their alloys is primarily lcontroll.ed by ambipolar diffusion
of lattice point defects (i.e vacancies and electronic defects) in the bulk oxide.
However, at low or intermediate_ temperatures ofrup to approximately one-half of
the oxide melting temperature, there .is now sufﬁcient evidence to condude _that
diffusion through low activation sites, such as oxide grain boundaries is the main
rate determining process. The growth rates of monophase scales on zircomium,
nickel and chromium have been quantitatively interpreted by mechanisms involving-
-short—circuit diffusion where independently  determined diffusion data were
available(5), - Previous experimental wc;rk' on soﬁd solution oxides has been
concentrated in the high temperature range (i.e. aﬁave 100(_]?0)‘, so that these
alternative diffusion mechanisms did not have a signigcaﬁt “inﬂu‘ence on the
dxida.tion process. Recent published tracer diffusion data for the grain boundary
transport of Ni, Co and O in NiQ0 now make it feasible to inclide these types of
diffusion processes in the analysis of low t?é.mpera.tﬁre_ (NiCo)O film grbwth.
Oxidation experimenfs were therefore pe_gformed: on Ni—Co alloys between 673 and
1073 K in order to investigate the kinetics, structural development and chemical

composition of (NiCo)O solid solution oxides at intermediate temperatures.

1



CHAPTER 2

THEORY
2.1 Introduction

The physical and chemical states of an alloy and its surface are determined by
both internal and external driving forces which ina.y come to bear on the system. In -
an ultra-high vacuum environment, the external inﬂueﬁce ‘of pressure and: the
possiblity of a reaction with ‘ﬁhe‘- surrounding medium are essentially removed, so
that changes in the surface state a:;g:ﬁznia.inly governed by temperature and the |
compositio_g of the bulk system. Undefi'these conditions, and given sufﬁcient time, a
semi—inﬂnii'e bulk a.lloj and its surface w111 reach some final equilibriuni or steady
staf;e condition. ' o '

Introducing a reactive gas into the su:rounding medium may alter this
equilibrium state, due to chen:ucal interactions between the surface of the alloy and

the new environment. Very often, new phases form at the alloy—gas interface, and
| unless they are :‘_vol-a.tile, these reaction products may retard or inhibit further _
reaction bet{veen the alloy and gas. This is expected, since contact between the
alloy and the'environmeﬁf is now limited by transport of reactive species through
‘the intermediate layer. ,
" The present chapter has been’ prepared in order to give an outline of the

releva.nt theoretical models pertaining to surface segregation and oxidation of binﬁy
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alioy systems. This review is therefore divided into two main sections déaling first
with segregation followed by a discussion of metal and alloy oxidation. For a more
detailed description of these processes, the reader is referred more comprehensive

(7-9) (10-14)

works on segregation and oxidaticn

2.2 Surface Segregation On Binary Alloys
2.2.1 Classical Thermodynamics and Quasichemical Models

The selective segregation of the constituent elements of alloys was first
predicted thermodynamically by Gibbs more than a century ago(l). Howevér,
.substantial invesiigation of his predictions has only taken pla.cé in the last two
decades with the deVeldpment of ultrahigh vacuum (UHV) techniques and surface
sensitive spectroscopies such as Auger eleciron spectroscopy (AES). In an attempt
to compare the growing experimental database with the Gibbsian model, a number
of approximations have been proposed, which usually attempt to relate fhe observed
segregation to experimentally measurable parameters’ sucﬂ as elemerital surface
tensions, heats of formation and elastic constants. In general,‘hbwever, most of the
current theories can be divided iﬁto two main categories, characterized by the
specification of the force(s) driving the segregation; these are the "bond breaking"
and "lattice strain" theories. |

The bond br;;icing theories consider the difference in binding energy of the
components in a binary alloy as the dfiving force for segregation. The. element
having the lowest bond energy will tend to be enriched at the surface so that an
overall reduction in the suffa;;e free energy of the system is realized. Lattice strain

theories predict segregation on the basis of size differences in the two components.

0



Solute-elements with atomic radii considerably different from. that of the solvent
will have associated with them an elastic strain field which m'aj be partially or
completely released by moving the solute to a surface site. An excellent review of
these models has been given by Kelley and Ponecl’).

For a binary single phase solid solution alloy ‘system, assuming that the
segregation is conﬁned to the monolayer of atoms closest to the surface, the

-concentration of eIement 1 at the surface, X , relative to that in the bulk, Xll’, is

given by
b
X5 X AG
2.2 [Js] (2-1)
s b - RT
| X X
where AG___ is the molar free energy difference associated with the exchange of

seg . P
atoms of element 2 in the bulk with atoms of element 1 on the surface. In general,

| AGseg is written in terms of an enthalpy and entropy as
| AGg,, = AH,, —TAS S (2-2)
where the entropy of mixing due to segregation can be determined entirely in terms
| of the grand canonical ensemble model of thermodynamics.
Within the bond breakmg category, at the simplest level of approximation,
called the ideal solutlon model, the heat of mixing for the alloy is assumed to be

zero, so that AHseg is given by

AH_ ﬂ(AHS“b ABSTP), o (29

o

where Z is the coordination number of a surface a.tom, Z the coordination number
of a bulk atom and AH?“b is the heat of formation of a gaseous atom from the
0 .
element in its standard state: Alternatively, some authors use
AHseg = (oy~0y) 0, h (24)

where gy is the solid surface tension of the pure element and a:‘is the molar surface



area. At the next higher level of e-ﬁproxima.tion, the regular solution model, extra
terms are added to AB®8 to account for a ﬁnifle hee;t_of mixing.

In the "lattice strain" models AH*® is calculated on the basis of linear
lasticity theory. Bshelby(!®) has obtained thie following expression for the elastic
energy associated with a solute atom in terms of the shear modulus of the solvent:

Egq= (16/3)«G1ri(r2fr1)2, ' (2-5)
where G1 is the shear modulus of the .solvent and 5 and I, are the solvent and
solute radii, respectively. This energy is assumed in segregation models to be
totally released when the solute atom is moved to the surface plane of atoms. _

Neither the bond breaking models or tﬁe lattice strain theories alone agree with
all of the experimentally observed segregé.tion phenomena. As a result, more recent
models have combined the two contributions in order to more accurately predict
segregation. One such model is that of Abraham and Brundle(s) whose approach is
to minimize the total energy of a binary system (a.t 0 K) through atomic rela.xatlon
consistent with long—ra,nge pairwise interactions between atoms. They introduce
the concept of the 7 —cr coordinate pla.ne (Figure 2—1) divided into reglons where
solute segregation is or is not expected to occur. 'y is the surface tension ratio and
a is the size ratio. From the calculations of the total system potential energy they
derive a driving force, AQy, for a variety of bond strength and size ratios. The
Apr = 0 curve separates the regions of solute segregatxon or 1o solute segregation.,
the position of the curve dependmg on the choice of the mteratoxmc potential used,
which in this case was a Lennard—Jones 12:6 type.

Almost all binary alloys studied experimentall; to th® present come in two of
the four quadrants of the 7*—0* plane, as shown in Figure (2-1). These quadrants

are



<

Figure (2-1)

¥ * : :
The ¢ vs. ¢ (surface tension versus atomic size ratio)
represeirtation for the prediction of segregation on binary
alloys. Solute enrichment is predicted if the ratios place an
alloy below the zero energy curve. The positions of the Co—Rh
and Rh—Co alloy points indicate that Rh segregation may
occur on the former, while Co enrichment is expected on the
latter. The other smaller and. closed symbols are for

experimental measurements of segregation in other binary

alloys.(s)
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In the first class no solute segregation was generally observed. In the second
class the systems exhibited solute 'segregation. For cobalt—zhodium alloys, however,
the theoretical points lie in the other two qﬁadra.nts:

* ® * *

7 >1,¢ >1[Co(Rh): v =1.06, ¢ =1.08];
* * * *

7 <1,0 <1[Rh(Co):y =10.94, ¢ =0.93]

This makes this system an -interestihg one to study since for rhodium rich alloys

both bond breaking and strain energy considerations favour cobalt segregation

because both the surface tension and size ratios are less than unity. For cobalt rich .

alloys, however, the values resulting from these two ratios still favour solute

segregation which now predicts rhodium enrichment.
2.2.2 Monte Carlo and Electronic Calculations

More sophisticated computaﬁonal and theoretical approaches have been
apphed to the prediction of surface segregatlon on binary alloys based on Monte

Carlo smula.tlons and electron band flling.

(16-18)

Monte Carlo calculations start mth a random placement of the alloying

elements in a crystal lattice. The crystal lattice conﬁgurat1o;_1 may correspond to a

- semi—infinite slé.b, a thin film, or a small particle. In any case, the initfal atomic

distribution is allowed to relax to its lowest energy state through répeated trial
. excha.nges of ra.ndomly plcked nelghbounng atoms. For each step of the ca.lculatlon |

if the excha.nge of neighbouring atoms results in a decrease i in the total energy of the

system, then the new atomic conﬁguratlon is a.dOpted To reach the ﬁnal

equlhbnum state, these methods obviously reqmre a large number of calcu_la.t_;lons.
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Additional complexity may also be introduced by allowing for variations in bond
energy between atoms, depending on the coordination number. The attractiveness
of these techniges lies in their ability to predict atomic configurations explici_tly.
They have been used to not only predict the sense of segregation, but also to show

how the variation in atomic concentration may change as a function of depth from

the surface of the allojr. _
Electron band energy models(lg’zo) seek to calculate the segregating
component at the surface of an alloy based on the tight—binding approximatioh.
First, the electron energy levels are predicted for a certain arrangement of e.tomic
cores. These energy levels depend on the choice of the interatomic potentials used
in the model. The available electrons are then allewed to fill these energy levels
beginning with the lowest energy state. The final energy of the system is then
determined and a surface segregation prediction is based on minimi.zing the internal
energy with respect to composition in each plane for a 'ﬁrred total number of atoms
in the system. The results of Kei'ker and coworkers indicated that for n Ang €8
and n A < nB, where n represents the number of d electrons per at01r1, enrichment of

A atoms would occur. However, for n AR 2 5 end n, <1np, surface enrichment of

B atoms on the surface was predicted.
2.3 The Oxidation Of Metals And Alloys

Most metals and alloys, when subjected to a gaseous oxidizing atmosphere at
sufﬁcient'ly high temperatures and pressures, spontaneously react to form
‘intermediate layers of reaction products in the vicinity of the original solid/gas
interface. . Further reaction between the metal and its environment is usually

controlled by diffusion of either the metal or oxidizing species through this
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superficial zone. These transport rates depend on factors such as the oxi&e crystal
structure, composiﬁon, lattice defects(vacancies, interstitials,dislocations,grain
boundaries,etc.) phase distribution and scale morphology. If the properties of the
oxide are sufficiently well known, the oxidation kinetics caﬁ often be predicted with

reasonable accuracy from models based on solid state diffusion of reactants.
2.3.1 The Oxidation of Pure Metals

Wagner(_m) has advanced a phenomenological theory to account for the
parabolic scaling rates of single phase scales basé_d ﬁpon ambipolar diffusion (charge
tfanspbr’t with no net electriéal current) of reactants. The independent migration of
jons and electrons under the influence of a electrochemical potentxal gradJent can be

descnbed by flux equa.txons of the type

(a4, @V ] (2-5):

| dx dx
where q;; Ci and Bi are the charge, concentration and mobility of species i. The
first term in brackets represents the chemical potential gradient, while the second
term corresponds t0 the electrical potential gradient. Wagner equated the total flux
of positive and negative spe'cies and utilized the local equilibrium concept at
interfaces to obtain an expression for the total flux of matter in the oxide scale. By
equatfng the mobilities with conductivity and transport numbers this was expressed

as

‘Here J is the tota.l flux of matter in equlva.lents per cmzsec, zZg is the number of

elementary charges on the oxygen ion (|zo[—+2), Fis the Faraday constant, t. are

the transport numbers (tM'HO"'t e=1) and K is the conductivity. For a scale which
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is a metal conducting semiconductor, t,=1. Integrating (2-7) over the scale

thickness, X, under the assumption that only the metal ions are mobile leads to
n’
. RT [%0 - o )
ty ¢ Kdina 2-8
|z0 | sz . L

where the oxygen chemical potentlal is now expressed as an activify, g The single

‘and double superscripts refer to the alloy-scale and scale—gas interfaces,
respectively. Conductivity may be exjpressed in terms of the self diffusion
coefficients, leading to an expression for the parabolic scaling rate.

"
a

- ];r(eq/cmz).= ﬁeqj , -:—-M—lDM dinay (2-9)

S ag ol
where ﬁe q is the average concentration of rpetal or oxygen per unit volume
(eq/cm3) and DM, is the meial ion self—diffusion coefficient.

This theory has been used to interpret the reaction king_gics of a number of
transition metals which form a single—i:hasé oxide scale at dé;ated temperatures.
In cases where deviations from an exact parabolic relationship have been observéd, . |
the scales often exhibited structural features which ﬁrer'é associa;ted with alternative
transport mechanisms. Furthermore, the diffusion of reactants may be complicé.ted
by the presence of more than one type of lattice defect.

A . . £

2.3.2 The Oxidation of Alloys

The various scale morphologies and growth tnechanisms arising from the
oxidation of multlcomponent a.lloys at elevated tempera.tures are of such diversity
that it is worthwlnle to conmder the simplest hmmng cases ohserved for certain

groups of binary alloys. The general principles derived from this type of research

-
s
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have been used in the design of alloys intended for high temperature engineering
applications. o _

Summaries of binary alloy oxidation and sulfidation behaviour have been
prepared in which the eteady state phase d._isfributions aiid elemental composition
profiles were shown on schematic two—ﬂimeﬁsiona.l cross—sections through the oxide
and alloy. An example of this type of representation is given in Figure (2-2) from a
survey by Bastow and coworkers(22). The growth of these reaction products may
be described by te'rnary,thermodynamics and diﬁ'usioe models. These models have
been used to predict ihe conditions necessary for the development of certain limiting
scale morphoiogies. Alternatively, ternary diffusion processes in multiphese systems
may be conveniently represented on an isothermal A—B--O phese diagrem using the
concept of diffusion paths. In the following sections two types .of binary alloy
oxidation will be discussed. These are the selective oxidation of one component of
noble metal alloys and the fdrma.tion'of solid solution oxide sca.leé, which are the

growth mechanisms of relevance to alloys such as Co—Rh and Ni—Co.
2.3.3 The Diffusion Path Concept

Diffusion composition paths are a useful and compact way of representieg
ternary diffusion behaviour arising from the oxidation or sulfidation of binary alloys.
They were first used by Rh.ines(23) as a means of predicting the sequence of oxide
phases which developed on copper alloys. Kirkaldy and Brown(2.4) later developed
a set of theorems related to the construction of these paths or ternary 1sotherma.1 |
dlagrams A review of these concepts as they apply to binary alloy oxidation and
‘the : Fe—Ni, Fe—Cr and Ni—Cr systems in particular was conducted by Dalvi and
s Coa.tes(25) ” )



Berary Ay Bemvper Qadant
A8 2
1
. Qray B oaubiaber
Both & erg 0 avert OF COACKAW SRON . 1
. o Deaaa b0l e
| R
Sarmrd Sartade Quntaieon e Gendal-On,
NG quncie B TL aCsar © BYAY proCepeabey
Bow & ana 8 r 1 -y
P H v 1 ﬁ
Pranae arace LNOer  Uretorm Baka sk ...,......,.«

= L toage s Dom 8431 B
L] * =l LN
PRy

ant

( l 1
Ayz) and BIKY ARy snd BTy aghy g B0
Partaglly PRl -0 OOy Mea DN

| T = 1

3 1 { 3 $
Yoo . or N t ARys vich o A rarvrrergurts SEUY Angyy rcmn B Low Shadent
ety QO raChenam| ARgys wery mOR o A tmrredent | AROpS FChn B l ' l L)
YCampiwn Qu=gued ory T} i Sconr L wramnsl SOME e W SK wrlgdly WL B AOn

BEL) SCmr P ] . Bak eern By RY Cmey  BOMd admabain
2063 Hohaman A BIR l . 1A B

— - 1 3
i

(M:MM At aopeegends of

=R

Il
ARl WL

SRty R bt

<y

9 s
@ an r_j_‘ u-ﬁ.nu-u—qw i ety

[T
|A ml

praeereing L AL

o M| et B} siants
L

O ey armi
U GOt e’y €
- [ Shates wn A0 B
l ] Sy
Angyy Honom A Mgy g e B

] 4 i . . I

Ot pundared COmbI Saqiur-bishargoupn Ol MII‘-:- @) Oue O mnoatoir

. eyt
Gartsnd actewty, A1E} A

m-:n:-- LEY 1] .-.nulm atretd Wy B g
Copuniar of B I} ensy 1 9 o
oy el W ~ .| wnj ke I
. ny A} o ALBL ). L L) P
- Shr oy ! wheyg N E) ALY it
. 1 L7 ]
l W
]
$ n l Uvnutisnl weios el Yuges ot +
l‘

& Dentara
ALY acale A|X)acain Wr ldll - -mm Ll

atasted X s wh §

w‘l
-l
wg Ca>Ce l,....._I—l I anoy
ol CadOsmmncam Do €Ouwh scale [ L1

: |
a@ - AgR] [tu"" } A-nvltl-h
]

S
- e = —_— =
— .
_-. —— - _--—"'_-__- 1"
. ’ Alluu-lt- Minu-w—-
b3 ey of A, BN, Pl = sapy & W
. annpy WA ARy
o : * g

L

“Figure (2-2) Schematic representation of the relationships between scale
- morphologies on binary a.lloys.(22)



17

Using this method, the locus of compositions is traced out through the sequénce
of phases extending from the unoxidised bulk alloy to the oxygen atmosphere. A
virtual diffusion path is obtained from calculations based upon a given sequence of
single phase layers having planar interfaces. This sequence of phases is assumed to
exist under steady state condilions, such that the exoressions for the coroposition for
" each species are independent of distance and time in the final (x/y£) parametric
formalism. The virtual path inay be unstable (i.e. may penetrate across tie line in 2
two phase field), corresponding to a zone of supersaturation which could develop
interfadal instabilities and/or ; zone of internal precipitation. In these cases the
actual difffusion path would differ from the virtual poth to reflect these processes.
Examples of the diffusion path representation are given in the following discussions

of limiting types of binary alloy oxidation. -
2.3.4 Single Phase Scale Formation on Noble Metal Alloys

A schematlc illustration of scale formation on noble metal a.lloys is shown in
Figure (2-3). In a.ddltlon, typical d.lffllSlOIl pa.ths have been placed on the ternary
phase and alloy—P0 diagrams correspondmg to the four morphologlcal

_ 2

developments. In all cases component B is selectively oxidized to form the single
* phase oxide BO which is present as (a) a complete external layer, (b) an external
layer containing undissolved particles of pure A, (c) an internal precipitation zone of
BO beneath an external BO scale or (d) only internal particles of BO.

The main parameters govermng the development of a particular morphology
“are the bulk alloy composmon, oxyg;n solubility and diffusion in the alloy phase.
Wagner(26) has advanced a model for the cntlcal solute concentration for the

transition from 1nternal to excluswe external scale formation. Assuming that the
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Figure ( 2-3 )Schematic phase diagram isotherm and equilibrium oxygen pressure diagram for
‘noble metal alloys showing typical diffusion paths and concentration profiles:
{a) BO scale formation; (b or (¢} interfacial instability or internal oxidation: (d)

internal oxidation (&4 ).
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alloy behaves as an ideal solution (i.e that metal and oxygen djffuse down their own
concentration gradients with no ternary interactions), then the condition for
exclusive external scale formation was expressed as
N2> , F(u)+(1/4)(Dg/D AB)z zu jz
1+(1/1;)(D0/DA Y fun
where Ng is the bulk concentration of B, D AB and D0 are the interdiffusion

(2-10)

coefficient and the oxygen diffusion coefficient in the alloy, respectively. u in this
expression replaces ,/1:72])1']; , where k is a parabolic constant which describes the
rate of récession of the alloy—oxide interface. F(z) is Van auxiliary function defined
by - _ .
F(u) = yruexp Cetfc s (2-11)
and v is the ratic of oxygen to metal in thé oxide (BO o The minimum content of
B necessary to form an exclusive external scale is seen to increase with increasing O
diffusivity in the alloy and decrease with a higher alloy interdiffusion coefficient.
" This criterion has been modified by Smeltzer and WhittlelZ) to include the
leﬁ'ects of t‘emary thermodynaxﬁicé and diffusion in the alloj phase. These authors
have also shown that the onset of internal oxidation can be correlated to diffusion

paths drawn on the ternary a.nd.al.loy—PO_ phase diagrams.- External scale

formatlon alone occurs when the virtual diffusion path in the alloy phase contacts
the oxygen solublhty curve for the a.lloy This is a case where the virtual and actual
diffusion paths are coincident. External scale formation accompamed by internal
oxidation or internal oxidation alone occur when the virtual diffusion path for the
- alloy cuts into and across the two—phase a.lloy/oxide field. These paths are .
representative of oxygen supersatura.tlon and ox1de precipitation and as a
‘consequence, the vutual diffusion paths do not corr&spond to the actual diffusion

paths. “The actual diffusion paths will be shifted to reﬂect reduced _concentra.tlons of =



20

B and O in the internal oxidation zone after precipitation and a steeper rise in the.

concentration of B to the bulk concentration value beyond this zone.

'2.3.5 Formation of Solid Solution Oxide Scales

Schematic ternary and alloy—P phase diagrams for a'system in which both
N : 2 . !

alloy and oxide exhibit_: corﬁplete solid solubility are shown in Figure (2—4).
Diffusion paths representing alternative concentration profiles in the alloy and oxide
‘pha.se; are indicated for four limiting cases, where D A and Dy now represent the
dlffumntm of A and B in the oxlde phase. The dlstnbutlons of A and B across the

oxide are seen to be dependent upon their relative dxffusmtles

The first comprehensive diffusion theory describing t_he growth of a termary

solid solution oxide upon a binary alloy was published by Wagner(ﬁ) in 1969. This
~ theory describes thé oxidation process in terms of a flux of cations, A and B,
through the bulk oxide la.ttiée from the alloy-scale interface to the scale—gas
interface where they react with the nonmetal, X. Diffusion of the anionic species
was assumed to occur at a much slower rate and was not included in the:analysis.
Wagner considered the oxide to be a single phase, uniform in thickness and free of
any defects such as voids and cracks, while the underlying alloy was treated as a

semi—infinite slab. The migration of reactants was presumed to occur strictly by

ambipolar diffusion of each species and local thermodynamic equilibrium was

assumed to exist within any given volume element of the scale. In general, the
 diffusion coefficients of A and B were expected to differ, giving rise to the posmblhty
< of composition gradients within the oxide and the alloy.

A schematic illustration of the Wagner model is shown in Figure (2-5).
Diffusion profiles which develop in the alloy, NB(A); and in the oxide, &(y), are

¢

W
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Figure (2-4) Schematic phase diagram isotherms and equilibrium oxygen pressure- alloy
diagram for a system in which the oxide and alloy phases are solid solutions.
Typical diffusion paths and composition profiles in the alloy-scale model are
shown for different relative values of the metal diffusivities in the oxide phase
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shown, along with the activity of oxygen, a.o(y). The coordinate system for
diffusion in the alloy has its origin at the original alloy surface, u=0. However, by
replacing u with the parameter A = u/tll 2
independent. Similarly, in the oxide scale, the coordinate x, representing distance
from the alloy oxide interface, is replaced by y = x/xs. |

Using the above assumptions, Wagner derived two coupled equa.tiens which
describe the ﬁu_;c of metal cations in the scale .in terms of a fractional thickness, y,
the parabolic rate constant, k, and the metal and oxygen activity gradients. The

diffusion flux of B across the scale ﬁom Fick’s first law is gnren in eqmva.lents per

umt Cross section, per unit time, as
D¢ dina : .
JB‘=—- B _ B - (2112)
.  Veq & | |
where f is the mole fraction of BO and V is the volume per equivalent of

compounds AO and BO. When the activity of Bis expressed in terms of act1v1t1es
of oxygen, a - and oxide, ago this becomes |
\ 5 & Zg &

eq

Here, Zp and Z, are the absolute valences of B and O respectively. A similar

expfession is derived for element A, which combined with (2-13), gives an

expression for the rate of thickening of the scale:
- ix. k

i S _

(JA-+ JB) Veq =—=— | (2-14)

where k is a parabolic scaling constant. Together with Y = x/x, Wagner expressed
the parabolic scaling rate as

RN

, the profile in this phase becomes time

R



&¢ dy ZO dy
fdnap~ d¢ Zy dlna
+ DBg[—iO _B. 0] .
6€ dy ZO dy

A second equation was derived by using Fick’s second law .fo represent the mass

(2-15)

balance in a given volume element of the mixed oxide:
a@¢ d fna.~ d¢ Z, dlna
yE— = __[DB [ 'BO-'—-+ B 0]]
dy dy § dy Zg dy
The distribution of element B in the alloy is a.lso a solution of Fick’s second law and

(2-16)

S,

was expressed in terms of ) as | g =T
' d [ dN ] 1 NB

D —xe—Bo0; =2 (o)
axl a7 Y-

- where D,; is the alloy interdiffusion coefficient, Ng is the mole fraction of B and u
isa cqordinate of distance ﬁ1easured into the alloy &bm L_the original alloy surface'
| polsitiqln at t=0. _ N |

The boundary conditions necessa.ry for the solution of these equations are the
gas phase oxygen activity, a.o, the bulk mole ﬁ"lct]on of B in the alloy, NB, and a
relatlonshlp between the composition of the sca.le at the alloy—scale interface, . 5,

and the corresponding oxygen activity, a.o, established by the oxide dissociation

reaction.

There are also two auxiliary boundary equa.tidns which arise from a
consideration of the mass balances at the alloy—scale and scale~gas interfaces.
Whittle and coworkers(zs) have shown that the boundary condition at the
alloy—scale interface can be &érived based an a knowledge of qnly_k:ompositions in
the scale. These authors begin with the average content of BO in the scale, whick
they expressed as
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b= (1/xs)r55dx = fleay (2-18)
: 0

Now the scale is considered to increase in thickness by an incremental value, dxs,
during which time, dt, the number of equivalents of BO per unit cross sectioi which
accumulate in the scale is equated to the number diffusing away from the interface

into the scale:

dx_¢
27 = Il _g-dt (2-19)
Substituting for Jp(eq) from equation (2-13) gives
Veq Veq - 06 & Zg & Hx=0
- Again, using y = x[x  and x = (2kt)1/ 2 this becomes

: flnan~ d¢  Zg dlna o
kgav = [DBE[—--———BO —t B_ 0]] : (2-21)

68 dy Zy dy y=0 .
substitution from equation (2—15) yields

3}

£ " PDB(1“§ )
o pZA(l £ )+ZB§ k

[ZB&I;:AO “ZAblnaBO] [ ]y—O] | (2-22)

wilere p=D,/Dg. )
- Whittle and coworkers make the following arguments to simplify this
. expression:

| (1) The variation of ¢ in the scale is principally determined by the
differences in diffusivities of cations A and B. Very close to the alloy scale interface

this difference has operated over such an insignificant distance that the gr_adlent of

‘J

£y

d¢
the concentration profile, [ ] , will be negligibly small.
dy- y=0

(2) £ <1 and p<1 for enrichment of B at the scale-ga.s interface. ¥
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(3) D]; /k is very small, since a, is very small at the alloy—scale interface.

Hence, the second term in brackets in Eq. (2—22) is small in comparison to Z

B:
which simplifies the expression after re—arrangement to
- PZy&, | ‘
£ Alav (2-23)

_ ZB(I_ga.v) + P2y,
At the scale—gas interface, the arrival rate of B cations is related to the thickening
rate of the scale by |

£ dx
Fglyey = ot
y=1 v .
eq dt

 Again, using y = x/xs, s = (2kt)1/ 2 and Eq. (2-13) this becomes

n blna df y/ dlna : _
ooy By
56  dy Zo dy y=1
which, upon substitution of ,(2;15) gives _
&k (-g(p-1)’
[__] - -- (2—26)
dy’ y= DB P :

The solution of equation (2—17), which expresses the composition gradient of B
in the a.lloy is given by

N - (g erf(3/2D /) erf (af2D )1/ -
BOBTUROE " erfc(a/2D, )}/

where & = u, du /dt is a parabolic rate constant in terms of the displacement of the

alloy—scale interface. a is related to k according to-

(12 = tu fax, = (VN6 /% + 6 /%) (228

: and Vi, is the molar volume of the alloy. A 'deﬁnition of £,

alternative mass balance expression at the a.l]oy—scale interface was given by Coates

and Dalvi(®®) as

based on an

Sl
\7 WirsS

o
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§av = H ]
—eq B]
[ BNB " ZAZB v uDa“EN 1/2

Now, substituting (2-27) and (2-28) into (2-29) gives
: 1

gav = 3 3 B .
| ZgNg + Z,(1-Ng) »

» | Iglarl—{,, Eav'l 0 o
z No-N
[_BNB+F(¢)[ZA +ZB (N3 B)]

where ( represents the ratio (a/213au)1/ 2 and the auxiliary function

F(p) = 7/ gexpyertep
F(g) =1-36° +..ifp>> 1

Equation (2—30) may be re—arranged to give
BWU%+%—%] |
When Da]l -0, ¢~ wand F(p) - 1. Thus, irrespective of the value of NB,

0
ZgNg .

yA A + ( ZB—Z A)NB
In addition, when Z % Z then

a.v

0 _
£, = ==NpforZ, =Zp

N® - N,
=B
“Ea.v_ NB 2

2.3.6 Modifications to the Wagner Model
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(2-29)

© (2-30)

(2-81)
(2-32)

(2-33)

(2-84)

(2-35)

The only significant modiﬁca.tiéns to Wagner’s original theory have been the )

consideration of oxygen diffusion into the alloy pha.se(zg)

, attempts to siniplify the
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expression for the average content of BO in the scale(zs’zg) and finally, inclusion of
the effects of deviations in oxide stoichiometry(30). Coates and Dalvi(zg) extended
Wagner’s model to include the dissolution and transport of oxygen in the alloy
phase resulting from dissociation of the oxide at the alloy—scale interface. This
 effect was. not ‘expected to result in significant changes in the parabolic scaling rate
of a binary alloy, and none has been demonstrated expenmentally Coates and
Dalw(29) and later Whittle et al.(28) re—examined Wagner’s integral expression for_
the average content of BO in the scale, £ e 10 order to simplify the computational
solution of his equations. The latter authors noted that such an expréssion shouid
reduce to the condition that oy = N% when diffusion in the alloy is the slowest
step, and advanced an equation for the limit at which this approximation is valid:
y=va[@ap23 (2-17)
where a is the rate of recession of the alloy—oxlde mterface Fma.lly, }f’oung and
co-—workers(so) mcluded the effects of deviations from st01ch10met;y on the
activities of the various oxide componeuts in a re—working of the dlffl.lSlOIl
equations. They found that the effect on the calculated cation profiles was’
| insignificant for the oxidation of a Co—lO 9Ni a]loy but notlced small changes for
" Co-5.8Fe and - Co—10 1Fe alloys. This was attnbuted to the greater . degree of
nonstmchlometry in CoO—FeO mixed oxides. The effect on the calculated parabohc -
constants was neghglble in both cases. _ |
2.3.7 Application of The Wagner Model to Experimental Investiga.iionp of the
Oxidation of Binary Alloys ' h o

Wagner's diffusion model has been tested on a number of alloy systems which

form solid solﬁtion oxides. These investigations are mainly confined to monoxides

q



‘ deta.ll in sectlon 3.4.3..
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having the NaCl cubic lattice and have been reviewed in detail by various

authors(31_33). Results from the work of Narita et al.(34) can be used to illustrate

the general approach used in these comparisons. These authors used independent

measurements of the cation tracer diffusivities in Co—Ni~O solid solutions and -

solved the diffusion equations numerically. They determined the cation and oxygen
activity profiles in the scale along with the parabolic scaling rates. Good agreement
with the experimentally observed values was obtained as shown for example by the
nickel composition profiles in Figure (2‘—6:). ~ For the NiO—CoO system, most

authors use the assumption that the oxide behaves as an ideal solution in order to

approximate various thermodynamic parameters. There is now a large body of |

' 'experimenta.l data related to the diffusional, defect and oxidation properties for this |

system which supports this a.pproach A review of this literature is presented in the

following chapter
2.3.8 Expected Range of Validity of the Wagner Model

Wagner's 1969 model for the growth of solid solution oxides contained &

number of assumptions, explicit and implicit, which, upon closer inspection, should

prov1de some mdxcatlon of the expected range of va.hd1ty of this analysis. .
Wagner assumed that diffusion of reactants was occumng through the bulk

la.ttxce as a rate hmmng step. This has been shown to be 3 poor approxxmatlon m

many oxides contauung a s:gmﬁca.nt volume fraction of grain bounda.ry or -

dislocation diffusion sxtes at tempera.tures below a.pprox:ma.tely one—half of the

' ox:de meltmg temperature The pa.mcular case of NiO growth w:ll be dealt mth n

. 0

. Another problem with the lassumption that bulk oxide preperties and equilibria

o 'i:‘::’
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will dominate during scale growth arises at sufficiently small values of flm
thickness. Transport by ambipolar diffusion requires that charge migration occﬁr
under the condition of local electroneutrality. This is not a valid approximation
near the surface dipole region of an ionic crystal where an adsorbed surface charged
species resides with a space—charge region of opposite polarity extending into the
oxide. The extent of this space—charge regioh is analogous to the Debye—Huckel
- screening length for the potential distribution in dilute solutions of strong

| electrolytes and is characterized by the following parameter(35)
_ kT 1/2
=[]

&

which has the units of length. This relationship indicates that the width of the

| space—charge region is prppbrtiona.l to the inver_se-of the square—‘—robt of the total

concentration of electrically charged Sljecies, 1. The assumption of charge neutrality

is only valid if the oxide thickness is much larger than the Debye length. Fof single

crystals of NiQ, Atkinson(se) has estimated. that the‘Debye length is of the order of
100 A for a charge defect concentration of 1079 per mole at 5009 C. If the oxide
were to contain charged impurities or intrinsic defect concentrations which were
- larger near internal line defects such as dislocations or grain boundaries, then the

effective Debye length could be consicierably reduced from this value.

(2-18)

£1



'CHAPTER 3
LITERATURE REVIEW

3.1 Introduction

_This chapter reviews the available and appropriate data on the Co—Rh, Ni—Co,
Ni~O and Co—O binary systems and the Ni—Co—OQ ternary system. 'I‘he data.
available for the Co-—Rh system is fairly limited in relation to the Ni—Co system
There have been no prevxous 1nvest1gat10ns of surface segregation on Co—Rk alloys.
Recent experimental work on segregation in the Nl—CO system is reviewed as
background both to Chapters 5 and 6.

- For the oxidation of Ni—Co alloys, reviews are presented of data in the related
bma.ry systems, Ni—-O and Co—O as precursors: to the ternary Ni—Co—O case. The
hterature dealing with mickel oxxdatlon is far more extensive than for cobalt since
mckel forms a single oxide which is sta.hle over a wide range of tempera.tures and .
pressures. This system has therefore been investigated as a model system to test
and extend the Wagner tﬁeory of metallic oxidation. The thermodynamic,
structural and diffusion properties relevant to Ithis type of comparison are given
along with the oxidation data. | o

Ni—Co alloys have been used to investigate the formation of solid solution
oxides on binary alloys at h:gh temperatures. A revie\;r of worlz‘in this field along

with the results of models based upon ambipolar diffusion of reactants are
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presented.
3.2 Properties of Co—Rh Alloys

a—Co and Rh form a continuous series of solid solutions. Koster and Hom(37)

have used microscopic and lattice—parametric investigations to determine the

temperature effect of alloying on the allotropic change in cobalt (Figure (3-1)).
The temperature of the start of the diffusionless transformations (f.c.c. @ — c.p.h.

¢ and ¢ — o) was observed to be higher for heating than for cooling. Lattice

~ parameter changes showed an essentially linear variation with composition.

Stone(sg) _noted a possible transformation below room temperature for Rh—rich
alloys (13 to 20% Co) based on hardness changes measured following quenching
cycles in water, liquid mitrogen and liquid helium. Mit'’ko and coworkers(i®)
measured the surface tension and density of Rh—Co alloys at temperai:ures up to
2200° C. At 2000° C they noted a small negative deviation of the sﬁrfa.ce f_ension

isotherm from the ideal curve and a small positive deviation of the mole volume -

isotherm from an additive straight line. The liquidus curve was also determined

more accurately than in the earlier investigation and has-been added to the phase

diagram, Figure (3—1).

3.3 Properties of the Ni—Co System
3.3.1 Structure, Thermodynamics and Diffesion .

‘Co and Ni also exhibit complete solid solubility in the a phase, as shown in
Figure.(3_—2'). As in the Co—-Rh system, the a and e phase boundary is not well
established because of difficulties in reaching equilibrium at low temperatures. Heat

of mixing and ac!:ivity data in both the liquid and solid phases have been reviewed

i
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The Co—Rh phase diagram, redrawn from -Hansen(38)..

Phase and magnetic transformation curves are shown for heating and

cooling(37). . Liquidus data are from Mit’ko and coworkers(‘*O).
liquidus and solidus curves were hypothetical(37).
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by Nishizawa and Ish1da.(41) These show slightly negative deviations from Raoult’s

law, pos1t1ve heats of mixing and negative excess free energies, and indicate that the
solution thermodynamics of this system are close to ideal. Tracer diffusion
measurements have been made across the entire composition range in Ni—Co alloys

and have been tabulated by Askﬂl(42)

3.3.2 Surface Thermodyna.nnes =
The surface composition of Ni—Co a]loys a.t 853 K has been studied by Hajcsar
and coworkers using Auger electron spectroscopy( ’ ). Experiments with annealed

and quenched polycrystals over the entire composition range indicated that nickel

"was enriched at the surface in all cases. The resilts of this study are shown in

Figure (3-3). i The surface e:'tces.st_ was calculated based on two' limiting
approximations: the first being monolayer segregation only and the -second
representing a homogeneous composition over the analysed depth The former
correction leads to a larger calculated excess of nickel, as shown by the (x) symbols
in Figure (3—3)

" The tembera.ture dependence of segregation en the alloys having bulk

- compositions of 50.0 and 56.0 afo Ni were determined for different crystallographic .

-orientations. The reported enthalpy and entropy values for these two alloys were:

i o ' 0
afoNi  (hkl) AH se g(kJ /mel) —-AS g(J /mol-deg)
Bulk - ' . .
56.0 111 17.4£1.60 14.1:1.74
. 210 7.3:0.94 3.120.79

100 20.420.87 13.2£0.86

500 (111)  17.841.08 11.3:1.09
110 14.941.54 7.981.59
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100 — 1 ——

Spectra from the low energy (50-60 eV} Auger peaks were
interpreted by assuming a homogeneous composition
distribution (+) and monolayer segregation @S The
experimental sampling depth was approximately 1.5

monolayers.*”/ -

Surface excess: IO min. anneal _x~~ -
at 833K | | _/// i *
80
o0
40~ |
A : xl calculated
20 + observed
oK : | | L
020 40 60 80 100.
| X{b) %Ni o |
f‘igure (3-3) Surface excess.equilibrium diagram for Ni——Co alloys at‘ 853 K.
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The experimental value for the (111) face was in reasonable agreement with a

calculated value of —16.1+0.6 kJ/mol for the 50.0 alloy using an embedded atom
model(44).

3.4 Properties of the Ni—O System

3.4.1 Crystal and Defect Structure

Nll_yo is.a metal deficient, p—type intrinsic semiconductor with the NaCl

~ structure and a wide range of stability. The anionic sublattice is considered to be

practically undefected while the cationic éublattice contains concentrations of

vacancies and electron holes which vary continuously with temperature and oxygen

' activity.' ‘The overall departure from stoichiometry, when compared'to the other

transition metal oxides with the same structure, is sufficiently small (y ¥ 1074 at

1000° C aﬂd 1 atm. O,) that significant interactions among defects may be
neglected to a good a.ppro:umatlon(45) In view of these propertles, NiO has been

consxdered a model semconductor a.nd the\ subject of many expenmental

B 1nvest1gat10ns ‘which have a.ttempted to correlate its electrical conductmty,

QL

diffusional and oxidation properties with predictions based on ‘simple defect -
equilibria.
" Using the notation of Kroger and Wnk(46), the formation of various types of

cation vacancies in NiO can be expressed by the following reactions:

¢ 1/20, =v1’,§1‘+ N | (3-1)
le_vN1+h A (3-2)- ¢
Vi = Vg + I o (3-3)

where, v represents a vaca.ncy, 0 an oxygen atom, subscnpts refer to sublatt:ces



) vaua.ncy, for which the overall reactlon is
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and superscripts to excess charge states: x, ’, and " are neuiral, single and double
negative charges, while h' is a singly charged positive electron hole. Considering
only these three reactions neglects any contributions due to impurities or defect
associates, in agldition to other. isolated point defects and electrons. The
concentration of vacancies in NiO, expressed as a mole fraction with respect to the
cationic sites of the perfect lattice, is therefore given as
x, KK, KKK
Wiilyio =7 =K'ag + TELMETOLA

where KX K and K are the equilibrium constants for the above reactions and ao
1 /2

(3—4)

is the oxygen activity (ao =Pg

determined by the electroneutra.hty condition,

‘ H n
‘ _ k] = [VNi] + 2.[VNi] o (3-5)
which, when expressed in terms of the above equilibrium constants, yields
b3 - K"K’[h-]ad ~2K*KK 3y =0 (3-6)

. In the limiting case that the vacancies in NiO are predominantly singly charged, the
overall reaction for the formation of caf,lon vacancies would become

1/20, =0, + V. + h (3-7)

“h...sothat & . c. 7 : ‘--‘
£ * o . : oo )

[VNI—KS(PO e o . (3~8)

C L,'a ¢ &

oo

A second Imntmg case arises if the domma.nt defect typeis'a doubly charged cation

RS =
NI

Sk

o . K D

_‘:J‘.ea 1/20,=0, +VN +2h B N 6-9)

Informatlon concermng the values of y a.nd the charge state of the nickel

vacancies in N1 0 is available £rom a. number of original sources(47_52)and

) The concentration of positive holes, [h] is =

[VN]—K“( 02)1/5 P (10

4]

.')
T
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reviews(53’54). On the basis of these investigations it is not conclusively shown

that one type of vacancy species is predominant over the entire oxide stability

range. At temperatures above 900° C it appears necessary to consider the presence

of all three types of metal vacancies in a detailed analysis of the experimental

. results. From the results of Osburn and Vest(sl’sz), the equilibrium constants for

YT

the creation of vacancies of differing charge by the above reactions are found to be

K* = 1.213 x 101 2T 3exp ‘44'76@‘§%1/ mole) (3-11)
K =3.60x 10—2.1.3/2 —2.21(k Ic{ %llmole)_ (3-12)

K —9.0x 10—8.1.3/2 —8.83(kc a.l[mole)

(3-13)
In adchtlon, the presence and concentration of a.hova.lent impurities appears to have
"a significant effect on the overall nonstoichiometry, especially at low temperatures

and oxygen activitiés where the intrinsic defect concentrations are very small.

3 4.2 Self-Diffosion of Ni a.nd O in NiO ‘
As a result of 1ts defect structure, the self d1£fusxon coefficient of nickel i in NiO
will be related to the va.cancy and tracer diffusivities by a rela.t1onsh1p of the form
T
D

where DV and. [VNi] are tcﬁe vacancy mffusion coefficient and the total vacancy
Ni

* concentration respectively, pT is the- tracer diffusion coefficient and fis a

. correlation factor determined by the crystallographic geometry and diffusion

mechamsm ( J=0.78 for vacancy d1ffus1on in FCC structures) . A number of -

' mvestlgatlons have been conducted usmg a variety of methods to expenmenta.lly

determme the tracer defusmn coefficient of Ni isotopes in NiO. These investigations

* are summarized in Table (3-1) and some representatlve values are shown in the

- ‘Arrhenius plot of Figure (3—4)

b -
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Figure (3—4) Measured lattice and grain boundary tracer diffusion

coefficients of Ni, Co and O in NiO. Grain boundary values
are expressed as the product of the grain boundary width, §,

and the grain boundary diffusion coefficient, D:b. The values
of nickel and cobalt grain boundary diffusion coefficients due to

Atkinson and coi#orkers(el’los) have been multiplied by an
assumed grain boundary width of 1 am (upper right) in order

: *
- to show direct comparisons to the lattice D 1 values.
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Initial studies(55_58)were cpnducted in air atmosphere and indicated that the
activation energy for Ni diffusion was between 44.2 and 56 kcal/mole. Volpe and
Reddy(sg) made more comprehensive investigations over a range of tempefa.tures
and pressures. At an oxygen pressure of one atmosphere their experimental
#ctivatfon energy of 60.8 kcal/mole was higher than earlier published results.. They
also reported that the pressure dependence varied from a.pproximﬁtely P(ljé 4 at

1380° C to Pcl)/ 6 at 1245° C. This was regarded as evidence that both singly and
"2 ‘ : :

doubly cha.rgéd vacancies were active in the transport of Ni in NiO. |

The most recent results are those of Atkinson and Taylor(so’sl.) who used 2
sensitive 'ra.dio—frequency sputtering technique in order to make nﬁeas"trements of Ni
tracer diffusion in the lattice, along dislocations and grain boundaries in NiO. Their

technique also allowed measurements to be made at much lower temperatures than

in the earlier investigations. The activation energ'ies for lattice (59 kcal/mole),

dislocation '(46 keal/mole) and grain boundary (41 kcal/mole) diffusion differed

signiﬁca.ntly. Diffusion along dislocations was associated with low angle boundaries

~ observed in the NiO lspecimens. The radius of the high diffusivity region in the

vicinity of the dislocation "pipes" was estimated to be 107 cm. This value was

based on the observed spacing of the dislocations and the assumption that the total
diffusion coefficient could be expressed as a sum of independent grain boundary and
lattice diffusion coefficients (eq. (3—15)). The lattice contribution was
appro:dma;ed as being negligible relative to the dislocations. They believed that

the vacancy concentration in these pipes was greater than, but proportional to the

vacancy concentration in the bulk. The grain boundary diffusion measurements

were:expressed as the product of the grain boundary diffusion coefficient and the

grain boundary width, Dlt\}iﬁ (cmslsec). The estimated gra.iﬁ boundary width, §,

4!
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was 7x10_8cm. An additional experiment at 700° C and PO = 'i'xl()—6
: "0, :

atmospheres indicated that D;’Hiﬁ varied qualitatively the same way as the lattice
diffusion coefficient. That is, the value Dﬁib‘ was decreased by approximately one
order of magnitude by lowering the oxygen pressure by a factor of approximately

10°.

Aggin, this was regarded as evidence that diffusion along grain boundaries was
occurring bf a vacancy mechanism and that the vacancy concent_ra.tion or mobility
(or both) were increased at grain boundaries with respect to the oxide lattice.

Oxygen diffusion, being inuch slower than that of Ni in NiO, has only récently
been ctudied. using 189 tracer exchangé and sensitive depth proﬁling techniques.
- Dubois ‘and cdworkers(ﬁz’ss) have uséd SIMS td determine the tracer diffusion
coefficient of 180 in NiO single crystzils. They found that this value was 58 orders
of magnitude smaller than that of Ni, as shown for comparison in Figure (34). The
grain boundary diffusion of 180 has been studied in NiO specimens brepared in the
same way as those used for the Ni grain boundary diffusion measurements(64). The
results of this investigatibn indicated that ;he graig boundary diffusi.on coefficient of
oxygen is similar in magnitude to that of Ni djﬁ'usion in the lattice.

. 3.43 Recent Developments in the Undersianding of Grain Boundary Transport in
. Nickel Oxide. | | "

In contrast to thé bulk transport properties djf'fusion. along grain boundaries in
NiO is poorly understood. Based on theoretical computer calculations of relaxed
static grain boﬁnda.ry structures it is possible to predict qualitatively lioyv diffusion
properties may be affected, but further experimental evidence is requﬁed in this
area. Using solid state theory fqr ionic solids Duffy and Tasker(ﬁs’ﬁsz have modeled
the stable atomic coﬁﬁgufations in coincidence tilt and twist boundaries iﬁ NiO.
The results for the <001> and <011> tilt boundaries showed that the equilibrium

structures could be viewed as linear dislocation arrays. These structures were

‘.'.'.
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associated with_ djslocation "pipes" running parallel 1;0 the rotation axis which éould
lead to amisotropic diffusion properties in the boundary plane. For the pure [001]
_twist boundary, a stable configuration was created by infroducing one Shottky
o defect per unit cell in the restructured boundary plare with a formation energy of
—1.37 ¢V. The Symmetrical structure resulting in this case led the authors to
| surmise that ény enha.ncemént of diffusion would likely be an isotropic effect. In the.
case of pure tilt boundaries, some relaxed structures were fairly open (lower density)
than correspbnﬁing metallic boundaries. - | |
| It can be seen that the boundaries considered by these authors were confined to
a range of pure tilt or pure twist with a high periodimty These may not be
representa.tlve of the majonty of boundaries found in a growing polycrystalline
rox:lde, but they do begin to illustrate the types of structures which ma.y be present
in more comphcated random boundaries.

Recent high—resolution electron mlCIOSCOplC observations of symmetnc tilt
bounda.nes in NiO, similar to those described above, do not indicate the same degree
of "openness" as predicted in the computer models(m). They did however indicate
- a possible réduction in atomic density in the boundary plane as shown by Fresnel
contra.st effects(ss) S:mulatlons of the observed images were based on reduced
"'occupa.ncy of m,dnndua.l la.tt1ce columas near the boundary a.nd showed that such
contrast could be produced by a vacancy content of 25%
| 3.44 Oxidation Mechanisms and Kinetics
 The oxidation of nickel has been investigated over wide ranges of temperature
and pressure. Above 500° C the growth of tl;ick { > lum) scales is controlled by
d.lﬂ'usmn of nickel from the metal to the scale gas interface and follows
parabolic~type hnetlcs(GMI). The Wagner theory( 1)i'or the oxidation of metals

has been successfully applied to this type of growth with modifications to include;

<
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diffusion of nickel along both lattice and low resistance grain boundary paths.
Below 500° C, the éar]iest stages of oxygen adsorption, chemisorption and film
formation have beén observed at low pressures usiﬁg controlled - exposures of
02(84‘87). Logarithmic kinetics have been associated with film growth for
thicknesses up to 30 A and temperatures in the range 25°-850° c(74), The onset of
parabolic grovt;th behavior may take place at 350° C; the measured activation -
energies being similar to those for nickel diffusion in NiO grain boundaries.
Elrefaie et a.l.(ﬁg) have summarized the reported kp values for NiO scales above
500° C, as shown in Figure (3-5).- The variation in these measurements is thought
‘to be associated with the. use of Ni samples of varying purity (resulting in doping
effects  in NiO)(72’73), surface prepa.ra.tion(ﬁg’m”?s) and  crystal
orientation(73—77). Above 1000°C the kp data are in reasonable agreement with
those calculated from Wagner’s .theory which considers trzL_uSport of redctants by
lattice point defects. The activation energies for oxidation are between 49 and 57
| kcal/mole. Below 100I00 C a change in slope of fhe Arrhenius ﬁlots is observed, and
" the measured k, values are generally much larger than those calculated from
Eq.(2-9) using self diffusion data for Ni in the NiO lattlce (5—7 orders of magnitude
difference at 500°C) ‘There are two nota.ble exceptlons to this behavior. The first
comes from optical observations of the thickening rate of NiO on individual nickel
gra.ms which formed a smgle—crysta.l overgtowth(73) The second is due to Elrefa.le
et a.l( 9) who preoxidized nickel speclmens at 1200° C which resulted in textured
- large grained, columnar oxide scale structures, preventing a rapid rate of nickel
diffusion along high angle grain boundaries. The k values determined in these
latter. 1nvest1gat10ns are nea.rly 1dent1cal to those calculated from.the Wagner model
extended to temperatures as low-as 700° C; all other data points fall above this. .

curve.

3
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Among the explanations advanced to account for such behavior are impurity _

(72)

doping of the oxide''”/, new oxide formatior and "swelling" at NiO gra.inA

boundaries bj rapid inward transport of oxygem along NiO grain boundaries
supported by nickel diffusion through the lattice(78’79)

diffusion of nickel along NiO grain boundaries(m’n’so’sn. Berry and Pa.idassi(72)

and finally, outward

considered that significant levels of aliovalent impurities (i.e. 20200 ppm Fe) could
alter the ‘relativ; concentrations of the singly and doubly charged nickel vacancies,
resulting in the observed change in slope of the Arrhenius plots. The Iattice
diffusion data for Ni in N10 of purity similar to that of samples used i in oxidation
. expenments(so) does not support this argument. Rhines et z:).l(78 79) ' suggested that
the formation of new oxide upon boundaries in initially formed columnar NiO grains
resulted in the generation of stresses parallel to the metal-oxide interface sufficient
to altér .the_physical dimensibn‘s of their samplés. This stress would be in addition
to the stresses resulting from' the geometric constraint of the cohsta.ntly changing
area of the metal-oxide interface Rhines and coworkers bostuléted that the new
oxide was formed by inward migration of oxygen along NiO boundaries, supported
by mckel transport through the NiO lattice. While the data on diffusion in NiO
show these diffusivities to be of similar magnitude, the relatwe gram boundary
diffusivities of mckel and oxygen make this a.rgument less reasonable than that
proposed by Perrow, .Smeltzer and Embury(sg) who suggested that fast diffusion of
Ni along oxide grain boundaries was the rate hm.ltmg factor in the growth of NiO
scales below 1000°C. .= ° - -
Structural studies of thin oxide films foi;med at temperatures < 1/2 the oxide
melting température ‘have revealed the presence of crystallite boundaries and
dislocations which may act as low resistance diffusion paths for the”transport of‘

reactants. In the early stage%’ of oxide growth these films may be epitaxially
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oriented to the underlying metal, resulting in a variation in the number and types of
bounda.riee for short—circuit diﬁusion(75577’80’8?). For a given film orientation the
average size of the oxide grains hes been observed to increase with increasing
oxidation time(77’80’81). _This increase has been associated with the processes of
recrystallization and grain growth.

In order to include the effects of short—circuit diffusion in the tranmsport
equations for the growth of oxide layers, Smeltzer, Haering and Kirkaldj(ss) have

assigned an effective diffusion coefficient

D =DY(1-¢)+D% o)

“where D! and DP are the lattice and grain boundary diffusion coefficients and ¢ is

the fraction of sites associated with low resistance diffusion paths. This expression -

has been incorpora.ted into Wagher’s model for growth of an oxide layer to give the

followieg modified 'pa.rabolic oxidation rate equation(so)
’ C o, b b : |
2 D t D\ ‘
x% = 20DAcfi(1 + P =T [+ )it =k eﬂ(t) (3-16)

Here, X is the layer t]nckness, Q is the volume of oxide formed by . a dlifusmg

-

particle, Ac is the concentration grachent across the oxide layer and k off is the

-effective pa.ra.bohc rate constant With i mcreasmg time, the value of ¢ may decrease

" duetoa decay of the numbers of grain boundary sites, as descnbed above. 1In this

case the value of kp off would be expected to approach a limiting value at long times
as the second term in brackets loses s1gmﬁca.nce - - & _
This analys1s, in conjunction with a simple physical model for the changmg
oxide structure was used to evaluate the relative lattlce and grain boundary
diffusion coefficients and activation egergles in NlO(77 80). In a later study,
Atkinson and coworkers(81) used their radio—tsotope tracer measurements of Ni

diffusion in the NiO lattice and grain boundaries to compare calculated kﬁ off
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values to those obtained from an oxidation Study. In this case, agreement was

found between the observed and calculated parabolic constants when the measurea -

and assumed grain diameters were of compara.ble dimepsions.

3.5 The Prope:ties of the Co—O System
3.5.1 Structure, Thermodynamics and Diffusion

~ Cobalt has two oxides, Co1 60 and 00304, which have stablhty ranges
defined by the temperature and oxygen partial pressure. C°1—60 has the same

crystallographic structure (B1) as Nil_ﬁo‘and is also cation deficient. Co30 4 18

stable at higher oxygen potentials and has a spinel structure. The equilibrium

coexistence between these two phases is lowered by dééreasing the oxygen activity,

as shown in Figure (3—6) from Przybylski and Smeltzer(go)

Co1 60 and Nll 60 have similar defect propert1es, however the total vacancy
concentrations are higher for Co1 50 tha,n for Ni; (O 2 at given values of

temperature a.ndf(pressure Dleckmann(gl) ha.s analysed the available data on

(301 YO nonstomluometry, electnca.l conductmty and tracer diffusion and
-:com,luded tha.t the degree of ionization could be expressed by the following

‘ethbnum constants (as was done for Nll ;O in section 3.4.1):

K* = 1.6 x 10 2exp [—6 21(k§allmole)] (3_17)
K =24 exp [ —12, Z(kﬁallmole)l _ (3—-18)

Doubly—charged vacancies prevail at low oxygen activities, while smgly—charged

vacancies predominate at high oxygen actmtles However, the crossmg ‘between the. o

two occurs at lower oxygen -activities and temperatures for Co,_ 60 "than for

Tracer diffusion measurements have been made as a function of temperature
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and pressure in 001_50(92). These results-indica.ted_ that the diffusivities were
proportional {o a constant power of the oxygen partial pressure, but that this power
varies from 0.35 to 0.27 over the temperature range 950° to 1350°C. This change
was rationalized by assuming that the degree of ionization of the Co vacancies

varied with {emperature (as indicated by equations (3—17) to (3—19) above).

3.5.2 Oxidation of Cobalt

| Single phase CoO scale grow{h on cobalt at temperatures above IOOOOC has
been analysed according to the Wagner theory of oxidation using current data for
cobalt diffusion and defect concentrations in this oxide. k, values for CoO growth
are significantly higher than those of pure nickel, as shown in Figure (3—7) due to
Athnson(ga) Here, caculations of k (upper sohd line) ha.ve been made using

measured tracer diffusion coefficients for Co in CoO(lower sohd line) and equation

(2-9) approximated as kp_5 ch0 The agreement is seen to be within 5-20% of
. measured values. At lower oxygen activities, the pressure dependence of k changes

at 1300°C to (ag )1/ 33 at 950°C which has been corelated with an

from (ao )1/ 4

o . . ¥ .
increased contribution to DCo from uncharged cobalt vacancies.

3.6 The Properties of the Ni-Co-O System

3.6.1 Thermodynamics, Crystal aud Defect Structure
At jtemperatures above 950° C and an oxygen pressure of one atmosphere,
=

cobalt snbstltutlon into nickel oxide results in the formation of a contmuous series

of solid"Solution oxides of the type (Ni,_ §Co §)1 yO which are similar in structure

* and-defect propertles to the pure oxides N1 O and Co 0 This situation arises

due to the nearly equal cationic radii, 31m11ar valence sta.tes and free energies of

formation of the component oxides. Zintl(wo’ml) has made extensive

.

it
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measurements of the defect structure of (Ni1_§Co E)l—yo solid solutions at 1000° C -

and oxygen pressures ranging from 1 o 10—4 atmospheres. Hls results indicated an
almost linear dependence of the logarithm of the concentration of vacancies and
specific conductivity on the oxide composition. '

Torkar and Schneider(®) used EMF measurements at 1000 and 1300 K to

| investigate the thermodynamics of the NiO—CoO system. They noted slight

deviations from ideal solution behavior: AH , % 1 kJ/mole for (Ni Co )O at

1000 K. Using the thermodynamic activities determined from that investigation
and a previous study of Ni—Co alloys(g'r), Bergman and Agren(gs) used the regular
solﬁtion r;pedel to liredict the miscibility gap for the NiO-—CeO pseudo—binae'y
system. ‘_T'heir model included energetic contributions due to ;nagnetic ordering

below the Curie‘tenipera.ture and gave a maximum critical temperature of 185°C.

Tracer diffusion coefficients for Co and Ni were measured by Chen and :

Peterson(mz’wa)

in (Nil_gceg)l . O crystals as a function of temperature and
composition in air atmosphere. These diffusivities were a.lso found to increase
:exponennally with an increase of the cation fraction of cobalt in the mixed oxides at
constant temperature. The small deviations from an exact .exponential rela.tionship
were included in their empirical expressions ef D;i elid Déo by the use of a

quadratlc expression 1nvolvmg €.

The observed dependence of defect structure, electrical conductivity and-

diffusional parameters on composition in Nil_yO - Col_yo solid solutions has led |

previous authors to approximate the solution thermodynamics of this system to be

. ideal. Using this approximation, expressions such ayj the free energy of formation of

'

the mixed oxides are given by linear relationships ofithe form
0
AG [(N11 §C°§)1 y0] AG (N1 0)(1—§) + AG (Co1 y0)§ (3-20)
where AG°(N1 0) and AGO(Col_y ) are the standard free energy changes for

4]
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the formation of the binary cxides. Similar expressions coulfi- be written for the
formation of vaca.neies of varying charge in the mixed oxide solutions, where the free
eliergy terms would now represent the free energies of formation of the appropria.te
type of vacancy in pure N1 O and Co 0 These free energies are available

from the general relationship between the free energy change of a reaction and the

equilibrium constants for reactions of the type (3—1) to (3-3):
0 1w _ w7 .
Asz[(N11_§CO ¢)1_y0l = ~RTK’ (3-21)

where z is the charge state of a particular vacancy species, and the equilibrium
constant K” for the mixed oxide is expressed in terms of £ as
- ' Kz(Co ) |
FZ = KX(Ni 1\;0){ % ] - - (3-22)
. 11—3,r0) :
Only two investigations of phase equilibria in the Ni—Co—O system have been

publiehed. Robin(sg), investigated the effect of composition on the.monoxide to
monoxide + spmel transformation temperature. These results are reproduceel in
Flgure (3-8).  Kinoshita and coworkers(gg) in a TEM study of (NlCo)O single

crystals observed a possible phase separatxon a.t‘temperatnres as high as 760°C.
However, they were not able to identify the cbmpoéition or structure of the small
(10—50nm) pfecipitates.

3.6.2 Diffusion Properties ¥

o
ghe available measurements of Co tracer diffusion in NiO and Ni and Co tracer
diffusion in (NiCo)O crystals are summarized in Table (3-2),p6!.

Tracer diffusion coefficients of cobalt and nickel in (NiCo)O single crystals
were determmed by Chen and Peterson(m2) over the tempera.ture range 1122 —

1545°C in air atmosphere. DN1 and DC o M€ shown as functions of composition at

R
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spinel transformation temperature in the Ni—Co—O system
determined from X-ray diffraction data(sg).
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1445° and 1300°C in Figure (3-9). From this data it is seen that DC
approximately 2DN at all composmons Additionally, there is a quasi—exponential
increase in both DC o aud DNi with the cation mole fraction of cobalt in these solid
. solutions. Dé o imcreased slightly faster tham D;Ti -as a function of cobalt
composition due to a difference in correlation eﬁects for the diffusion of 6000 and
5TNi in the solid solutions.

Arrheniu plots of Dy, and Dyg; in NiO, (Nig £5Co 47)0 aud Co0 are given
in Figure (3—10). In all cases the temperature dependence of D could be expressed
as D*=D*°exp(—Q_/RT). “The composition dependence of the activition energies
were expressed by second order polynomia.ls with respect to ¢ as _

DCo = DCO explF ¢ +GEY (3-23)
|  and Dy, = Dy explFyé + Gy;&Y] - (3-24)
| The empirical constants FC o GCo' FNia.nd GNiwere determined at 1200, 1300 and

1445°C and were found to be essentially independent of temperature. The values

* * _— . :
DCg and DN(i) represent the tracer diffusion coefficients in the pure component
oxides.

Tracer diffusion measurements of 5500 and 60Co in NiO were made by Chen
(103)

and Peterson over the temperature range 1179—164900 The temperature

dependence of the coba.lt diffusivity in air was expressed as
Dg, = (0122 0.53)x10‘3exp(-54160 + 460/RT) (3-25)
. where the activation energy is expressed in cal/mole. L o

(104) and Atkinson and Ta.ylor(ms) have measured the

Chen and Peterson
diffusion of Co radioisotopes along high angle grain. boundaries in NiQ '(see
Figure(3—4)). The results of the former authors in the temperature range
806 — 1043°C indicated that the activation energy for Co diffusion along NiO grain

boundaries was almost identical to that for.: lattice diffusion. The cobalt diffusion



Figure (3-9) Diffusion coefficients of %0Co and ®'Ni in (NiCo)O crystals at
1445 and 1300° C in air. 102) -

Figure (3-10) Diffusion coefficients of %°Co and °Ni in CoO, -
(Nio 53000_ 47)O and NiO crystals as a function of temperature

(102)

in air atmosphere.

Ly
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para.meter_wa.s‘also a factor 30 greater than that of Ni along NiO grain boundarjes,

with no measurable pressure dependence over the range 0.21 to 1.3x1079

Atkinson and Taylor later obtained values for aDg 06 in NiO for Ppo_ =1 atm and
‘ - _ 2 :

atm 02.

- 500° < T < 800°C, where a is a partition coefficient (segregation coefficient) ofi the
solute between the boundary and the lattice (a = 1 for self diffusion). Their results
showed that the activation energies for cobalt and nickel grain boundary diffusion
were the same within the-experimentﬂ error and .tixat the cobalt diffusivity was
approximately three times faster than than the nickel diffusivity. In.contrast to the
results of Chen and Peterson, Atkinson and Taylor also observed a dependence of .

C § on pressure at 700°C. Decreasing the pressure of oxygen by a factor 1011

—16 to 1.2x10 18. The experimental

resulted in a decrease in aDCOo' from 1.1x10
data points for Co tracer diffusion in NiO in the lattice and along grain boundaries

are shown in Figure (3—4).
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3.6.3 Oxidation of Ni—Co Alloys
The growth kinetics, structure, morphology and cation distributions have been

(L07—117) g thermally growing oxide layers on

determined by several investigators
-Ni—Co-alloys. These oxides have been ob;erved to follow parabolic kinetics over the
- temperature range 80005—14000 C in air atmosphere. Cation distributions in
thermally growing (NiCo)O layers have been shown to exhibit cobalt enrichment
near the outer oxide surface and depletion near the rﬁetal—oxide interface. The
" main focus of the most recent studies was to accuiately determine the parabolic
- scaling constants and cation concentration profiles (eg. by electron microprobe _
Wagner’s ternary diffusion model for the growth of solid solution oxide scales on
. binary alloyé. | | _

‘The parabolic scaling rates of Ni—Co alloys were determined by Frederick et
al(1%8) 254 Nishida et al111) The results of the latter investigation are shown in
Figure (3-11). These reaction rates decreased exponentially with nickel‘colntent in
the oxide scale. Internal oxidation and depletion of cobalt in. the alloy substrate -
- were found in nickel-rich alloys accdmpaniéd by cobalt enrichment in the oxide .
‘scales. The deviation from an exact exponential décrea.se in ki) with mnickel
concentration was attributed to the internal oxidation reaction.

A master plot of CoO concentration profiles vs. normalized distance in the
external (NiCo)O scales at 1200°C was prepared by these same authors as shown in
Figure(3—12)\‘. Co and Ni were concentrated near the scéle—gas and alloy—scale
interfaces respectively. These concentration profiles correspond to steady state
gfowth and hence fall on a master curve when :blotted vs. xyi. A further example of
cation concentration profiles in (NiCo)O scales determined by EMPA was given in

Figure (2-7), due to Nishida and coworkers(lu). Here the Wagner mo&el has been
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used to calculate composition profiles using Chen and Peterson’s diffusion
da.ta.(mz) .
Based on a review of the available data, Nishida et a.l(lu) compiled la
schematic oxide map shown in Figure(3—13) which indicates the observed oxidation |
behavior as a function of temperature and composition. It may be seen that for hi‘gl.l
Co a.llofs, 0030 4 layers are formed in the scale. The field indicating Co deplgtion.
and internal oxidation is shifted towards the Ni rich side of the plot but apbarently
does not extend below 800°C. based on the available data.
There have been initial attempts to measure cation concentrations in thin
| ('5 500 A) films using AES and ion m.icroprobes(.uz_lm); however these studies
have ﬁot been connected with any attempt to understand the transport mecham'sm_s '
or film structures in the intermediate temperature ra.nge.r
There are no systematic | studies of the orientation dependence or surface
pretreatment effedts on Fhe parabolic scaling rate. There is no accurate kinetic data _
for oxidation in this system at temperatures <,500° C. The initial upt:ike of

_(115)

oxygen and the formation of oxide islandsclls) has been observed using Auger

spectroscopy.
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to an 1ncorrect assesment of segregation

CHAPTER 4
'EXPERIMENTAL PROCEDURES

4.1 Introduction | | : |
This chapter deals with the preparation of specimens, the design and testiﬁg of
a heating stage for the scanning Auger mieroprobe, an ultrahigh vacuum

mar_xomei‘.ric assembly for the determination of oxidation kinetics, and electron and

ion mmroprobe analysis methods.

-In the study of equilibrium surface segregation it is usually desuable to obtam
Auger spectra while hold.mg samples at high temperature. An alternative and in
many cases easier approach has been to use spectra from samples which were heated

and quenched in situ. The difﬁcﬁlty with the second method is that at suﬁ'iciently

_ “*thh temperatures, the surface may have time to relax during cooling which can lead

(117)

R

. The heatmg module available from the manufacturer of the PHI 600 Sca.nmngi

‘Auger Microprobe uses a resistive hea.tmg element to heat ‘both the sample holder

and stage. - This arrangement allows spectra to be taken at tempera.tu.re but hmlts

the maximum attainable temperature to approximately 873 K Furthermore since

. -the thermocouple is embedded in the stage there is.some uncerta.mty as to how

accura.tely it represents the temperature of the top surface of the sample bemg

analysed. In order to achieve sample temperatures of over 1273 K and to attach

bl
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thermocouples directly to the sample surface, an improved electron bombardment
heating stage was designed. This unit was comﬁatible with the fast entry airlock
system of the PHI 600 and was optimised to ensure containment of the heating
electrons so that they did not contribute a significant backgtoﬁnd in the Auger

spectra.

The oxidation kinetics of Ni—Co alloys in the temperature range 673—1073K

were determined using a manometric system having ultra—high vacuum capabilities.

This unit was based on a design used by workers in the Division of Chemistry,

National Research Council of Ca.na.da.(74). During experiments, a high accuracy

differential capacitance manometer was used to follow the uptake of oxygen by the

samples as a function of time. This system was better suited to the measurement of

of thin film oxidation kinetics than a conventional microbalance assembly which had

been used in earlier oxidation experiments. The microbalance suffered from

electronic noise effects which on blank runs_corresponded to average deviations of .

. approximately £ 80 pg. In contrast to this, the manometric system was capable of

[}

resolving oxygen uptakes corresponding to only a few monolayers surface coverage.
Finally, a number of analytical techniques, including SEM, TEM, Auger and

SIMS were used to characterize the specimens from the surface segregation and

oxidation experiments. A sunimary of the operating parameters and. methodology

for obtaining the results is presented for these instruments.
4.2 Sample Preparation
4.2.1 Cobalt—Rhodium Alloys

The Co—Rh. alloys were prepared from weighed samples of pure rhodium and

Y]

cobalt. The rhodium, in powder form, was pressed into pellets which were cast into

==

boules in the water—cooled hearth of a monoarc furnace. The furnace was first

evacuated to less than 10~ Torr before Being back~filled with 0.5 atm :argon. The

o

v
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Co was recieved in the form of a 3 mm diameter rod which was cut to the desired
length, then cleaned in acetone and methanol prior to alloying. After a final
weighing the Co rod and the Rh boule were placed into the monoarc furnace and
‘melted together to form an alloy. Each alloy button was turned and remelted at
least 5 times to promote homogeneity of the final casting. The samples were
weighed after alloying to. determine their weight loss and plﬁce efror limits on the

final composition. The impurity contents of the pure cobalt and from the rhodium
| boule are given in Table (4-1). Each casting was etched in hot aqua regia to
remove the surface contaminents and then given a homogemzmg annea.l for 48 hours
in an evacnated (<10_6T0rr) quartz tube at 1423 K.

The castings were cut into 1 mm thick disks on a high speed wafering saw,
giving an average diameter of 7 mm. These specimens were then mechanically
polished down to a 1 pm diamond finish using kerosene as lubricant. Prior to
mounting for AES analysis thé éamples were cleaned ultrasomically in

trichloroethylene followed by acetone and methanol.

/)

/
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Table (4-1)

Impurity contents of cobalt, 99.98% a/o pure, and rhodium,
99.97% afo pure given as parts per million atomic

Element(ppma)

¢ N O Na Mg Al S P § a

Cobalt 18. 13. 90, 05 3. 4 26 08 1.4, 9.
Rhodium 18. 15 14 01 03 L 3 06 30 02
‘K Ca Sc Ti Ve Cr Mn Fe Ni Cu
Cobalt 08 1. — 03 01 04 08 6 6 6
Rhodium 1. — 02 4 02 5 4 39 3 55
Zn Ge As Br Rb Sr Y Zr Mo Ru
Cobalt 5 0.8 2 01 01 .03 01 07 02 -—
Rhodium - - 05 = - = 1 - 5. 33
™
Rh Ag In Sn Sb Te I Cs La Ba
Cobalt 2. 7 05 04 01 03 08 .008— : 09
Rhodium maj — 07 04 2 = —~ o~ 07 -
.W  Ir Au Pb Bi
Cobalt- —_ —_ 13. 1. .02
Rhodium 2. 25. L - -
" - C\
&
‘ A
Table (4-2) 7
T
- -Analysis of Co—Rh alloys in atomic % Rh
Alloy # . 1 2 3 4 5
Composition © 19.32.1  41.351  47.8+1 - 55.1+.1 ° 84.7+.5

" :
as determined by weight measurements -

&
- @
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- 4.2.2 Single Crystal Nickel-Cobalt Alloy

The nickel—cobait single crystal alloy, having a nominal composition of 5
atomic percenf, was prepared by the Monocrystals Company, Cleveland, Ohio from
materials supplied by Johnson Matthey Chemicals Limited. The cobalt was from
the same source used for the cobaltérhodium alloys. Tke batch analysis supplied by
Johnson Matthey for the nickel rod is shown in Table (4—3). The single crystal, 1.4

cm in dia. and 11.2 cm long was prepared using the Bridgeman technique in an

~alumina crucible. An impurity analysis by glow discharge mass spectrometry was

"kindly supplied by the Division of Chemistry, National Research Council of Canada.

This analysis is shown in Table (4—4) and indicates a purity comparable to the Ni

- samples used to measure diffusion properties of Ni and Co in Ni0(60’61). The

actual composmon of this alloy was determned to be Ni—(3. 86*0 03)Co by emission
spectroscopy

A Laue ba_.cﬂ reflection X—ray taken from one end of the crystal revealed that
the ingot axis was 3.5 to 4° off the <110> direction. A final Laug orientation to
within 0.5% of the <110> was a;hieved by using:a sample—to—film distance of 5 cm,
as shown in I;;igure (4-1). The crystal was held and positioned accurately in the
cutting process by transferring the entire sample and goniometer assembly to Gthe
bed of the sectioning saw. Slices 1 mm thick were cut from the crystal, clea._ned‘
using trichloroethﬁene and acetone and stored in a dessicator for later use.

Specimens for the oxidation experiniehts were prepared by polishing on all
sides through a series of silicon carbide papers (200, 320, 400 and 600 grit) using
water as lubricant. ‘Final mechanical polishing was ca.med out on cloth
1mpregna.ted with 6 x 10_6m and then 1x 10_6m diamond paste with kerosene as

the lubricant. The specimens were then cleaned using trichloroethylene and
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Figure (4-1)

Figure (4-2)

Final Laue back—reflection pattern of the Ni—3.86 Co single
crystal. The incident beam is parallel to [011]. Molybdenum
source, 50 KeV, 12 gA, 2.5 hr. exposure, 5 ¢m
specimen—to—film distance. ‘

Electron cha.ﬁiieljng pattern from the Ni—3.86Co (1102 single

crystal surface after the chemical polishing treatment 121). _
30 KeV, low mag., scanning defocussed beam. The pattern is
produced from a thin region at the surface of the srystal

corresponding to no more than two extinction dista.nces(mz).

'For 30 KeV electrons in Ni, this corresponds to thicknesses.

from 140 A for the (111) reflection to 730 A for the (420)

féﬂection(ms). The distortion in this pattern is probably due
to a slight bending of the crystal which ocenrred during the
mechanical polishing process.
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acetone. k

The cold—worked sﬁrface layers were removed by trying several of the
electropolishing and chemical polishing solutions which- are published in the
- literature(ns—lm). Of the former methods the best results were obtained using a
60 percent sulfuric acid solution chilled in ar ice bath. A current density of 0. 5—0 7
A/cm at 2.5 V for 1 min resulted in the least amount of pitting while removing all
traces of the mechanical polish when viewed in the light microscope. However,
surface pitting could not be completely erra.dlcated using t]ns technique so methods
of chemically pohshmg the specimens were investigated. ~The best results were
obtained using a solution due to Fox(]‘ 1) consisting of 65 ml acetic acid, 35 mi
n;tricr.acid and 0.5 ml hydrochloric acid. at room temperature. By immersing
specimens in 300 ml of this éofut\ion for a total of 5 min. the cold worked layer was
completely removed, leaving a Smooth, pit ﬁee surface. Evidence of the relatively
undeformed surface condition is shown by the <110> electron cha.nnehng pattern in
Flgure (4-2). )

4.2.3 Polycrystal Nickel-Cobalt Alloy

A polycrystaline nickel-cobalt alloy, having a nominal composition of 5 atomic |
percent cobalt, was prepared using the same arc melting apparatus and procedures
as described in 4.2.1_. The starting materials were from the same source as the Ni
and Co used to prepare the single crystal alloy. The alloy was cast into %he form of
a rod, appromma.tely 1 cm in diameter and 4 c¢m in length. This rod was
subsequently sealed in an evacuated (10'6 Torr) quartz tube and annealed at 1473
K for 10 hours. 0.1 cm thick specimens were cut from this ingot on a high speed §iC

wafering saw using kerosene as lubricant. These samples were

4



73

Table (4-3)

Impurity contents of nickel rod (batch No. 08715) as supplied by
Johnson Matthey Chemicals Limited given as parts per million by

weight.
Element Fe Al Ca Cr Cu Mg Si ~ Ag |
Concentration ' 3 <l <1 <1 <1 <1 <1 <«
Table (4—4)

Impurity contents of Ni-5Co alloy as determined by
glow discharge mass spectrometry (ppm by welght)

Element B C N- O F ~Na Mg A.l. Si P S
ppm 02 47 06 25 <04 02 03 42 90 .09 3
Element CC K Ca T V G Ma Fo Co N Cu
wm 02 01 1 03 67 05 05 44 maj maj 4
Elesl:ent Zn Ga Ge - As Se Y ZIr N Nb Mo Ag
ppm 0.9 2 <02 <0l<07 08 2 7 07 .9
Element Gd In S Sb Te Ba B W
ppm 05 <003 <08 02 . <01 <02 <.04 0.2
Element Pt Au Hg T Pb Bi  Th U
ppm 01 <02 <.02 <02 .02 <01 <001 T <o

[

mechanically polished using the same steps as for the single crystal alloys. No
further chemical or electrochemlcal sfeps were used. The actual composmon of thxs

a]loy was N1—(4 0<0. 1)Co by the emlssmn spectroscopy techmque
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4.3 A Fast Entry AirLock—Compatible Hot Stage For the Collection of Auger
Spectra at Elevated Temperatures

In ordef to obtain the most accurate surface comﬁdS_ition data for the alloys
used in this invesﬁgation, a heating stage was designed and tested for the "PHI 600
Scanning Auger Microprobe" manufactured by Perkin—Elmer. An electron
bombardment heating source was chosen in _qi&e_r to minimize the power
requirements, yet allow samples to be heated irji:'situ to temperaturesrof ©p to
1273 K. The st:;gé and sample holder are shown in Figures (4—3) and (4—4).

Some importa.nt aspects of the stage design are illustrated in the cut—away

view of Figure (4—3). A tungsten hairpin filament was loca.ted m the center cf the -

assembly and electnca.lly 1solated from the rest of the stage The filament was held

at a positive potential of up to 1200 volts while the tOp portion of the stage was

grounded. The beam was focussed by creatmg 2 Cross—over po'nt as. it passed“

through a Wehnelt aperture. The exact posxtlomng of the filament, ‘aperture size,

and Wehnelt potentxa.l were opiimized during testing in order to achieve the best

focus and ma.xumze the current delivered to the sample. The beam diameter was
checked visually by placing a phosphour—coated gla.ss(124) on top of the sample
holder. Thermocouple connections to the transferable sample holder were provided

by spot welding the chromel and alumel wires to the back of the retaining spring

clips.

The sample holder is shown in Figute (4—4). The two halves were built arcund

‘a central insulatiilg ceramic ring. Thermocouple connections were made by spot

welding chromel and alumel wires to the bottom rim of the holder which then made

‘contact with the stage spring clips. These connections were continued to the top of

the holder where smaller diameter "‘(0.003 in.) thermocoﬁpl&s could ‘be Qd.irectl}

-
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Figure (4--3)

An electron bombardment heating stage for the PHI.600
Scanning Auger Microprobe: (a) cut—away view showing
filament and aperture positions, (b) assembled stage ready for

insertion into the U.H.V. chamber.

<1
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Figure (4—4)
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a

A fast entry, air—Jock—coinpatible specimer. holder for the

_ electron bombardment heating siage: (a) cut—away view

showing inner grounded and outer thermocouple sections, (b)
sample holder with Co—Rh alloy and chromel—alumel
thermocouples in place. _
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attached to the sample surface. The central portion of the holder acted as a ground
coruection and support for the disc—shaped sample. Leakage current from the
electron heating source was minimized by placing the sample, held by three
tungsten wires, on top of a ceramic insulating ring designed to close the gap between
the sample and the holder. In addition, a molybdenum foil ring was placed above
the sample as a final barrier between the holder and energy analyser. Using this
configuration the aount rate due to the heating electrons was less than 0.1% of the
count rate due to the primary electron beam.

The accuracy of the thermocouple readmgs was checked by observing the
melting points of three metals, Pb; 600.5 K Al; 933.4 K and Ge; 1210.4 X. In each

case, the observed meltmg points were within+ 5 K of the actual values.

44 Oxidatioa Apparatu'ﬁ and Procedures _
Oxidation kinetics of the Ni—Co alloys at temperatures in the range 473-1073
K were determined using 2 manometric apparatus capable of measnring o:n{\gen
uptakes much less than could be determmed by microbalance techniques. This
ultrahigh vacuum manometric apparatus was based upon a design utilized
successfully by workers at the National Research Council of Canada(74) for
investigations of the oxidation properties of N1, Fe and stamless steel. An.

illustration of the apparatus is shown in Flgure (4—5). Base pressures in the range

107 10 10710 Torr were achieved by the use of a Balzers TPU 050 50 1/s --

turbomolecular pump and a Varian 20 1/3‘ - jon pump. This “capability was
necessary in order to ensure that pressure changes due to leakage of gas into.the

system during an expenment were mmgmﬁcant compared to those changes resulting |

from uptake of gas by the samples. Additionally, annealing the mckel—coba.lt-,a.lloys

in a UHV environment resulted in atomica.lly dean, gas—free metallic surfaces which
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- Top view: | ' ﬁ
Specimen & _ l

" chamber
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Side view:

Gas manifold

Fig (4-5)



Figure (4-—5)

A U.H.V.—capable manometric assembly for the measurement
of oxidation kinetics: 1. quartz lamp infra—red heating
chamber, 2. differential capacitznce manometer; 3. specimen
chamber (quariz), 4. Pt—Pt13%Rh thermocouple
feed—through, 5,6,7. U.H.V. valves, 8. ion gauge, 9. U.H.V.
leak valve, 10. ion pump and 11. turbo—molecular pump.
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could be maintained for periods of up to several hours prior to oxygen exposure.
Samples were mounted on Pt-Pt13%Rh thermocoupi&s and heated by infrared
radiation from a quad elliptical heating chamber (Reseé.rch Inc. Model E4-02). The
quartz lamps were powered by a Halmar Electronics, Inc. Series LZF1 SCR

controller with a Thermo Electric Series 900 digital temperature controller and

monitor. The reaction kinetics were determined by an MKS Instruments Iric., type ‘

315 high é.ccura.cy differential capacitance manometer designed to operate in the

. Tange 107 to 1 Torr. The manometer sensor head was stabilized at 323 K by a

heater shell thus redﬁcing uncertainties due to thermal fluctuations. The digital

outputs from the capacitance gauge controller (MKS Instruments Inc. Type 270B)
were used as inputs to an interface circuit for an IBM PC/XT compa.;‘éible
computer. Time and pressure'readings taken during an experiment were stored in

the computer for later analysis. The interface was also used to admit additional

oxygen to the system through a Balzers UDV 035 gas dosing ;alve under the control

of a stepper motor circuit. 'Automatic gas dosing made it possible to leave the

system unattended during prolonged exposures of up to 50 hours.

The uncertainty of the pressure readings is expressed as thg sum of errors due to
non—liné‘arity, hysteresis, inaccuracies resulting from. teniperature changes and
ﬁon—repea.tability of sensor measu.rements(us'mﬁ). The overall system uncertainty
for the above type of sensor is expressed as acpercent of reading and is éhovm in
Table (4-5). In the present investigation .most experiments were conducted at a
pressure of 5x1073 ’];‘fm:. The uncertainty in these pressure reﬁdings is therefore in

= ¢l

the range of 0.5%. 7
A typical experiment involved pla,éing a sample into the gystem after which the.
assembly was pumped down and "baked out" at 443 K for 12 hours. When the

[
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9 to 10_10 Torr

system‘had cooled after bakeout, the pressure was usually in the 10
range. The Ni—Co alloys were given a 5 hour, 873 K anneal at this pressure in order
to remove the remaining thin oxide layer present due to _chemical polishing and
exposure to the lab‘,,.a._tmosphere(lzn. Following the anneal the sample was cooled

and 1 Torr of oxygen was admitied for 1-2 ‘hours to sa.tura:te the walls of the

- reaction chamber. This uptake was monitored using the ca;badta.nce_ gauge to

determine when saturation was Eomplete. «The remaining ‘oxide on the sample
surface could be removed by brieﬁy pumping the system down below 10 Torr
followed by a 5 min. a.rmeal at 873 K. Experiments were then conducted by
exposing a sample to oxygen by either of two methods; the hot-bare or |
furnace—raised techniques. |

'Hot—bare oxidations were performed on samples free of prior oxide! Following

“ the lasf UHV anneal desribed above tne : sample' was cooled to the desired

temperature after w]nch oxygen was admitted to start the expenment Fumace—
raised expenments were nutlated by coohng the annealed samples to room
temperature, at which txme oxygen was admitted and the sample tempera.ture was
slowly increased at a rate of approx:ma.tely 100° C per mmute to its final value.
This nomenclature is adopted from the work of Graham et a.l(n) who: used similar
techmques to study the effects of surface preparation.on the oxldatlon of pure
nickel. The effect of these startxng procedures is drscussed in Chapter 6. l 1\
-The measurement volume of the ma.nometnc system was adJusteod according to
the rate of uptake byu. the sa.mple At low ten_rpera.tures, when the rate of
consumptlon ‘was low a measurement voiume of oﬁﬁ & 7-ml was . chosen which
corresponded toca resovou of 5.74 0 06 1 O2 at 5::10"3 Torr. The use of this.

sma.ller volume increased the sensrtmty of the kinetic readmgs At higher

temperatures the more rapzd pressure decreases created the need for more frequent

w
‘,.
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dosing of gas into the system, so a larger volume was added to make a total of 1598
+ 8 ml, or 13.76 = 0.07 pg O2 In order to place these quantities in perspective, it is
to be noted that an uptake of 1 ug 02/ cm? on pure nickel corresponds t0 an average.

film thickness of 6.2 nm of NiO.

Table (4-5)

‘Uncertainty of pressure readings for an MKS Instruments
1 MHg type 315 differential sensor head(125: 126)

~. Pressure Total uncertainty - Total uncertainty
\ ; * .
dmg at: in Torr - ) as a percent of
: ' reading
Full Scale(FS) 250 0.25%
(1 Torr) ' : |
10 % FS 2.55x10 O 0.26%
(107 Torr) | ‘_ -
1% FS 3.00x107° 0.30%
(10 2Torr) | o | o
0.1 % FS 7.5x10 0 0.75%
| (10_'3'1‘011) N o
001 % FS 5.25x107° < c 5.25%
. _(IQ_4Torr) . o
0.001 % FS 5.03x16~0 : " 50.3%
| ‘(10—5T0rr) T

Includes non-linearity, hysteresis, non—repeatability (0.25% reading), resolution

(1x10‘6 Torr), zero temperature coefficient (0. 0004%FS), and span tempera,t,ure
coefﬁcaent (0.0003% reading). - |
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4.5 Specimen Characterization Techniques

4.5.1 Secondary Electron Mit:roscopy

The morphologrcal features of the oxide films were examined in the Phillips
model 515 scanning electron mcroscope (SEM). Samples were plaeed on aluminum
stubs using silver dag and coated with a thin evaporated gold layer to improve
conduction at the surface and prevent charging. Furthermore, the surface
crystalﬁnitj of the stngle‘ crystal Ni—Co alloys was. checked using electron
channeling patterns, as illustrated in Figure (4-2). -

4.5.2 Anger Electron Spectroscopy

Surface segregatron on the cobali—rhodium alloys and composxtron vs. depth

profiles. for (NiCo)O ﬁlms were determmed ‘using the Perkin Elmer "PHI 600

- Scanning Auger Mrcmprobe", eqmped mth a smgle—pass cyhndncal mirror analyser'
(CMA) and the heating stage descnbed above. A summary of typlcal parameters

used for AES analysis and ion- sputtenng is presented in Table (4-6). The methods

used to quantrfy the Auger data were based on linear least—squares fitting of ‘the.

spectra in the N(E) E mode(ms) using Standards obtained either from pure
- elements or from a]loy surfaces correspondmg to the bulk composition obtained by
scratchmg the surface of the alloy with a dlamond scribing tool inside the analysrs

| chamber The latter method has the advantage of avoiding the need to apply |

‘matrix—dependent backscatter correctron factors &

s

For the analysis of ‘surface segregatmn, the area analysed was. confinéd to a

single grain. In order to do so it was necessary to compensate for stage drift during
0 . ! -~

heating by observing the seconda.l'}'r electron ima'ge and rna.k_ing manual adjustments

v
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_ TaLle (4-6)
Typical Operating Conditions Used in AES Measurements
o Electron Beam Ton Beam
Incident Beam 5 eV 4 keV
Energy : :
Beam Current 0.2-1 A - 12 A
. Beam Diameter 100—300 nm 200 pm
* Rastered Area 50x50 ;gnz | 222 mm2
Ion Species — 16g— 40, + 131yt
"When Sputtering Not Sputtering
Chamber pressure - 1075 ¢ 10710
range in Torr o
Beam incidence (1 to surface): - -
€ beam 45° 90° \
ion beam 45° | —
Method of recording data: N(E) Evs.E
Spectrometer resolution: - - ' 03 °
CMA scan rate: ' 0.5 V/step.

Analyser output for quantlta. ive analysis:
pulse counting (800—1000 lulocounts/s)

to. the stage pesition or beam deflection. ‘The equilibrium segregation experiments

were conducted by first raising the sample .temperature to approximately 673 K and
allowing the system to teach théfma.l eciuilibriuni The samp.le was theil sputfered

clean. and ra.lsed to the desued temperature over a penod of appro:umately 60

seconds. While waiting for the surface to reach an ethbnum composmon the Co “
and Rh Auger signals - were momtored The sample was also checked for the

appearance of other elements, such as*C, O and 8. If no contamination was :

l'l

. occunng, the sample temperature was changed typlcally by 50-100 C and the

H‘
2

sa.mplea]lowed to ethbnate again. - The txme to reach_ethbnum was depend_en_t .

o

‘‘‘‘‘‘‘

K]

. on temperature and - raﬁged_ from appfezdmately' 30 to 5 fnin at 623 and .

I
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1123 K, respectively. The ;irocess of changing the temperature, waiting for
equilibrium to be estahlis'hed and then recording a spectrum was continued until
surface contamiration could be detected, whereupon the sample was cooled to
approximately 673 K and sputtered briefly before restarting this process. 673 K was
chosen as the maximum temperature for sputtering due to the risk of mtroducmg
long—range composmonal changes at higher temperatures created by preferentml
sputtenng and c_hffusmn of the alloying components.

The maximum temperatu_:e for each alloy was limited by the vapour pressure

of Co, which is 5x107°

Torr at 1173 K. At h:igher temperatures one would not
achieve true’equilibrium, but rather a dynamic equilibrium between evapora.tipn |
and diffusion. A further difficulty at temperatures above 973K was the
cosegregation of sulfur which was present in the bulk at ppm levels (Table (4;—1))

In order to deal with this effect, the sample was heated to appromma.tely 1073 X for

20 minutes followed by a brief sputtenng treatment-to remove the impurity. By

- repeating this procedure several times it was possible to develop a sulfur—depleted

zone ﬂbélow the alloy surface, such that no sulfur was detectable in the times
required to equilibrate the samples.
N (—f - N
In order to obtain approximate equilibration times, the samples were sputtered

at high temperature in order to induce Co depletion by the processes described

* above and similar-to effects ol;kserved by other invéstiga.tors(lzg). After_s'puttering -

the Co and<Rh signals ‘were monitored as they asymptotically returned to their
equilibrium values. At 1273K. the time required for this to. occur was
appro:dmately 16 minutes. Since the-'-pertuba.tion intfdduced by this method was
subcf'*"‘xa.uy“deeper than that expected to ‘arise, from surface segrega.tlon or
sputtering at lower temperatures, it was believed that -a.llowmg- the sample to

equilibrate for “the times reported above at 623 and 1123 K would allow for
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equilibrium to be reestablished after each temperature change in the segregation -
experiments. _ | |
4.5.3 Secondary Ion Mass Spectroscopy -

Some secondary ion mass spectroscopy (SIMS) measurements were used to
complement the AES depth profiling of the (NiCo)O films. A Caméca IMS-3f ion
m1croscope at the Surface Science Western, Umversuy of Western Ontario was used

in the early stages of the oxidation investigation. Additional measurements were
' made using a Physical Electronics Inc. Model SIMS 1 which was: temporarily added

to the PHI 600 analysis chamber. Typlcal conditions used in these instruments are
given in Table (4-7).

L]
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Table (4-7)
Typical Operating Conditions Used in SIMS Measurements
Cameca IMS—3f PHI SIMS 1

Beam Energy 10.4-12.4 KeV 4 KeV i
Beam Current 100 24(0%), o 1-2pA

' 2-25 nA(Cs™) |
Beam Diameter 50 pm 200 pgm
Rastered Area | © 250x250 ym® 2x2 mm>
Ion Species . O'é', cst A1'+,Xe+
Raster/Optical 150x150 p.m2 50—-80%
Gating: ‘ _
Positive/Negative Pos. Pos.

Ion Detection:

454 Tra.nsmiséion Electron Microscopy .

"The structuré of the thin oxide layers was investigated ﬁsing transmission
electron microscopy (TEM) in the bright field (BF), dark field (DF), and selected
area diffraction (SAD) modes. . This work was completed using the Phillips 400

" model TEM at McMaster University. Information about the crystallinity and
orientation of the oxides was obtained by removing the films from the alloy
substrates and mounting them 6n 3 mm copper TEM grids. The film stripping -
technique using an iodine “ methan.cﬁl solution was the same as that used by
Khoi(127), hOWElVEI‘.if was fourfd necessary to give structural stability to the very
tyin oxides (< 50 nm) with a temporary plastic support Ia.;rer_ .as described By Dyeet
al.(l?’o). A supply of the chlorinated fubber compound Alloprene, grade R-20
‘manufactured by Tmperial Chemical .In.dustries Ltd. (CIL) waé kindly donated for
th% purpose by Stanchem, Mississauga, Ontario. The 4a.116prene was applied by



dipping the samples in a 1% solution in chloroform which resulted in the formation
of a thin (0.05 Iﬁx{i);‘.ifra.nsparent- coating whick was highly resistant to the iodine
solution used to disss\_(il;ve\the underlying alloy. The plastic suppoft was removed

after the oxides were ﬂdé:;ig | onto the TEM grids by dissolution in chloroform

solution. ~ _ Y
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CHAPTER 5

RESULTS AND DISCUSSION I ,
SURFACE SEGREGATION ON COBALT-RHODIUM ALLOYS

5.1 Introduction

| The results of the surface segregation measurements on cobeltw-rhodium alloys
are presented. First, the method of quantifying the;Auger da.tak is discussed, aldng
with investigations inte the possible use of various standards, including the pure
elements, sputtered‘and scribed alloys. Results of the segrega.ti.on measurements are
presented for three allojs (19.3, 47.8 and 84.7 at% Rh) in the temperature range
6231123 K ‘using AES. Cobalt segregation occurred on the Co-84.7Rh alloy with a
heat of segregation of —3.727 kI mol 1, while rhodmm ennchment was observed on
the Co—19 3Rh alloy with a heat of segregatlon of 1£1 kJ mol L. No variation ﬁom
the bulk composmon could be conclusively demonstrated on the surfa.ce of the

:?'?:5"'.’"2','00-47 8Rh a.lloy There is good qua.ntxtatlve agreement between these results and

the combmed bond hreakmg and lattice stram theones of segregatlon e

5.2 Quantxﬁcatxon of Auger Spectra and Selectzon of Standards for Co—Rh Alloys
5.2.1 Auger Spectra. for Cobalt and Rhodmm
- Pure. element spectra for Co and Rh are shown in Figures (5—1) a.nd (5—2),_

. respectlvely These spectra were obtamed from pohshed specimens after sputtenng

88 R \\
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" Figure (5-1) Cobalt elemental spectra indicating (a) the LMM triplet
' between 600—800 eV and (b) low energy valence band
transition between 4060 eV. _
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Figure (5-2)

Rhodium elemental spectra indicating (2) the MNN peaks in
the range 200310 eV and (b) low energy valence band
~ transition between 30—45 eV.
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.

to remove surface impurities using the analysis conditions given in Table (4—6). For
cobalt, a 34 transition metal, the prmmpel Auger feature is the LMM triplet at
energies between 600—800 eV. Rhodium is a member of the second tramsition series,
and its main Auger features are the MNN peaks in the ra.uge 200-310 eV. Both
elements have low energy valence band tramsitions: these are referred to in the
following discussion as the Co 53 eV and Rh 40 eV peaks. There is no siguifrca.nt |
overlap of features in the speetra for these two pure elements, indicating that an
evaluation of the pea]r intensities should not be hindered by this possibility. When
attempting to quantify Auger data one must be aware of the relative escape leugthe

of Auger electrons. The low energy valence peaks are the most surface semsitive,

‘ha.w’ng escape lengths of apfnroximately one monolajrer(lal). The Rh 298 eV and

Co 773 eV peaks, which were also used in this a.nalyms have escape lengths of

- approximately 3.5 and 6 monolayers, respectlvely The higher energy peaks

therefore contain chemrcal composition mformatlon from deeper inside the samples.

\_\

5.2.2 Quantification of Auger Spectra From Co—Rh Alloys

The first step in the qua.ntlﬁcatlon of Auger data i Is to obtain, in an accurate

' a.nd reproducrble way, a measure of the elemental Auger pea.k intensities. As can be

seen from Flgures {5-1) .and (5-2), pea.ks of mterest in Auger spectra are
superimposed on a ia.rge and slopmg background This ba.ckground is mamly due to

‘ba.ck-scattered primary electrons, but also includes mela.stlcally scattered Auger

and "true" secondary electrons. The ba.ckscattered contnbutron to the Auger mgnal

is largely responsrble for the matnx dependence of the efficiency of Auger
productlon which must be conmdered when a.ttemptmg to quantify Auger srgnal
intensities. Early mvestrgators of AES were therefore fa.voura.ble to the use of phase

sensitive detection techniques so that co]lected spectra. a.ppeared in drﬂ'erentla.l form
. E



92

~with the peé.ks appearing as sharp swings on a fairly smooth background. This also

made quantitative measurement of Auger signals convenient, since intensities could

R be obtained directly as the peak—to—peak height in the resultant spectrum. Most of

‘the newer 'spectroqigtt_ars, however, (including the PHI 600) record sﬁectré in the
direct or E-N(E) Iﬁo.de by utilizing improved signal—to—noise Vmea.surement
techniques and digital signal proéessing’ to make the small peaks more visible. The
most common technique for intensity measurement following this is to numerically
differentiate the spectrum and obtain peak—to—peak heights as before. The
popularity of this approach resides in its speed and the fact that tabulated

sensitivity factors and reference spectra are readily available from manufacturers

. and literature sources.

. Difficulties - with the “above techmques have been mted by several

128,131-134)

authors( who have drawn ‘attention to the. pos31ble variations in

peak—-to-peak height wi;h modulation voltage'and anélyzer resolution, degradation |

~ of the signal—to—noise ratio by.numerical transformations, and finally changes in |

peak shape due to the chemical environment. The genera.l conclusion upoﬁ
consmera.tlon of these effects ha.s been that it is better to measure peak intensities
(i.e. léave spectra. ) in the E-N(E) form, if possible. ;In order to accomplish this, a
~ linear lea.st-squa.res ﬁttmg program has been developg\{ms) which allows a
spectrum in E-N(E) form to be simulated using sta_ncﬁl' spectra which have

compositions similar to that of the unknown. ‘This technique has several'adva.ntages

over other methods. It does not involve background stripping, instead allowing

both the peak and its inelastically sca.ttered tail to be modeled. This means that

‘1mprovnd fits should - be obtained if standards are used which have 2 sumla.r;_
: composition over the escape depth of the Auger elecirons. Additionally, it makes |

deconvolution of overlapping:peaks possible, as m.the case of Co—Ni aIloys,-thch

(i
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are the subject of the following chapter. The intensities. of the unknowr and:
standard were always normalized using the ratio of the background counts at the
same energy at a position above the peak in the energy spectrum. This approach is

(134) who used peak to background ratios

similar to that of Langeron and coworkers
in order to obtain peak intensit‘y values which were largely independent of such -
extringic factors as the primary beam intensity, multiplier gain,‘ collection angle,
beam deflection and fof:using The insensitivity of this ratio to iricident beam angle
- also means that the effects of surface topography can also be eﬁ'ectrvely eliminated
by its use(lal) .
5.2.3 Selection of Standards for the Deterrnination of Composition of Co-Rh Alloys
from AES Peak intensities: Preferentlal Sputtering on Co—Rh A]ons

Havrng identified a method of determeng relative peak intensities from AES
spectra. the selection of appropriate standards is of paramount importance when
attemptmg to convert these measurements into compositional information. For the
case of a blnary alloy, the simplest approach is to use elemental spectra Fot‘ a |
homogeneous alloy, the normalized ratro of the elemental peak mtensmes 1s.
- ‘expected to be equal to the atomic fraction of that element in the bulk, if matrix
| effects (1nclud1ng inelastic mean free path, electron backscattenng factors and
atomic densities) -are the same for the alloy and component elements_. This
approximation is reasonably valid for alloys of Co and Ni for which the ratio of tﬁe
above parameters is: essentlally unity, but not for Co and Rh. A more accurate

method, which circumvents the need to apply. correctlon factors for matrix effects i ]S

>

to use a bulk alloy standard whose composrtron is similar to that of the unknown
surface. In order to do this, one must have a way of producmg atomcally clean
"\surfaces thh composmons equal to those of the bulk standards in situ. Sputtenng

using low energy (KeV) jons would be useful for this purpose, except in the case |
: , : | R
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where preferential sputtering of either alloy component occurs. For alloys whose
constituent elements have significantly different chemical binding energies and
a.tomie masses, a mod.iﬁca.ﬁon of surface chemistry by this process is often observed.
A more reliable method is to use a stainless steel or diamond scribing tool inside the
URV chamber(13%:136),

 The difference in the use of these two techniques is illustrated in Figure (5-3),
where the ratio of Rh and Co Auger peak—to—peak heights (APPH) is given for the
five alloys prepared for this investigation. The numericaily diﬁ'erentiated ‘spectra
were used in this' instance to. give only relative composition;; a.bsolﬁte

determinations of composition were not attempted using the linear least _squares

“technique. The sputtered surfaces were obtained by using 4 KeV ArT jons at 70°

incidence, relative to the surface normal, at 208 K. The alloys were sputtered for
5--10 minutes until no further eha.nge in APPH was observed. In every ce.se the
sputtered surfaces showed an'enrichment of Rh relative to the scribed alloys. The
relative change in the signals, R_h(298)/00(53) and Rh(298)/Co(773), does not

appear . to depend on the emergy of the Auger transitions used in these.

‘ measurements. This may<be an indication that the change in surface composrtron is

uniform over the escape depth of the electrons used. "A further check of this

observation can be‘made by ea.lcu.la.ting the range of 4 KeV ArT ions in Co and Rh
targets (see ’belo'\iv) | |
Under stea.dy—state sputtering conditions, the surfa.ce composition of a binary

alloy ma.y vary from the bulk a.ccordmg to a relation of the form

: b
- x$ Y X L
XB YA XB

where Xs and Xb refer to the surface a.nd bulk atom fractrons of element i, and the

Yi are the;_:component‘sputtenng yxelds (m_rmber of atoms out per mcommg 1on)_.
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Rea.rra.nging this expression, the surface composition of one element can be writien

<71
X i = [1+ [l—‘]j [éi“ o (5-2)
4

as

anda plot of [(XR)—I—l] vs (Xg/XR) should yield a straight line with slope equal

A

toY A/YB This treatment also assumes that the relatwe sputtering ylelds do rot
depend on composition, and that the altered surface composmon is uniform over the
depth of analysis. Conversion of the signal intensity ratios from the sputtered alloys

into surface compositions is achieved by using the scribed spectra to obtain the

-corresponding ratios for the bulk alloy. The surface composition of rhodimn can

then be determined as
' xspu_ A
1-A _
where A = (XRh/XC o) (ISP“/IS 0. (Iscr/ISPu). These values are plotted o

according to Equation (5-2) in Figure (5—4), which gives an average ratio of sputter -

(5-3) .

yields for the five alloys of YRh/YCo = 0.830.03, using a linear least—squares fit.”

‘This value has been usedﬁto ‘calculate the surface composition of R.h a_.ccording to

{6-1) in figure (5--5). Also shown ate the experimental points, not all of which lie
on the curve calculated using this simple model. |
At the next higher level of approximation, the spntter yields of the two

components ma.y be - a.llowed some compos1t10n dependence Kelly(137) has

- advanced a model for preferentlal sputtenng of blna.ry alloys which attempts to

include the effects of mass differences, surface binding . energies and relative
abundance of the two alloy component_s. His expression foi the ratio of sputtered

species is given as
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Plot of Equation (5-2) to determine the average ratio of

sputter jvields, YRh/YC 0,_for five Co~Rh alloys.
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Figﬁre (5—5). ‘The surface Rh concentration, st{h, for sputtered Co—-Rh

alloys plotted as a function of the bulk composition. Xf’m was
calculated from the  sputtered ratids (B.h298/.0053 and
Rh298/Co773) using the scribed alloys as bulk standards. In
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=R
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Ya _*AUp X5s+XpMn

_ (5—4)
Yg. XgUy Xpg+Xp7ap

where U, are the surface binding energies (estimated from the heats of sublimation »
heats of vapourization) and 7 AB is a maximum energy transfer parameter for a
head—on collision: _ | _ ‘ |
Tap = M, Mp /(M +Mp)> ~ (5-5)
Equation (5—4) indicates that the target becomes enriched in the less abundant
component, rather tha.n the heavier component The surface bmdmg energy term
aga.m predicts enrichment of the less volatﬂe component. A calculation of surface
| enrichment frem this model is shown in Figure (5-5) and indicates closer agreement
to the ‘eiperimenta.l data. |
Finally, the renge of Art in Co and Rh hes been estimated from the nuclear
_energy loss for these ta.rgetéion coinbinations. Details of Lindhard’s theory haee '

(138) and are used to make the following

been reviewed by Feldman and Mayer
analysis. The range of a low energy projectile ion in a target is estiina;ted ﬁ'em the
nuclear 'energy loss, NSn(EO), according to |

| R=E/(@B/dX), (5-6)
where E is the ion energy and (dE/dX) = NS (E ). The nuclear energy loss may

be expressed as

- N§ = N—QZ a———(ev/A) N (5-7) .
1+M
which is energy independent in. this expressmn due to the form chosen for the

screening potential (1/1: ). N 1s the atomm density, Z, a.nd M; are the atomic

numbers and masses and a is the Thomas—Ferml screening radius for the colhsmn
. . 0.88%, ' _ : '
A= —17'9—17'2—273;' ' - (5-8)
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a, is the Bohr radius (0.53 &). For Ar in Co and Rh dB/dX|_« 124 a.nd 15’0:‘eV/A
respectlvely Jon range values were then calculated to be & ¥ 32.3 and 26.7 A for Co
a.nd Rh. The projected range will be somewhat less than these values due to
colhs1ons in the surface and after correcting for the angle of mmdencetused in these
experiments (700). It is still reasonable to expect, however, tha.t‘fq;—rer‘.lthe_ depths

analyzed in the Auger measurements there will be significant ntixing which would

tend to produce a homogeneous compoSition at the sutfa.ces of the alloys.

5.3 Surface Segregahon on Co-Rh Alloys

Due to the preferential sputtering observed for the Co—Rh alloys, the

| segrega.tlon measurements were compared to either the pure element spectra or to

" the scratch test resuits. Furthermore, the use of sputtering at temperatures above

. which bulk thermal diffusion could occur produced a Iha.croscopic depletion of cobalt

beneath the surface of the alloys._‘ Thus, in order to reduce the annea]ing time
necessary to achieve equilibrium between the surface and the bulk all alloys were

cooled before being -sputter cleaned, as reported in the Experimental Methods.

Figures (5—6‘)—(5‘—8) show the intensities of the Co 53 eV, Rh 298 ¢V and Co 773 eV
peaks relative to those obtained from the pure elements, plotted' against the Rh bulk

_ atom fraction. Included are data for both scribed alloys and alloys equilibriated at

'high tempera.ture. The deviation of the measured intensity ratios from the bulk

atom fraction for the scratched a.lleys is attributed to composition—dependent

‘matrix eﬁ'ects Compa.nng these ratios to those of the three alloys at temperatures

between 890 and 948 K shows that cobalt 1s ennched on the surface of the 84.7Rh

| alloy, whlle:&rhodmm enrichment is observed on the surface of the 19.3Rh alloy. In

both cases, consistency amongst three Auger peaks was obtamed For the 19 3Rh

+ and 41 3Rh alloys the three peaks were those referred to in the pre\nous text. On

=y



101

1.0 T r ] T 1 T T 1
| 628°C ® (Co depletion) | | ' 4
o8fF | I -
o6l 635 Ci (no segregotlon) i
Ied53eV) | 4 |
1853 eV) | | |
04| | o | B
i (Co segregation) 671°C w |
o2} 3 -
1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 08 1.0
‘ b
XRh

Flg (5-—6) The relatlve Auger intensity of the Co 53eV peak vs. bulk atomie percent Rh
from a bulk spectrum at room temperature (®) and from surfaces equxhbmated at
high temperature (Ji. :
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Fig.(5=7) The relative Auger intensity of the Rh 298eV peak vs. bulk atomic percent Rh

from a bulk spectrum at room temperature (®) and from surfaces equilibriated at _
high temperature (li).
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Fig.(5-8) The relative Auger intensity of the Co 773eV peak vs. bulk atomm percent Rh

from a bulk spectrum at room temperature (®) and from surfaces equxhbnated at
h:gh temperature ().
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the 84.7Rh alloy the Co 773 eV peak was not collected in the segregation
measurements due to its very poor signal—to—noise ratio. A third measurement of |
segreg#tion was obtailied for this alloy by using the Rh 40 -eV peak instead. This
peak was not used for any of the other alloys because it is situated just below the
Co 53 €V peak and was obscured by the inelastically scattered Auger electron tail of
the neighbouring peAa.k.r _

For the 47.8Rh alloy the segregation of either cbb_alﬁ or rhodium was not
conclusively demonstrated‘ by these measurements. The Co 53 eV and Rh 298 eV
peaks show no segregation within the .experimental.uncertajnty, while the Co 773 eV
peak (which is the least surface sensitive) shows é. slight Co depletion.

In order to convert ‘th'e measured Auger intensities into changes in surface .
compositidn it is necessary to make some assumptions about the depth distribution
of the two species. This necesSity arises due to the differing escape lengths of the
Auger electrons, disc'ussed‘ earlier. Using the monolayer model of segregation it ié
possible to derive an expression such that the Auger intensity,lg’b , from an alloy
with a molar surface concentration Xs and bulk.concentration Xb relative to the

mtensﬂ;y corresponding to the bulk COIIIpOSlthIl throughout, Ib ,is given by

Is b AXS '
1‘9_— 1+ _;?-{1 epo/(mm} -6
1 1

AX? is the change in the mol_arrsurfa.ce composition of elgment i, d is the plane
spacing"‘“perpendicula.r to the surface, A is the escape length or attenuation length of
the Auger electrons perpendicular to the surface, and & is the angle the electron -
analyzer makes Wlth the surface normal The value of d clea.rly depends on bor.h
crystal onentatlon a.nd-comp051t10n Fo; pure Rh the values range from 2.2 A for
the [111] direction to 1. 9 A for the [100] direction. For pure Co the value is 2.04 A

for the [1000] dxrectlon The exact orientation of the grams analyzed in each of
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these experiments was not determined, hence an é.verage of 2.1 A was used as the
Is.yer spacing in the calcula.tions. The values of A are also not well known. the
empirical formula of Seah and Dench(3) for metallic materials gives approximate
values of 3.4 A for the Co 53 eV peak, 7.3 A for the Rh 298 eV peak and 11.8 A for
the Co 773 eV peak. | | | o '

The least—squares fitting routine was used to obtain (I?’b/IIiJ) values by fitting
the various peaks obtained at higlt temperature to those obiained from the scribed
surfaces at room temperature. By using three‘ different Auger peaks with dEfferent
escape lengths it was possibie to use the above expression to check the internal
consistency of the mea.surements under the monolayer appfoximation. The results‘
of these calculations a.reshov;m in Table (5—1). As the data shows, the segieg_a._tion
effect on the alioys studied is very small. | “

The variation of surface composition with temperature was also mvestlgated
for this system Flgure (5-9) shows an example of the various Auger intensities
ta.ken at high temperature plotted versus t_empera.ture. Witltin the experimental
uncertainty there was very little temperaturle dependence of the surface composition
for any of the three alloys studied. Plotting In[X%/(1-X%)] vs 1/T as seen from the

form of eq. (é—l) should yield a straight line with a slope equal to AH___/R. The

se
intercept at T=0 yields a constant containing the entropy of segregation. gWhen the:
data are plotted in this way the results are those shown in Figures (5—10) and
~ (5-11) for the two alloys exhibiting segregation. From the least—squares ﬁtting ofa
straight line through each set of data the enthalples and entroples of segregation
were obtained from the slope and mtercept values. These are shown in Table (5-2).
Several mterestmg results are apparent from these data. Flrst it would appear

that, there is-a change in the segregating spemes with composmon which clearly :

nnphes that pure "bpnd brea.kmg"-models cannot be.adequa.te'for describing this -
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“Table (5-1)

Surface concentration changes calculated from signal intensity ratios (I;sb/I;b) for the two
alloys showing segregation.

e

Alloy AX;s (atomic percent)
(atomic percent)- Rhd40eV - Co53eV Rh298 eV Co773eV
Co —~19.3Rh _ = ' :
(628°C) ' —_— - =0.09 +0.07 —-0.04
Co -84.TRh : C : .
(671°C) -0.22 . +0.07 -0.08 “ -—
. Table {5-2)

EnthaIpy and entropy of segregation values calculated from the slopes and mtercepts of
Figs (5- 10) and (5-11).

Alloy Rh40eV Co53eV Rh 298 eV Co773eV  Average"

(atomic percent) ' S

Co—193Rh J— 09+16  27*07 0.7£11 ° 1.4%11

AHg ‘ - ‘ - \. ,

(il mol=1) R e _ ‘

ASgeg o f e T 61122 6.711.0 33+15 54+18

(. mol=1.K~1) ' B

Co —84.7Rh , e o , o

AHgeq . -45%79 ©  -21%62 1.3£1.9* - ——  —33+T0
" (kJ. mol-1) ' T i

ASgey L : ~

. md-1.K-1) 5076 . 0.3%59 8.6+1.8%* = —— - 27%33

]

o . S ~
1 I = o
i ¢

I - : : a0

., *The enthalpies and enti‘opxes of s's'egréga'tm'n for the Rh 298eV peak were not inchided in the
~ average values for this alloy since thls peak is not as surface sensn:we as the two lower energy
peaks .
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TEMPERATURE (°C_),
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system. This follows from inspection of eqs. (2-3) and (2—4) where it is clear that
the sign of the driving force for segregation does not change with composition. In
) present case, these models would predict that cobalt (having the smallest binding
energy) should segregate to the surface of all the alioys. |
The elastic strain energy term, E,, in equation (2—5) was evaluated using the
published data for the Co and Rh elastic consta.nts(139 140) With GC = 6. 2::1010
N/m? (at 773 K), r = 1.25 A and ,=1344a valne of Ey = 7.8 kJ/mole was
obtained for the Co—19.3Rh alloy. _ |
The available surface tension data for Co and Rh is summarized in Table
(5-8). This data is conﬁned to the liquid state for Rh, but a few measu.rements of
solid surface tension are available for Co The lack of data for sohd elements has led
2 number of authors to seek correlations of this property with other thSICa-l
properties(142_1‘_i4). Using the data of Mezey and Giber(-142), eq. (2—4) estimates
a‘heat of segrega.tien‘for Co—Rh of —3.7 to —4.1 kJ/mole fa.vonring Co enrichrnent.
Hence using both the bonq breaking and lattice strain theeries together predict a
value of Aﬁseg = 3..7—4.1- kJ/mole favouring Rh enrichment for Co based allpys-
This value is approximately a factor of three higher than the average AHseg value
shown in Table (5—2). If the values of Miedema(1-43) or Tyson(144) had been used,
the surface energy term wou_ld :be approximately —7.2 kJ/mole or —10.5 kJ/mole,
respectively a_nd \nduid almost exaetly cancel the strain energj term. Togethe; with -
fhe_el_astic strain energy term, the various calculated values of solid surface tensions
‘therefore predict that the heat of segregation will be zero or slightly pos_itive. The
small positive heat of segregation measured for the 19.3Rh’ alloy is in reasonable
agreement with this nrediéi;ion _
Interestingly enough the same ca.nnot be said. if eq (2-3) is used with pure

_ element vapourization energies listed by Hultgren and coworkers(Ms) In this
\_e.-«

s'\.“‘
el
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case AHseg is found to be —32 kJ/mole favouring cobalt segregation for a (0001)
face, which would significantly overestimate the segregation behaviour of this
system.' In fact at 923 K sudh a high enthalpy wouid predict an almost complete
' monolﬁyer of Co at the surface and even higher segregation for other low index
planes. The failure of this approximation ir this case is a clear indicatior that the
surface relaxations, whether glectrbnic or geometrical, which are mcplici.tly taken
into account using Eq. (2—3); r'epraent‘ significant contributions to the lowering of

the free energy.._ﬂ o :
For Rh-based allos, if the elastic energy contribution is ignored (as has been

(146-148) _.-

suggested by other authors when the smaller atom is the solute) then the

values of AH_,, obtained from the Rh 40 eV and Co 53 eV peaks shown for the

' 84.7Rh alloy a.ri again within the range of values predié.ted by Eq. (24). The Rh
298 eV peak gives a value close to zero. The reason for this is not clear, howevgr it
“should be noted again that the low energy peaks are more surface sensitive and
.ther.efore. more likely to yield correct results for the surface composition.‘ In the
three above investigations concerzied mth the case of the sinailer atom as the solute,

the authors justified the neglect of the elastic strain energy term by noting that the

effect is very small in comparison to the bond energy model and is overestimated if

- ome utilizes Eq. (2-5) (Ey = —13.4 kJ/mole favouring Co segregation for the

Co-84.7Rh alloy).

Finally, it is interesting to nqte the very large entropies associated with the
segregation in both the 19.3Rh and 83.7Rh alloys. While there is considerable
uncerta.igiy in these values, they are conmsiderably in excess.of the Asseg .a.rising |
-from mixing. It is interesting to note that in each case the change in surface
éom’positions bﬁng the samples into ‘approxima.fely a.‘nl AB3 ratio where B is the

solvent atom type. In light of this it ié'tem'pfing to s'aggest that the large entropy
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changes may be associated with the development of ordered surface phases. It
would be interesting to attempt to do small spot LEED on these surfa.ces to see if

any long range ordering exists.

Turning to the theory of Abraham and Brundle(s) it is very evident from ,

wFigu:e (2-1) that the alloys with Co as solute lie in the lower left quadrant of the
* ) :

This prediction is confirmed by the measurements on the 84.7Rh alloy, where Co
enrichment was obser_yed. The alloys with Rh as solute lie in the ubper right

quadrant where the bond strength ratio still favours Co enrichment (no solute

segregation if above the AQ¢ = 0 curve). However, the size ratio of this alloy now

moves the theoretical point to the right, just under the AQ¢ = 0 curve to where

solute elm'chment is again predicted. 'I‘hjs changeover of the segrega.tixig species was
_observed to occur on the 19.3Rh a.lloy It is also 1nterest1ng to note that the

predicted pomts he very close to the AQ¢ = 0 curve, indicating that Co-«Rh alloys

" should be close to ideal a.nd exhibit little segregation by comparison to other

systems. For example, the Cu-—Ni alloy system shows very pronounced segregation

of copper for all alloy comp031t10ns w1th a heat of segregatlon of appro:uma.tely -19

kJ /mole(‘% “’) The theoretical pomts for this a.lloy system are also shown in
Flgure (2—1) and lie well a.wa.y from the AQ¢ = 0 curve. Using these sxmple
a.rguments, one then expects very small heats of segregatlon for the Co—Rh system,

which is the observed expenmel_l_tal behaviour. )

<

a

% .
7 —c plane, where both the size ratio and the bond strength favour Co enrichment.

0
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Table (5-3)

Experimental and calculated surface tension values for Co and Rh. (R) indicates
that the reference source is a review of literature data. Where calculated values are
given, the physical property used for the correlation with other (experimental)
surface tension data is indicated in brackets.

Element Temp.  Surface d'y/dT* Commelits_ Ref.
T (K) Energy (mJ/m’K)
7, (mI/m?) - i

Co 1766{mp 1873 =0.49 - Expt.(R)  (141)
Rh 2239(mp 2000 —0.30 Expt.(R
Co() 1766 1846 . —0.41 Expt. (40)
Rh() 2239 1915 —0.664 Expt.
aCo(hcp) - 298 © 2709 048 . Cale. (142)
fCo fccg 1766 - 2003 (AHsub)
Rh(fcc) 298 12828 - =0.37
Rh 2239 2116
aCo 0 2550 020  Cale. (143)

‘ . hliquid)
Rk 0 2750 - -0.16 Cale.
| | (AHvib) .
aCo 623 2100 —0.13 SExpt.(R)  (144)
fCo 1623 1900 - (averige® “ Expt.(R)
aCo 0 2210 “value for . Calc.(cohesive - .. .
fCo 0 . 2180 solids) - emergy):.
Rh 0 2490 T s

T @A,

5



CHAPTER 6

" RESULTS AND DISCUSSION II
OXIDATION PROPERTIES OF NICKEL-COBALT ALLOYS
BETWEEN 673K AND 1073K

6.1 Introductlon : | |

The following chapter is concerned with the o:oda.tlon properties o{ '
nickel—cobalt alloys at temperatures in the range from 6731073 K Nickel—cobalt
alloys were. used as a model binary system in this 1nvest1ga.txon since they may form
a single phase oxide product which has a relatively simple defect structure. A
review of the literature has shown that there are no extensive experimental data for
the growth of oxides on nickel—obalt alloys in this temperature ra.nge There a.re, -
however, mdependent thermodynamic. and diffusional data for this system whmh
may be used to test the vahdlty of a phenomenologlcal diffusion model thch has
been apphed to these o:uda.tlon processes

The ox:da.tlon expenments were completed using N1—3 86Co (110) smgle;
crystal and N1—4 0Co polycrysta.lhne alloys The methods of surface preparatmg.\
‘and oxidation procedures are: described fully in Chapter 4. The (110) onentatlon f‘a'
~was chosen for this work since previous mvestlga.txons on N1 had shown this surface
to form an essentla.lly polycrysta.llme ‘oxide conta.lmng ‘mainly incoherent grain -

| e bounda.nes(127) F11ms on (100) and (111) Ni have been cha.ra.ctenzed as having

° 7114 -
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a fiber texture containing a large number of coherent twin boundaries. .The
available measurexnents of grain boundary diffusion in NiO correspond' to
boundaries of the former type.
In addition to the orientation dependence, experiments showed that different
surface pretrea.tments -and methods of exposure of 'niclgel—co‘i_)alt to a reactive
atmosphere led to changes in scale growth rates and oxide morphologies. For this
reason the experimental results are subdivided into three sections. The first two are
devored to the experiments on single crystal alloys .which were exposed using two
methods: "hot—bare" and "furnace-raised". These methods are similar to those
~ employed by Graham and ,co—w‘orkers(u) in experiments which involved oxidation -
of pure nickel. "Hot—bare™ refers to the process whereby samples were annealed at _
973 K and a pressure of 10~ Torr to remove any.' residual oxide film, foliowed
immediately by exposure to oxygen thh the sample at the desired ‘temperature.
"Furnace-rarsed" expenments were performed on samples whrch were cooled to '.
.room temperature followmg the annealing cycle, but pnor- to exposure to the
reactrve gas.- Once oxygen was admitted'to the system, the sample temperature was
raised manually to the desued level over a period of 2—3 mmutes The third sectlon |
of experimental results describes work on the polycrysta]hne alloys which were not
annealed but which were exposed by ralsmg the sa.mple tempera.ture w1th oxygen in -
the system. ' .
'The growth lonetrcs for the d:fferent onentatlons la.nd exposure methods are
presented, along with the structures observed by SEM and TEM. In addltron, |
a.na.lysls of the o:ude composrtxons was performed usmg Auger spectroscopy, w1th
: SIMS as a. secondary techmque ina hmlted number of cases

Measured drfferences in o:udatlon rates for the drﬂ'erent expenmental '

| condrtlons are dlSCllSSEd on the basis of structura.l changes observed for the various
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oxide products. ‘In this temperature range the trensport of reactants via
short—circuit paths is a dominating effect, so that orientation and surface
preireatment have a marked influence on the oxidation process. A
semi—quantitative analysis of the kinetic and compositional data is made by using
'the Wagner morlei, reviewed in Chapter 2, which has been modified to include the

effects of these alternative transport mechanisms. |

6.2 Oxidation of the Ni-3.86Co (110) Alloy: Hot Bare Exposure
Oxidation of the Ni—3.86Co (119) alloys at .5.107'3 Torr was performed by' the
i “hot—bare exposure technique at 673, 723 and 773 K for times of up to 50 hours.
Oxidation kinetics for these?e:rperiﬁents are shown in Figure (6-1) in parabolic
form. In each case the rate or oxygen uptake changed little with time. However,
since the reections did not obey an exact parabolic rate law, instantaneous parabolic
“rate constants (k (eff)= (,ug/cmz)z/sec) were obtained by taking limiting tangents
to the curves. 'I‘hese data are presented in Ta.ble (6-2),pp. 144,145. ' @
) Some typrca.l SEM mrcrographs of the surface of the hot—bare specrmens are
shown in Figures (6-2) and (6-3). These unages show that the oxide layers were
not completely dense and uniform in f.hrckness, mstead dlsplaymg a ridge or
‘cora.l—hke morphology. The early stages of the development of these structures can
be seen in the series of samples oxrdrzed at 673 K, Figure (6-2). After only 8
xmnutes these ridges have dimensions on the order of several hundreds of Angstroms
a.nd are. sepa.rated by regrons where the onde ‘appears to be much thinner and of
relatlvely umform tlnckness Due to the convoluted shapes and 1rregular sizes of the
ndges 1t 1s d.lﬂicult to estrmate their spacmg at thlS sta.ge of growth At longer
‘ exposures ‘these ndges a.ppear to swe].l and merge, yet after 50 hours the structure :

still appears qurte open and POTOUS. : -
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15000

- Ni—3.86Co (110).
-4 Chemically polished.
Hot—bare.

12500 a4 5>.<10'3 Torr

773 K
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F'igu.re‘ (6-1) - Parabolic plots of oxygen uptake by N1—3 86Co (110) exposed |
S : by the hot—ba.re techmque .
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Figure (6-2) . Secondary electron images of Ni—3.86Co (110) specimens
- oxidized by the hot—bare technique at 673 K, 53:10—3 Torr 02.

(2) 8 min. exposure: 1.0 pg 02/cm2, {b) 5.8 hr. exposure:
7.5 pg 02/cm2 and (c) 48.5 hr exposure: 20.5 pg 02/cm2.
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Figure (6-3)

Secondary electron ixﬁages of Ni—3.86Co (110) specimens
oxidized by the hot—bare technique at 5x107° Torr.
(2) 723 X, 31 br., 53 g Op/cm® and (b) 773 K, 30 br.,

100 g 02/cm2.

P



119

<3
“

18um3BB8 kY

R
- -~




v

120
The composition of the thin oxides grown by the hot—bare techrique was
determined using Auger and SIMS. The oxides grown for 8 min., 5.8 and 48.5 hrs.
at 673 K were depth ‘proﬁled using SIMS. These results are shown in Figure (6—4).
The emission yields of ®*Ni' and 9Co™ decreased continuously as the oxide was
removed from each specimen by sputtering; Final steady state levels were reached
once all oxide was removed from the surface analysis area. A comparison of the
ratio of the two species (9Co™ /58Ni ™) vs. sputter time for these three specimens
showed that cobalt was always enriched (by a factor of approximately 3x) near the

outer oxide surface relative to the underlying loxide near the alloy—oxide interface.

The specimen oxidized for 31 hours at 773 K was sputter depth profiled in

conjunction with Auger analysis, as shownin Figure (6-5). The oxygen KLL and

overlapping Co and Ni LMM peaks in the range 630-725 eV were collected as a

function of sputter time and are represented as maxlmum to minimum

peak—to—peak intensities in this energy wmdow after a numencal dlﬁ'erentlatlon of .

the data. To convert these overla.ppmg mckel and coba.lt peaks mto COL’ﬂpOSlthn in
the oxide and alloy substrate, the least squares ﬁttlng progra.m was used to srmulate

~.Observed spectra usmg elemental standards. The relative contnbutlons a.s51gned to

" each of the standards by the ﬁttmg program. were norma.hzed by the Tatio of
ba.ckground counts at 725 eV and then used to determme the composmon of cobaltﬂ

C _' ‘at. each step in- the proﬁle For the. sa.mple in questlon, the coba.lt profile again -

showed ennchment near the outer oxlde surface a.nd decreased rapxdlj to near the
x .‘ B a.lloy composltron fter remova.l of all oxygen P |
e The axides produced at 673 K were stnpped for TEM ana.lysrs and examxned in
the bnght field* (BF), da.rk ﬁeld (DF) a.nd selected ared- chffractlon (SAD) modes.
. Figure (6—6) shows a series of i nnages for the three sa.mples Exammatlon of the BF

- images revealed that the ox:des were: polycrystalhne mth sizes rangxng ﬁ:om tens to

&
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Figure (6—4)

SIMS depth profiles of Ni—3.86Co (110) after oxidation by the
hot—bare technique at 673 K, 5x10 S Torr for (a) 8 min., &
(b) 5.8 hr. and (c) 48.5 hr. The symbols representing 8Ni and

Co correspond to the LHS axis. The ratio of couats,
99Co/8Ni, corresponds to the RHS axis.
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Auger depth profile corresonding to the (110) Ni—3.86Co .
sample oxidized at 773°K for 31 hr. by the hot—bare technique.
Oxygen, 0, and overlapping Co+Ni, O, differential
peak—to—peak heights are shown, corresponding to the RHS
“axis. The cobalt concentration, A determined by a '
deconvolutxon of the metal peaks, corresponds to the LHS axis.
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Figuré (6-6)

Transmission electron micrographs of oxide films stripped from .
Ni—3.86Co (110) alloys oxidized by the hot—bare technique: ()

' BF, (b) DF 8 min. exposure, 1 sg Oy/cm? ; (c) BF, (d) DF

5.8 hr. exposure, 7.5 pg 02/(:1112 ; (¢) BF and (f} after

sputtering 10 min, 5 KeV Ar™, 1zA, 48.5 hr. exposure, 20.5
s ‘

pg Ogfcm®.
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hﬁndreds of Angstroms. Individual grains were most easily observed from a section
of the oxide formed after 48.5 hours which was thinned using 4 keV Ar'
Figure (6—6)(f). : -

The SAD patterns for these films were used to identify crystal phases and

orientation relationships parallel to the alloy surface. The faint diffraction rings
indicated that some crystallites were randomly oriented, lbut the intense maxima
superimposed oﬁ t_hesé rings was evidence of preferred orientation between the oxide
and the (110) alloy sun’ace‘. f The oxide from all three samples was identified as
having 2 single phase fcc structure with interplanar spacings which closely matched
those of NiO. The main orientations were determined by supeﬁmposing single
crystal diffraction pattems to find the closest ma.tch to the observed patterns The
orientations Wthh have been 1dent1ﬁed are shown in Figure (6—6). These

orientations are (100), 2x(310), (311) (NiCo)O || (110) Ni-3.86Co.

" 6.3 Oxidation of the Ni-3.86Co (110) Alloy: Furnace—Raised Technique

t]e"urnﬁce—-raised oxidation runs at 5x10_3 Torr were performed at 673, 773, 873,
973 and 1073 K. Kinetic measurements for these experiments .are shoﬁrn in Figure
(6-T7). The effective parabolic constants v&ere. again measured by takiﬁg liﬁiiting
tangents to the data in parabolic form and are givefﬁ"in Table (6—2), pp.144,145, for
vanous tlmes | | |

At 673 K there was little d:l{ference in-the oxidation kinetics for the samples
oxidized by this method and the hot—bare techmque SEM images of thJS oxide,
Figure (6-8)(a), also did not appear to be significantly dlfferent from those exposed
by the former technique. | _ a |

The specimens exposed:at 773 and 873 K were not as rceprodhc.ible as those at

_the three other temperatures studied. At 773 K two different oxide morphologies
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Figure (6-8) Secondary electron micrographs of Ni~3.86Co (110) specimens
oxidized by the furnace—raised technique at 5x10™° Torr.
(a) 673 K, 24 hr., 14.0 pg Opfcm®, (b) 773 K, 72 br.,

27.9 ug Oofcm’, (c) 873 K, 44.5 hr., 76.2 g O, fcm?,

(d) 973 K, 49.4 hr., 815 pig O,/cm’, (¢) 1073 K, 6.1 hr.,
83.4 ug 02/cm (f) 713 K, 4 kr., 29.0 pg 02/cm and

(g) 873 K, 64.2 hr., 121.0 pg 02/cm
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developed. The first is shown in Figure (6-—8)(b). A very dense and compact layer
of oxide was observed though, or on top of which, larger—grained oxide clusters had
formed. The second structure corresponds to Figure (6—8)(f) and was composed of
a more uniformly distributed scale having a particle size larger than the underlylng
oxide of the first spemmen '
At 873 K variations in morphological development were again observed? One
specimen ,:,Figure (6—8)(g), also showed the presence of an underlying compact,
oxide witfla.rger—grained clusters on the surface. However, at this temperature, the
clusters were more densely packed than the specimen at 773 K. The other type of
str_udture was, as before, composed of larger, uniformly distributed grains, Figure
(6-8)(c). o
At 973 and 1073 K similar reaction rates e;ndsscale morphologies' were obtained
in separate e#periments. ‘The morphology at 973 K consisted"of the two oxide

Structures described above, Figure (6—8)(d), but the clusters were mot as clogély

spaced as those observed at 873 K. At 1073 K the surface appeared much more,

uniform, without the presence of the(outgraivths seen at lower 'temperé.tures. This

oxide was still not completely dense, but a.ppéa.red to have a high degree of open~..

porosity as seen in Flgure (6-8)(e).

Tra.nsmlssmn electron micrographs and associated d.lffractlon patterns for the

- Figure (6—9).- BF images and corresponding SAD patterns of specimens exposed at .

773 (ﬁ b) and 873 K {c,d) showed clear structural differences between the thin areas
of oxide and the larger oxide clusters. The thin areas were hxghly textured with the
(100) (NiCo)O || (110) NiCo orientation. High magmﬁca.tlon BF images of these
regions showed distinct mosaic structures. SAD patterns from broader areas of the

films which included the large grained clusters showed the presence of faint

A

e

-
oxides grown by the furnace-raised technique on (110) Ni-3.86Co are shown in//’

[
r
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Figure (6-9)

TEM micrographs of oxides stripped from furnace—raised
samples: (2,b) 773 K, 72 hr., 27.9 pg Op/cm’; (c,d) 873 K,

64.2 hr., 121.0 sg Op/cm’; (e) 973 K, 49.4 hr.,
815 pg O,fcm; (g,h) 1073 K, 6.1 hr., 83.4 pig O /cm”.
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polycrystalline diffraction rings superimposed on the (100) single crystal pattern.

At 973 X the thin regions were alsd found to be well oriented with
(100) (NiCo)O [| (110) NiCo. However, the large oxide clusters were too thick to
allow structural details or diffraction information to be obtained. The thin regions |
agé.in possessed a mosaic block structure as seen in Figure (6-9)(f).

The oxide stripped from the 1073 K specimen was initially too thick for TEM
observations. This specimen was therefore jon milled from the direction of the

“original oxide—gas interface (4 KeV Ar+, 1pA, 15° incidence, 45 min.) tb producel
the thinned sectioﬁ shown in Figure {6—9)(g,h). Rexﬁnants of a thin oxide layer
were visible between the large elongated structures previously seen in the SEM
micrographs, Figure(6—8)(¢). The large features were found to have the
(100) (NiCo)O }| {110) NiCo orientation and appeared to be single crystals of oxide,
Figure (6-9)(h). |

Auger composition profiles were obtained from the samples discussed above |

‘a.nd are shown in Figure (6—10). The samples analyzed correspond to the surfacesl

' showﬁ in Figure (6-8)[(a)<(f)]. Profiles (b) and (d) weré obtained by placing the “
electron beam between the large penodlc oxide outgrowths, and thus correspond to
the thm film regions only. Cobalt enrichment was found at the outer oxide surface

in all cases. This enrichment vari_ed from approximately 20% for samples oxidized

at 873, 973 and 1073 K to 12—18%- for the 773 K specimen and 11-12% for the 673
K specimen. In all proﬁles the cobalt conéentr;tion decreased céntinuously to a

level approximately equal to that in the alloy phase. B

" 6.4 Oxidation of the Ni—4.0Co Polycrystalline Alloy v

Polycrystalhne Ni—4.0Co sa.mples were exposed at 773 873 and 1073 K by the

furnace—raised techmque at .5x10 3 Torr. The surfaces” of these speclmens were

A\




Figure (6—10) Anger depth profiles of Specimens oxidized by the ‘
furnace—raised technique at 5x107 Torr. (a) 673 K, 24 hr.,
14.0 g Opfcm?, (b) T73 K, 72 b, 27.9 pg O, /e, (c) 873 K,

4.5 hr., 76.2 pg O,/cm?, (d) 973 K, 49.4 br., 81.5 pg Opfcm?,
(e) 1073 K, 6.1 hr,, 83.4 pg O,fcm?, (f) 773 K, 4 b,

29.0 pg 02/ cm?. Cdniposition analyses were obtained by the

computer spectrum simulation method and are given by the
triangular symbols. '
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. prepared using 1pm diamond paste as the final pohslnng step. Kinetic curves are
shown in Figure (6—11) The mstanta.neous parabohc rate coustants are shown as a
function of oxidation time in Table (6-2). At 1073 K the oxidation rate constant
decreased by almost one order of magnitude during the hshort exposﬁre period of 2
hours. In contrast the specimen exposed at 773 K oxidized w1th an unchangmg
parabolic constant over the 5 hour run.

Examination of these Specimens by SEM revealed a distinctly different

microstructure from the previous experiments using single crystal surfaces. These

oxides were composed of evenly distributed and faceted crystals, as shown in Figure

(6~12). The oxides prepared at 773 and 873 K were reletively adhereht however
the ﬁlm on the 1073 K specimen spalled in several pIaces dunngf handhng a:Eter

removal from the oxidation a.ppa.ratus

Examination by TEM was pqsmble without ion'thim;ing for the oxides stripped

from the 773 and 873 K samples'. These results are shown in Figure (6—13)[(a)—(d)].
Regions nea.r the edge of the films were used to image clusters of oxide particles for
grain size determination. SAD pa.tterns showed that these oxides were more
randomly onented tha.n those which formed on any of the single crystal surfaces.

The oxide from the spemmen exposed at 1073 K was thinned to allow observation of

i_ndividua.l ,‘fea.tures within the film, Figure (6—13)(e,f). 'The approximate grain size
for eack of these films- (measured as the two—dimensional projected height) was
determir'led from a random sampling of the individual crystallites. These results are
shown in Table (6-1), p.'"3. |

¢
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Figure (6—11) . Parabolic plots of kinetic data from the o:cidation_of Ni—4.0Co
o polycrystalline alloys by the furnace—raised technique.



Figure (6—12) Secondary electron micrographs of Ni—4.0Co polycrystalline
alloy surfaces after exposure to 5x1073 Torr O2 at.(a) 773 K,

6.2 br., 26.2 g Op/cm®, (b) 873 K, 5.1 hr., 102.7 g O, /cm®
and (c) 1073 K, 1.8 hr., 135.2 pg O,/fcm®.

QO
RS
._,_;L','-\‘ P
.’/‘J..,f@ak\é? { )
- AP .:&.
p =, N
2

9



L I

' Fig.(6-12)

138




%

Figure (6—13) Bright field transmission electron micrograpﬁs of oxide films
stripped from Ni—4.0Co polyc_rysta.lline alloys exposed at

(a,b) 773 K, 6.2 hr., 26.2 g O,/cm?, (c,d) 873 K, 5.1 br,,

102.7 pg Opfcm® and (ef) 1073 K, 1.8 ., 135.2 g Oy/cm?.
The latter specimen was thinned from the direction of the
oxide—gas interface using 4 KeV Ar™ ions with 2 beam current
of 1 A at an incidence angle of 15°.
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- Figure (6-14)

Auger depth profiles through oxides produced on Ni—4.0Co
specimens at 5x107° Torr O,. (a) 773 K, (b) 873 K and

(c) 1073 K. The sputtering rate for profile (c) was increased
relative to (a) and (b) by reducing the area rastered by the ion
beam while maintaining a constant beam current.

Composition analyses were obtained by the computer spectrum

simulation method and are given by the triangular symbols
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Table egﬁ—l)
Average grain diameters of stripped oxide films from polycrystalline
Ni-4.0Co alloys measured from TEM BF images.

. T,K Avg. Dia.(A) Std. Dev. (A)
773 ' 236 124
873 1005 388
1073 6467 1125

~ Auger depth profiles through the same oxide structures are given in Figure
(6—14). Deconvolution of the (Co+Ni) LMM peaks again indicated an enrichment
of cobalt near the oxide—gas interface.
6.5 Discussion |
Tl;e results given in the preceding sections have shown that the ondde'products
and corresponding reaction rafés_ depend ‘strongly on substrate orienta.fibn and
methods of surface pretreatment. A semi—qifa.ntita.tive compa.tison of the measureq
reaction rates with those predicted from diffusional theory will be given later in thio
d.1scussmn It will be shown that transport of nickel and coba.lt ions in the growing
oxide ﬁ].ms was occumng by 3 combination of both lattlce and boundary diffusion.
. On this basis, 'variations in the observed reaction rates for thg three experimental
conditions may be rationalized according to the differences in the number and type
- of boundaries which developed in eaoh case. o T
( Direct comparisons of the instantaneous parabolic gfowth rates may be made
by referring to Table (6-2). These measurements show that, in gfnera.l, the slowest
rates of okygen uptake were associated with the {110) Ni—3.86Co single crystals
oxidized by the furnace—ra.ised_ technique. . Films produced by this experimental

condition contained extensive areas of oxide which was highly oriented to the

&
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substrate, having a mosaic block structure. The degree of orientation mismatch
between adjacent blocks, as determined from the angtﬂa.r Totation or streaking of the
SAD spot patterns, was within only a few degrees. In addition to the mosaic
structure, a faster growing and less dense type of oxide was observed in some of the
furnace—rtaised. experiments. Limited SAD informatiou obtained from these
structures shoxlyedthat they were polycrystalline with random orientations.

" These observa.tions suggest that for oxidation reactions which are controlled by
boundary d1ffusmn, it is both the number, and perhaps more importantly, the type
of bounda.nes which determme the oxidation rate: The thin mosaic oxide had
crystal blocks with sizes on the order of hundreds to thousands of Angstroms which

were clearly visible in the TEM unages “That is to ; v that the regions which

appeared to be single crystal from the SAD patteras rea;‘uy conta.ined a large number

of internal boundanes — far from bemg perfect crystals. Due to the thickness of the -

coarser oxxde it was not poss:ble to estimate gra.m sizes in these areas by TEM.

However, the SEM images indicated tha_t this oxide had a grain size with an upper

limit of at least the same range. Having established that the density of low and

high angle boundaries within the different areas-of-these layers did not differ
' greatly, it may b__e reasoned that transport rates \uithin the low angle boundaries

were s1gmﬁcaut1y slower than for the high angle ones. In addition, the overall rates

of oxide growth depends on the relative amounts of the different oxide orientations

present. This later observation arises from the variation in reaction rates measured

in repeat experiments under similar reaction conditions. _
Oxidation of (110) Ni—3.86Co by the hot—bare technique resulted in films
“having, in general, a hig'he_: rate of oxidation than speeimens exposed by the

furnace-raised technique. These oxides also displayed a higher number of preferred

g,’ N

id
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orienta.tions between the oxide and alloy. For any given film, within a selected area
on the order of one micron, there was little variation m the number of orientations
- from one region to ancther. It appeared from the SEM 1mages that these films were
growing as a network of ridges. These ndges grew at a much faster rate than the
relatively thin oxide which separated them. TEM observations confirmed that these
areas were much thicker than’ the surrounding oxide and revealed them to be
composed of Crysta.llites whose dimensions were smaller than the ridge features.
The enlargement or swelling of the ridges at successively longer oxidation times was
therefore presumably due to outward tre.nspcrt of cations along internal boundaries.
| It has yet to be determined why these two exposure techniques produced such
different morphologies on (110) Ni-3.86Co. A review of the literature has shown
. that there are few studies of the oxidation of NICO alloys in thls tempera.ture ra.nge
There are, hcwever, expenmenta.l data. for the oxidation of pure nickel which may
prowde some basis for mterpretatmn of the present results. These studies have been
conducted in the regunes of nuclea.tlon and growth of two— and three—dlmensmna.l
oxides by surface ana.lytlcal techniques, and also in the range of thin films extending |
up to 5000"Ang'stroms iu thickness by gravimetric and X—ray diffraction techniques.
The studies of thin film (25-5000 A) NiO growth on (110) Ni have previously
been shown to produce a latge number of oxide orientations. Cathcart and
co—-_workers(82) used electro.polished nickel single ‘crystals which were annealed in
¢hydrogen for 10—15 min at temperatures from 673-873 K prior to oxidation. These
samples were then maintained at the same temperatures while the hydrogen was
pumped out, followed by exposure to oxjgen at slightly less than 1 a.txu total
pressure. This procedure yielded textured films on (111) (100).and (311) Ni, but
produced a polycrystalline oxide on (110) Ni for th1cknesses up to 500 A.
Khoi and coworkers(77) identified eleven NiO orientations parallel to (110) Ni
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upon exposure to 400 Torr oxygen at temperatures within the range 773—1073 K.
These surfaces wer;a also prepared by electropolishing followed by vacuum annealing
at 3x10° ‘Torr at 1073 K for 18 hours. After cooling in vacuum to room
temperature the surfaces were exposed to oxygen and then the temperature was
increased to the desired level. Total oxide thicknesses in these experimenté were up
to 5000 A. Gradual changes in orientation occurred as the scales thickened with a-
tendency to form (100) Nio parallel to (110} Ni.

With regard to the very early stages of oxidation, there are several papers
dealing with the stages of chemisorption, nucleation and 5pread1ng of NiO on (110)
Ni at room temperature(84—87) These studies were ‘conducted using low energy
electron  diffraction (LEED) and reflection high energy electron diffraction
(RHEED) on starting surfaces which were "atomically" clean, produced in UHV

environments. Cleamng was by various techmques including hydrogen reduction,
| ion bombardment and vacuum annealing. The first form/c;d two—dimensional oxide
stmctures _have been identified as ‘(2X1) and (3X1). This is followed by
transformatlon to a (9X4) structure, which upon further exposure to oxygen‘
transforms into a three—dimensional oxide with (100) NiO || (110) Ni. Mitchell and
_coworkers(ss) estimate that this latter change occurs at oxygen doses greater than -
| ‘. 0.015 pg/cm . Exposures beyond. 0.06 ,ug/cm corresponded in the latter study to'a ”
" * further transformation to a (117) NiO || (110) Ni epltaxja.l rela.tmns}np

The present results appea.r to fall between these two extremes. When (110)
Ni-3.86Co samples were exposed to oxygen at room temperature after the UHV
annealing cycle (furnace—raised) the resulting oxide exhibited a strong tendency to
form (116) (NiCo)O || (110) Ni-3.86Co. It.i.s not clear 1.1.vhy or how"the additional
polycrystalline oxide formed in some exﬁeriments. It is possible that slight -

 differences in surface misorientation away from the (110) direction due to the
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method of sample preparation could have resulted in nucleation of other, more
random orientations at room temperature. Upon heating, these orientations could
have grown at a faster rete due to a higher rate of diffusion in the more randomly
oriented Vboundaries. This mechanism would accouat for the sample—-to—sample
_ structural variations in the films. |
Exposure of clean (110) Ni—3.86Co surfaces to oxygen at elevated temperatures

(hot—bare) _resulted in the forma.tion of a greater number of orientations.
Presm:na.bly this was due to the greater amount of thermal energy available for
nucleation of less energetically favorable structures. The effects of rnisorienta.tion of

the alloy surface did not appear to be as signiﬁcant in this series of experiments;
" there was a relatively uniform distribution of the different oxide orientations across
_ the surface ef each sample. It apnea.red that the effect of snrface structu:a:I defects
in lowering the _a.ctivatien energy for nucleation was balanced by the additional
- thermal energy available for nudeatten on the remainder of the alloy surface.
\ The results for the oxidation of the Ni;40§_ polycrystal]ine specimens indicated N
- that these oxides de‘}eloped in a more unifo;tn or homogeneous way. This was |
interpreted as being due to the nucleation of mainly :endoin oxide crystallites across
. the surfaces of these specimens. Such an .effect ma} be? expected for cold—worked
surfaces which were subsequentlyfexposed to the laboratory atmosphere pnor to the
~ oxidation. tests; oxide forma.tlon on these surfaces would have been almost -
instantaneous Further exposure to oxygen a.nd heating in the expenmenta.l
chamber would merely have resulted in the continued growth of these films, aided

by a h:gh densu;y of ra.ndomly onented oxide gra.m bounda.nes

< o 4

o
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66 A Diffusion Model for The Growth of (NiCo)O Solid Salution Oxides by
Combined Shert Circuit Grain Boundary and Lattice Diffusion

In the following section, the results of the present experimental work have been .
~ compared to the Wagner model fq_f oxidation of bina.ry: alloys \#hich form external
solid solution scales. It must be emphasized that this was not an attempt to obtain
model predictions which < exactly matched the experimentally determined
composition profiles and scaiing rates. ~ Rather, the approach ﬁas to try to |
demonstrate consistency with and/or highlight the differences between’ the oxidation
model and these lower temperature data. Due t0 the limited thermodynamic and
diffusional data available in this teinperatﬁre range, certain approximations have
been made which in any case would make exact correlaiions of questionable merit.
The most that can be exp_ected- therefore, is ihat general trends in the data may
emerge which will give additional insight into the oxidation mechanisms at work
over 'the  Tange of conditions examined in these expenments ,

An nnportant feature in the Wagner model was_that the ox:de layer should be
single phase, um‘form in thickness and free of any defects such as voids, cracks and
other internal boundaries. Obviously in the presént case, it is reasonable to alter
this model to inciude gram boundaries and allow for transport of reactants w1th1n
these structures. This type of transport was accounted for in the oxldatlon of
meta.ls by the use of an effective diffusion coefficient, as introduced in Eq (3-15).
The same approach will be used to descnbe the ﬂux of cations A and Bin a

polycrystalhne oxide. Tms leads to expressxons for the effective diffusion

=

e
=
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coefficients of A and B:
Dy o= (- ‘¢)D}X + iﬁDR C(6-1)
D= = (1-$DL + ¢D5 - (6-2)
Here, qS is the fraction of gra.m boundary sites, while D}& Dé DR and Db are the
lattice and grain boundary diffusion coefficients of A and B in the solid solution
scales. In order to treat the problem oRa macroécopic scale, the oxide may again be

approx:mated to be a. ‘parallel plate of uniform density and t]nckn&ss Such an

Pt
\..ppronma.tlon is obviously very crude in view of the complex morphologies

observed for the different experimental procedures. It will, however, facilitate the
calculations and the consequences of a non—uniform oxide morphology are left for
discussié;l at the end of this section. |
Wagner’s coupled transport equations describing the growth of a solid solution
scale é‘re now modified to inﬂclﬁd_e these diffusion coefﬁcient;. The first expression
which describes the flux of tiae two cations in the oxide normalized fto a fractional-
thickness, y, in terms of an effective parabolic rate constant, keﬂ" and the ﬁietal,

gradient in the film, a-é was introduced as Eq.(2—-15) and now takes the form

-3 1n a d¢ VA d In a
. DA eﬂ(l—g)[ AO + A 9} ]
- ’ ¢ g€ dy Zg dy

Cf4D =k 6-3
B'eﬂ{[ A dY+Z0 dy ] et s)

ke

In this expression, a is an activity and £ is the mole ﬁéction of BO in the oxide.
Zys ZB and ZO are the valences of A, B and O, respectwely The second related

tra.nsport equation (2-16) arising from the consideration of mass bala.nces within the
oxide becomes - _ . _
‘d¢ d T8 lnaps d6 Zp dlna
ot = ~—[Pg eat[—— B2 —-—-B - 0]] (6-4)
¢ dy  Zg dy

dy  dyt
These equatmns may be sxmphﬁed further by incorporating smta.ble

i
2R -
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approximations for the solution thermodynamics and diffusion coefficients in the

solid solution oxide scales.(2834)

The ideal solution approxima.tion;leads' to the following relationships between

activity and composition in the alloy and oxide:

a1 | _.
—a:ﬂhlltl—a (6-5)
"8 lna : |
q——3B9—17¢ 6-6
e ¢ &9
Furthermore, at the alloy—scale interface

| O — (6

| 7(1—6 )+¢& o

dap = AGS ~/RT .
- maye| o e (868 o/mD L (69)
= a where Y= exp[(AGN 0 AGcoo)/RT] (6-9)

in these expressmns, AGO is the free energy of formatmn of pure oxide i at the
temperature of interest. _

C(Jati;_m diffusion coefficients in the oxide will be functions of the total vacancy
concentfation. These concentrations depend on both the scale composition and

anion activity. The combined dependénce may be expressed as follows:

_ _ v .
D D [ M ] ( NiCo ) 0 ) (6__10)
Nl Q, Nl [v ] : o
: ‘ L NilNiO <
and
- p* _p*o.[Vml (mico) ol (6-11)
B Co CO [ vV ]
Ni!NiO

where D and [VN1]N1O are respectlvely the tracer diffusion coefficient (gram
boundary or lattice) of element i and the vaca.ncy-mole fraction (at the grain

boundary or in the lattice) in NiO at pj =1 atm. [VM](NiCo)O is the .vac:a.ncj,r

. : 9 : . a0
o o o ‘

- concentration in the solid. sclution at ‘3 given temperature, pressure and

c . B




¥

oty

153

composition. The difficulty in the use of equations (6—10) and (6—11) for the grain
boundary case arises from the fact that there are no quantitative measurements of
the vacancy concentrations near NiO grain boundaries either as a function of
temperature, pressure or orientation. As discussed in Chapter 3, high resolution
electron microscopy a.Ed computer simulations of grain ‘boundaries in NiO have
shown that these concentrations are higher than the bulk values, possibly due to

intrinsically reduced formation energies or through mteractxons with solutes

segregated near the grain boundaries. A simple a.ppro:umatlon for the variation of -

* the grain boundary vacancy concentration is then to assume that under some given

conditions of temperature, oxide composition, boundary structure, and oxygen
.activity, an eqdﬂibriuin distribution of defects between the grain boundary and the
bulk phase ex:i.sts. The vacancy | mqle fraction at grain boud'da.ries will thus be
proijortional to the lattice vacancy concentration for both NiO or the solidceolutioﬁ.
‘I‘be‘ limited da.ta which shows that the cation grain bodnda.ry diffusivity in NiO

varies with approximately a pol 6 dependence, as is the case for lattice vacancy

concentrations, is comsistent with thlS hypothesls The term in brackets in

Equations (6—10) and (6—11) for the grain boundary case will therefore be replaced

by the eqﬁivalent term for the lattice vacancy concentrations in the diffusion model.
An approx:matlon for the va.ca.ncy mole fra.ctlon in (NiCo)O solid solutions was
glven by Wagner(29) based on the observed quasi—exponential decrease of the

vacancy concentration withk additions of NiQ:

DN =D ﬁf v (614

 log [VM](NIC 0)0 = log [vN1]N10 + §1 og LO]Q-Q—Q- + log all Vo (6-12)
-~ nilnio
The various self—d1ﬁusmn coefficients may then expressed as .
: ‘ 1 pel § R o -
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Dg 6= ngaﬁf 1/v - (6-15)
and _ ‘
DP.5= DYPsplall” | (6-16)
where §= [V O]COOIWNI]Nlo The oxygen a.ctmty dependence arises from the
vacancy formation reactions similar to those which were introduced in _sectmn 341
for NiO. The term v is derived from the pressure depende:ice for the formation of .
the predominating vacancy species. If the predominant excess relative charge on
cation vacancies is +2, then v = 3, while for a charge of +1, v = 2. A value ofv=
3 was used in the numerical calculations, based on the observed bréssm:e dependencé
of the cation grain boundary diffusion céefﬁcients and parabolic rate constants for
(61,74)

NiO in previous investigations When incorpo;a.ted into Egs.(6-1) and

{6-2), the eﬂectxve diffusion coefﬁclents for nickel and cobalt then become

| S "‘{7 Dni eff = {(1 ¢)D by ¢DNl}ﬂ£all v ) (6-17) :
and = '
DCOEﬁ {(1-4)D. + sD30}p%a¢ v (em)

In these ﬁnal expressmns, the grain bounda.ry terms were divided by an assumed
value of § ( 10 A was used in the numerical calculations).

Equations (6--3) and (6—4) are then simplified by mtroducmg (6—5), (6-6),
(6-17) and(6—18) to give the following coupled differential equations:

o -d In a k dé o
« - ppD)g——2 = & = (6-19)
iy fe oF = Ty '

&

and . - )
2 £ ‘\ 2 W I\\
[p—(p-1)¢] —g+[(1—1/V)(P—1)+{P—(P—1)§}1nﬁ][ ]

i

koo e é
__26%73{(1—1/1;)_1[1:(1;5_).&]_} =" (6-20)
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where k:ﬁ is equal to k g divided by the term in brackets in Fq.(6—18). In this

notation, p is the ratio of diffusion coefficients, Dy /Do e  Boundary

conditions required for the solution of these two equations are the same as those

used in earlier solufions(29_34): one uses the average content of B in the film, -

the gas phase oxygen activity, aa , a relationskip between the composition of the

film at the alloy—oxide interface, £, and the t':orresponding*dxygen a.ctivify for the

- alloy—oxide equilibrium. The latter relationship is provided by equations (6-8) and
(6-9). ' '

bulk a.llo‘(;y‘: composition, Ng under the assumption that diffusion in the a116y is much
slower than in the oxide. If diffusion in the alloy is not insigniﬁca.nt, then an overall
enrichment of the nioré stable oxide corﬁponent, CbO‘, is expected to occur, so that
Ea.v > Ng. The Auger profiles reported in the previous section indicate that the

latter relationship genérally holds true for the experiinenta.l conditions tested in this

- investigation. This ﬁnding is significant, since all 'previous‘ high temper_atﬁre work

on the oxidation of 'Ni—Co alloys has shown that diffusion in the alloy was negligible

compared with transport rates in the ‘oxide laj'er; £a.v

composition data -obtained from the Auger profiles (and experimental para.bolié

= Ng; The average

scaling rates have therefore been used in the Wagner ahalysis to estimate the alloy
interdiffusion coefficients. . '
Equation (2-5) givés Eﬁéla.tioqship between ¢, _, E’, N% and F(¢). Recall that
the function F(p) is a parameter in the solution of the equation for diffusion in the
alloy phase (2-17), where ¢ = (a/zﬁau)ll 2. To obtain an estimate of f)a.ll’
experiméntal values ‘6f ga.v and f, were determinéd from the." Auger '. composition
| p'roﬁles.ﬂ In each pfoﬁle, the position of the alloy—oxide in‘terfaé.e was estimated to
' be the sputter deptii at which the O KLL diﬂ'gren;ﬁal'peak—td%peak height

e

In section 2.3.5 it was shown that 'Sa.v may be regarded as beiiig equal to the -



156

(i

. ura/sans uIoje Funwunsse (3) - -fo[[e o)L !
A 7 01 () *(gp) €I 2OETIN

ST

¥ 10§ FUSIJI0? UONIJIP J98 ) 21 mZQ pue oon. - JN Goo.._ﬁ +oOszuﬂ = :ﬁQ ?v ..uuu\nEu jo spun ut 21w sanfea ( [[¢.(¥) :EON

e

(01X89 01788 c g OTXeS 1£°0 €20 02L0 9100 %S_,_ 160°0 £L01

PRl s: o018 ¢ IX90 g1°0 91'0  £¥20 1200 “ 1900 180°0 £L8 o

e 01xET | p1-01%87 700 80°0 £e1°0 z£0°0 BLOD 600 £LL o
: pasei-aoewing ‘Lojje aurqeysiraiied oD0F-IN . .

QIX8E , 01%8E OV o OTXET g 079 ’ q1°0 o1'0 £72°0 c10°0 Woo  TIT0 £L01

Y, 0TX9Y O g 01%6°8 51 IPP'S .ST'0 91'0 ££2°0 ¥10°0 1500 611°0 . BL6 o

gO¥EL ¢-01%E'L g-01%ee'1 Sleﬁ.ﬁ 51 VX068 AT o 112°0 0200 £20°0 6o €8 )

0108 g 01X0°8 IOV vE0 ¥2°0 86€°0 020°0 8700 8200 gLl

o IE T UL opOrXeL g0Vl I 00 80°0 961'0- 8200 290°0 901°0 £LL

VLT 0TXLT [ OPe o 0TXEE g-DTxLE g1'0 - 91’0 . 1820 5200 ¥40°0 £80°0 £L9

pesiei-aowung f0D9g"e-IN (0T1

() (qen ] .

\ | | . Ite 2
A&AN..E&Q. ¢ 1e1p MZQ | =ﬂ_wm_ =amh - h @) mh.Hﬁ p . >dw M.,,B

A

o

“suoje[ns[es 9yy Jo uolydiIosap ¥ 1o0f 9x3) 335 ‘sur[y O(ODIN) Ul =
w qu%E uopysodurod [ejuauIxadxd Jo sisAjeuw uo paseq ¢ pue ?&:nﬁ Jo san[eA ﬂuau_=w_u_0. .

(€9} 219°L,

3

s RO Tt IR




!\“T"

| of mck&l along dislocation pipes in nickel crystals have been reported
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decreased to a value midway between it’s maximum and minimum levels. The

- values of,f'#v obtained in this way are given in the second column of Table (6-3).

The third column lists values of f’. This data was used to calculate NI’3 from
equatmns (6—7) and (6—9) Finally, F(y) was determined. from equation (2-35).

~ Function F(:p) was also defined in equation (2—31). Values of F(y) from (2-31)

were thus compa_red with those generated in Table (6—3), to obtain ¢ corresponding
to the experimental F(p). These appear in column six of Table (6—3). The final
experimental values of k| have been used in the relationship & = kp(va]l/vox)ll 2

there. V. and V_ are the molar volumes of the alloy and oxide, respectively.

Approximafe values of 6._6' and 11.3 cm3/m01 were obtained from a linear
interpolation of the pure metal and oxide data at 4% C_o. This leads finally to the
values of Dall listed in column exght of Table (6—3)

The expenmenta.lly derived data for Dall are to be compa.red with the
literature data shown in Table (6-3). It may be seen that the present values

~ deviate from the reported lattice data for a Ni—4.3Co alloy by up to six orders of

magnitude at 673 K. This difference is reduced as the temperature incteases, wpto

‘approximately 1073 K where there is no significant variation.

Such large discrepancies may have been due to the presence of a significant

concentration of short circuit diffusion paths, in the form of dislocations, “beneath

.t'he_growing oxide layers. The pfesenée of these defects could have contributed to

an overall enhancement of the alloy interdiffusion coefﬁcient Data for the diffusion :

(141) and are

" also shown in Table (6~3). The values in column eight are seen to be lower than’

the data for dislocation pipe diffusion, which suggests that a combination of lattice

2.
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and dislocation diffusion in the alloy could account for the present results. By using

the expression for an effective diffusion coefficient which was given in equation
(3-15), the fractional number of short circuit diffusion sites per unit area may be
derived, which in this case is related to the dislocation density. This has been done,

.w1th the data appearing in the final two columns of Table (6—3)-

It may be seen from this analysis that dislocation densities of between 10!
2 at 673 K and 108 2 2t 1073 K are obta.med A typical dislocation density

in a well annealed mickel smgle crystal is of the order of 108 cm™2. It therefore

appears that the presence of the grovnng oxide layer in these expenments resulted in

an increase in the dmloca.tmn density, possibly in a localized zone, bereath the oxide

| ﬁlms Such an effect has recently been proposed by Pieraggi and Ra.pp(149) to

account for stress genera.tlon and vacancy annihilation in oxide scales growing by
catlon—vacancy dxffusmn These authors note tha.t even in polycrystalhne ox:lde
layers, the innermost grains of. the scale, which are in contact with the underlying

alloy, ma.mtam close epitaxial relationships with the alloy substrate. They have

therefore proposed a model describing the metal-scale interface in terms of an

arrangement of misfit dislocations. | Vacancy annihilation is presumed to occur by

climb of a certain fraction of these dislocations cinto the metél which generates

’ elastlc compressmn in the scale and tension in the metal. When the stresses are of

suﬁiment ma.gmtude, it is postuia.ted that they are accommodated by plastic
deformation on both sides of the interface due to dislocation ghde, which resupplies

“dislocations at the mterfa.ce o z

Further analysis of the experimental results by the modified Whgner model has

| been made examining pa,rabb]ic rate constants and cation concentration profiles. A -

first 'esti_ma.te of the paxaholic rate constant may be obtained from equation (6—18)

o]




" always enriched near the outer oxide surface. This was also the case in tracer -

| diffusion measurement:s of Co and Ni in NiQ and (NiCo)O solid solutions(102’m3),; .
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by taking d¢/dy=0 at y=0 and approximating ¢, v and p to be average values £,

Vav and . Upon integration and incorporation of ‘the above a.ppro:drnations

¥

Kest = YarP5Y {PgyH1Py ) {tag)/¥av - (o) v} lo-21)

Here, superscript prime and double—pnme refer to the alloy—oxide and oxide—gas |

interfaces, respectively. In order to ma.ke comparisons between equat:on (6—21) and
the measured values of kp off the Auger profile data were again used-as inputs of
b A

1t : : ’
fav‘ Furthermore, the value of acy Was known from the experimental test condition,

while a(’) was deterrqined using equations (6-8) and (6-9). The value of pa; was
shown to be less thar:w‘ﬁnity in-the present study, based on the fact that cobalt is

0s) , o
Vay Was

not determmed in the present expenments, however, ds- mdrca.ted in Chapter 3,

where 0. 2<p<0 33. For gram bounda.ry diffusion i in N10, p =~ 0.33

 previous oxidation ‘and tracerl diffusion me&surements on NiO have shown that to a

first approximation, » » 3 for grain boundary as well as lattice diffusion.

<

Finally, the pa.ra.meié;er p has not been determined for.the case of grain

~boundaries or lattice point defects over the present range of temperetures ° At 1273

»

)

K the value of g is approx:mately 125(150 151). In order to obta.m an order of

S

magmtude estlmate of § at these lower tempera.tures a combma.tlon of both -

expenmenta.l and mdependently determined diffusion da.ta. were again used In the

case of the Ni—4.0Co polycrystalhne a.lloys, the umform dlstnbutlon of randomly
oriented oxlde bounda.nes was expected to most c:losel_V,r correspond to the tracer’

 diffusion data wh:ch have been’ reported for Ni. a.nd Co in N10 Thus, these dlffusmn

ri

7

oy
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data have been wused, along with the measured average oxide grain sizes and
* .

- parabolic rate constants to calculate values of kP off At the same: tlme equatlon

(6-21) was used with the above parameters of gav’ oy 04 Doy to generate k preff

values for differant . These data are hsted in Table (6—4), and indicate that § may ‘

- . vary over a range from approxlma.tely one to ten. ‘
The calcula.tlon of cation profiles in the solid solution oxide scales involved the
smultaneous solutlon of equations (6-19) and-(6-20). This 'procedure was
' accomphshed in the present work using a numerical relaxatmn method. Equatlons
(6-19) and (6—20) were reduced to a set of three first order differential equations .
T t
a.nd further written in n finite dlfference form Statiing with an 1mt1a1 guess of the
profile shape between speclﬁed boundary conditions, the tnal solutlon was:
iteratively improved using a Newton—Rhapson method, until a final solutlon was
ob'tained, based on specified error c_riteria. Fortran subroutines for the relaxation
technique were obtained from a standard'text(lsg).. | ‘
| The ﬁxed boundary condrtlons used to calculate the proﬁles were the two
” mterfa.clal oxygen activity values, and the value of § The latter parameter was
derived in each case from the expenmentally’“determ.med values of §a , obta.med oo©
from the Auger analysis; along with equatlon (2—23) For each profile calculation -
ﬁxed va.lues of § = 10 and v = 3 were used. A tnal solutmn was estabhshed on a
mesh of 51 pomts in y space, which corresponds to the norma.hzed ‘distance 1n51de
the ox:de layer Calcula.tlons were started by using an estimated value of kp,eff
from equatxon (6—21) . Iterations on the- trial solution’ proceeded until the
correctlons at each mesh pomt became vamshmgly small. The measure for the size
of the correctlons at whmh this cond:tlon was met Wa$ an average error summed
over all mesh pomts, weighted by a scale factor typlcal of the size of each type of

variable. The correctness of the ﬁnal SOlllth!l 'was checked by comparing the

. 1’
B! ) I
b
P i



161

]

.(xu,,.y . ) -
S (X, . .A.U
_ d Y 4
*Koj[e oDI~IN ® 10] Auuu\NEuv xxs.vunuuuvﬁu\NOmv ¥ :sanjea [ejuawIadxo jeuly (®) 30N
- N..oﬁa.._ 890°0 651°0 1821 180°0 .mﬁlcﬁun L9%9 .n_TeﬁHh.ﬁ . £L0T ’
Co- 7-O%0'% - M0 ¥62°1 6010 o OT6 o 00T V86 €18
; - : [~ i
: . X0 - . - . - ] . i
| nflc,mxv (4 N|3 4 191°0 | S10°0 malc._u.ﬁ .omw mTcﬁQ 2 ELL :
001 (1] ¢ . 0T 10 ..._.m.__mn& ) .Auun\NE& Q&.n:. ?ou\«Euv
d td ) - g ©
_oYbw wo1 » g w» %2 +oO . T 3R, i o
(12-9)bg woy n_ g {qo 0P+ oAg-1} 2ProBay () | 1. ML
‘uoIjE[N2(R? 3} JO UOISENISIP ¥ 10} )X3} 935 ‘BIN|PA wudm paju[no[ed pue _EnoE_uumuu:um, i
i} * : -
uopiediod @ Uo poseq §IPIXO 0(0DIN) autjje1sfid4jod 10§ Q 19jowesed 31[) Jo UOIIEN[RAS Y
, (+-9) 219°L R .
i ) \ o W. . . i
o & ) . o ey
ﬂ‘.\..\ & w . e ; v - -




41

162

average concentration of CoO in the ox1de with the expenmenta.l value of ¢ av" The
solution was accepted [ oemg correct when the difference between the proﬁle and
expenmental values obeyed the criteria ' E e

|[€, (calculated) § (experimental)]/ § (calculated)[ <02

If this final criteria was not met, the trial value of k ff was adjusted by a small -

1ncrement and the iteration continued by varymg k off until the final’ average :

composmon of the oxide was within the desrgnated hnut _ < =

* The calculated parabolic constants and composmon proﬁles are shown in

Flgures (6-15) to (6—16) along with the experimental data determined by Auger

analysis. Several values of p ranging from between 0.2 and 1 0 were evaluated for

. each set of data., in order to 1nd1cate the effect that this value has on the catlon

proﬁle shape.

A companson of the profiles for the smgle crystal and polycrystalhne alloys

revealed some interesting dlfferences The profiles in Fxgure {6—15) were obta.med

from the oxide films on (110) Ni—3.86Co- exposed by the furnace-raised techmque.

.TEM analysis revealed that' certain of these films displayed very thin, highly

’ oriented and. compact o:ude layers. These correspond to proﬁles (c d,e and f) of

Flgure (6—-15) These experimental proﬁles showed the grea.test vanatlon in CoO :

moleifraction from the inner to the outer oxxde surfaces. p values of between 0 2

and 0.5 appeared to- account for the Spread in expenmental values for these

¢ specimens In addition, the shape of the experimental - proﬁles was matched °

reasonably well by the calculated curves.

n

. The former proﬁles were compared to the da.ta. for the more polycrystallme'

| "oxrdes_ on. (110) .,;{1—-3.8600, Figure (6-15) (a,b) and polycrystalline Ni—4.0Co,

. [

n o

I

A




Figure (6—15)

Calculated and experimental oxide composition profiles of
specimens oxidized by the furnace-raised technique at 5x1079
Torr. (a) 673 X, 24 hr., 14.0 g O,/cm?, (b) 773 K, 4 br.,
29.0 pg Op/em?, (c) 773 K, 72 hr., 27.9 ug O, fom’?, () 873 K,
4.5 br., 6.2 pg Opfem®, () 973 K, 49.4 hr., 8L.5 g O, /cm?,
(f) 1073 X, 6.1 hr., 83.4 g O, fem?,. Several values of the

parameter p were evaluated in the calculations and are
indicated on the curves.
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A,

Figure (6-16). In these examples, the experimental profiles were Ielitively flat,
except near the the outer oxide surface of the polycrystalline Ni—4.0Co éampleﬁ

oxidized at 773 and 873 K. p values of between 0.5 and 1.0 resulted in calculated

profiles which gave a reasonable approximation to the experimental data over most

_ of the oxide thickness. The shapes of the experimental profiles, however, were never

as closely follouved as for the thin compact films discussed anve.
The relative transport rates of nickel and cobait were therefp're seen to depend
on the structures formed during growth of these oxides. The high degree of disorder

in the random boundaries whichk were associated with the faster growing

| polycrystalline oxide films appeared to reduce the difference in transport rates for .

nickel and cobalt cations in (NiCo)O. Conversely, films which were composed of

mainly mosaic structures, having highly oriented adjacent blocks, maintained a

higher level of discrimination betweei-- cobalt and nickel cations for specific jump

=

sequences.

/2

The experimental values of k off Were dmded by the the final k p,eff values
obtained from the profile ca.lcula.tlons in order to estimate the effectnre diffusion
coefficients for cobalt and nickel in the oxide films. The values for cobalt are shown

in Figure (6-17) and were calculated using the parameters f=10, v=3 and p=.33.

Also shown for comparison are lattice and grain boundary diffusivities of cobalt in .

NiO obtzined from the Arrhemus express:ons reviewed in Chapter 3. All of the

experimentally derived diffusion coefficients were higher than those expected solely

on the basis of lattice transport, but less than the values for purely grain boundary :

diffusion. At 673 K the expenmental value of DCo off Was a.pprox:tma.tely six orders

_of magnitude hlgher tha.n the la.ttlce d1£fu51on rate. ThlS d.lfference was reduced to

‘a.pproxlma.tely one order of magnitude. at 2 temperature of 1073 K. It was also.

DR
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Figure (6—17)

o

B

Values of D C o,eff derived from the experimental k peff and
calculated k p,eff data, normalized to pure NiQ at one

. atmosphere oxygen pressure. Open circles represent

polycrystalline Ni—4.0Co alloys, while triangles correspond to
(110) Ni-3.86Co furnace—raised specimens. For comparison,
the literature data for lattice (extrapolated, solid line) and
grg.rln bo:lmdary (dashed line) diffusion of cobalt in NiQO are
1ndicate
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observed that the oxides which possessed the greatest amounts of polycrystalline
oxide had cor.respondingly higher values of DC o.eff This observation supports the
argument that the types of boundaries which are formed during oxidation are most

inflrential in determining the rate of scale growth.

~ The Wa.gner model for solid solution scale growth on a binary alloy is therefore
seen to have hm1ted application to the formatron of oxide scales at 1ntermed1ate
tempera.tures. Over the range of conditions.exa.m.ined in this investigation, short
circuit diffusion of rea.ctar_ﬂ;s' along internal bounda_ries in the oxide has been shown
.tohavea signiﬁca.nt effect on scale growth kinetics. ‘

The -mod.el does ‘ndt appear to be adequate in those cases where there was
significant, ra.riation in-the types of boundaries which formed on a.‘ single sample. In
such cases,'d.iffering rates of transporr in different boundary structures led to the

formation the oxide layers which were non—uniform in thickness and morphology.

The overall growth rates depended on the relative amounts of the various

boundaries present in each case. _ |

Furthermore, the relative rates of tra.nsport of cobalt and nickel appeared to be
dependent on boundary structure In very compact oxide layers which drspla.yed a
high  degree of epitaxy with the alloy substrate, the boundaries between adJa{g:ent

crystai blocks showed'the_ same terldency for the enhanced diffusion of cobalt as has

been demonstrated in the high temperature oﬁdation of Ni—Co alloys. p ‘rallfes in

the ra.nge 0.2 to 0.5 resulted ir profiles similar to the ones obtamed expenmentally

In very disordered or ra.ndom boundanes, the ra.tes of mckel and - coba.lt dlﬁusron-

were found to be almost equa.l Very ﬂat expenmental proﬁles corresponded to o

va.lues in the range 0.5 to 1 0 a.nd in general the proﬁle sha.pes were. not accura.tely_ o

reproduced in the calcula.ted curves.
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In every experiment, there was an overall enrichment of CoO, the less noble
alloying element in the oxide scale. The Wagner model was used to interpret this
phenomenorn in terms of enhanced transport in the alloy substrate. Order of
ma,gnjtude calculations gave predicted dislocation densities in the alloy phase

beneath the growing oxide which were consistent with observations and models of |

the interfacial structure of cation diffusing scales.
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CHAPTER 7
CONCLUSIONS
7.1 Surface segregation on Co—Rh Alloys

1, Preferential sputtering of cobalt occurred on five Co—Rh alloys ranging in
composition from 19.3 to 84.7 at% Rh when irradiated by 4 KeV Art jons. The

- enhanced removal of Co by this process is due to the weaker binding energy and

smaller mass of Co relative to Rh.-
2. Surface segregation measurements were completed for three Co—Rh alloys (19. 3
47.8 a.nd 84.7 at% Rh) in the temperature range 623 to 1123 K under ultra—high

vacuum conditions. A 5 to 10 percent mcrease in the rhodmm surface concentration

" relatlve to that of the bulk was found for the 19.3Rh alloy, while a 10 t0 20 percent

increase in cobalt concentratmn was measured on the 84.7Rh alloy. No conclusive

segregation of either component was. found on the 47. 8Rh alloy.

3. The variation of surfa.ce concentration with temperature indicated enthalpy

values of 1 + 1 kJ mol ™! and —3 7 kJ mol L for the 19.3R and 84.7Rh alloys,.'

respectively.
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4. 'I‘hese experiments were compared to combined bond breaking and lattice _strai.n -
theories of segregation. The use of elemental sublimation enthalpies as an estimate
of surface bond energy predicted a heat of segregation of —35 kJ mol_l_‘ favoring Co
enrichment for all compositions in this system. This was much larger than the
present experimental values. A closer agreement was found ‘when solid surface'
tension data were used giving enthalpies in the range —4 to —7 kJ moi ™ -

5. The elastic stra.m energy contribution to the heat of segregation was estlmated
for rhodium atoms in a cobalt matrix to be apprommately 7.8 kJ mol ~1 When this
value is added to the bond breaking contribution estimated from surface tension
data, a positive heat of segregation of between 1 and 4 kJ mol T is expected, now
favoning Rh enrichment. The experimental‘values from the 19.3Rh alloy compare

reasonably well to these values.
7.2 Oxidation of Ni--Co Alloys in the Temperature Range 673—1073 K
1. (110) Ni—3.86Co and polycrystalline Ni—4.0Co alloys ‘were oxidized at 5x1075

Torr at temperatures from 673 to 1073 K. The oxide morphologies and growth

kinetics were shown to be dependent on the methods of sur[ace preparatmn and

exposure of the samples to the reactive atmosphere The oxide. formed on

chemically polished and vacuum annealed {110) smgle crystal surfaces displayed a

 preferred (100) (NiCo)O | (110) Ni~3.86Co orientation when samples were initially

exposed to oxygen at room temperature and subsequently. heated to higher

- .temperatures The same method of surface pretreatment but mth initial exposure ‘

to oxygen at. temperatures £rom 673 to 773 K led to the formation of additional
oxide onenta.tlons parallel to the a]loy surface Mechanically polished
polycrystalline N1—4 OCo surfaces which were exposed to oxygen at room -
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temperature without prior ;nnee.ﬁng: a.nd- subsequen’tly _raised to the reaction
temperature formed essentially polycrystalline (ra.ndemly oriented) oxide films. '
2. The oxide films having the largest area fractions of the highly oriented (100)
(NiCo)O on (110) Ni-3.86Co had the slowest rates of oxygen uptake. This
phenomenon was believed to be due to slower rates of tra.ns'port of cations through
low index grain boundaries ‘sepatating the oxide subgrains or mosaic blocks. The
oxides having mainly polycrystalline orientations were associated with the higheet
rates of tra.nsport by grain bounda.ry mechanisms. | i : _

3. Auger composition vs. depth profiles revealed tlta.t the average concentratiens of

CoO in the (NiCo)O films was greater than the bulk alloy value in all samples

produced in these experiments. ‘These composition profiles were analyzed according

to the Wagner(s)‘model for solid solution oxide scale growth a.nd were shown to be
consistent with enha.nced transport of cobalt in the alloy beneath the growing ﬁlms
This enhancement was possibly due to the presence of mterfa.ma.l dislocation
networks which may accommodate vacancy anmlula.tlon and localized plastic
de_formation in cation conducting scales. |

4 | The cobalt oxide ‘concentrations were shown to increase from the alloy—oxide to
the oxide—gas interfaces. In general, these increases were related to enha.nced rates
of d.iﬁ.'nsion of cobalt cations, tela.tive to nickel, in tlte growing oxides. More

speciﬁca.lly, a correla.tion was established Between_ the levels of enrichment and oxide

 structure; the (100) (NiCo)O || (110). Ni--3.86Co oriented layers showed a greater )

coba.lt oxide enrichtne’nt effect than for those oxides which ‘lwe.re more i:andbtnly |

onented Th.ls difference was thought to be due to higher levels of d1scnnuna.tlon

| between cobalt and mckel ca.tlons for specxﬁc jump- sequences xn low a.ngle OXIde

L I

boundanes A  ; f ,' Soo
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