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ABSTRACT

Two model systems, Co-Rh and Ni-Co, were used to study surface segregation

and oxidation phenomena on binary alloys.

Cobalt was found to spu~ter preferentially from five Co-Rh alloys ranging iIi

composition from 19.3 to 84.7 at% Rh when irradiated by 4 keY AI+ ions. Surface

segregation experi~ents on this system in the. temperature range 623' to ,1123' K

showed that: cobalt was enriched on the surface of a 84.7Rhcl,lQY, while rhodium, . .
1,

enrichment was determined for a 19.3Rh alloy. No conclusive sediegation could be

measured on the surface of a 47.8Rh alloy. The variation of surface concentration

With temperature indicated enthalpy values of 1 % i kJ mol-1 and -3 ± 7 kJ ~ol-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 "perfOIDied on (110) Ni-3.86Co and Ni-4.0Co
\ ..

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

5xlO-3 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 I annealed in vacuum and initially
(~

exposed to oxygen at room temperature showed a ten?ency to form

(100) (NiCo)O II (110) Ni-3.86Co. These layers also exhibited the slowest growth

rates and greater enrichment of C~O from t,he inner to outer oxide ;Urraces. Single

'.. :;:,' crystal surfaces prepared by chemical polishing, annealing in vacuum and initial
,..~.'

exposure to oxygen at the reaction temperatures developed additional oxide

,9rientations parallel to the underlying alloys. ' Finally, the polycrystalline Ni-4.0Co

specimens which were prepared by. mechanical polishing followed by exposure to
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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 surfaces.

The expenmentally measured compoSition profiles were analysed according to

. the Wagner(6} 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 transport in the alloy zone beneath the growing oxide- .

layer was enhanced relative to that expected solely on the basis of volume 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

scales(149)...

iv



ACKNOWLED~EMENTS

The author wishes to express sincere thanks to Professor W.W. Smeltzer and

Dr. P.R. Underhill for their advice and guidance throughout the course of this work.

In addition, the interest shown by Dr. D.A. Thompson is greatly appreciated.

The help and advice of fellow graduate students, post doctoral fello~s, research

,and technical personnel in the Department of Materials Science and Engineering and

the Institute for Materials Research is also grea.tfully acknowledged; Thanks are

due especially to Mssrs. F. Szostak and J. Garrett for their valuable technical

.assistance.

Drawings of the PHI 600 heating stage and sample holder were co~pleted by

\) the author's father, Mr. A.Ellison and also by Mr. D.S. Hodgson. Photographic and
. ft

reproduction services were provided by Mssrs. T. Bryner; J. Whorwood and

.: C. Butcher.

The author is indebted to the members of the· Metallic Corrosion and

Oxidation Section, Division of Chemistry, National Research Council of Canada for

... providing the· basic design of the experimental apparatus used in the oxidation
~ . p .

experiments. In particular; he wishes to thank Drs. R. Hussey and M.J. Graham.
,.

Funding for construction of the oxidation apparat1.1s was provided in the form of an

NSERC Equipment Grant to Professor Smeltzer.. .

I wish to acknowledge the financial support of the Department of Materials

Science and Engineering, in the form of a graduate scholarship and teaching

assistantship, and Alean for the Alcan Postgraduate Fellowship Award.
~

,'" : ~

Finally, and most importan~ly, I would like to thank my wife, Hania, for her

loving support, patience and encouragement.
. .~

v

(i
\'

\\
""

c



TABLE OF CONTENTS

INTRODUCTION

THEORY

11
12
13

, 14
15

17
20
27

6
7

7

28

29

<' 32
33
33

33
36
38
38
40

45
46
5i

51

53

53
56
62

Page

1

Introduction'
Properties of Co-Rh'Alloys
Properties of the Ni-Co System
Structure) Thermodynamics and
Diffusion (
Surface Thermodynamics ','
Properties of the Ni-o System
Cry~tal and Defect Structure
Self":Diffusion of Ni and 0 in NiO
Recent Developments in the Understanding
of Grain Boundary Transport in Ni0
Oxidation Mechanisms and Kinetics
The Properties of t,he Co-O System
Structure) Thermodynamics and
Diffusion
Oxidation of Cobalt
The Properties of the rji-Co-O System
Thermodynamics) Crystal and Defect
Structure
Diffusion Properties
Oxidation of Ni-Co Alloys

Int.roduction
Surface Segregation on Binary Alloys
Classical Thermodynamics and
Quasichemical Models
Monte Carlo and Electronic
Calculations
The Oxidation of Metals and Alloys
The Oxidation of Pure Metals
The Oxidation of Alloys
The Diffusion Path Concept
Single Phase Scale Formation on Noble
Metal Alloys,
Formation of Solid Solution Scales
Modifications to the Wagner Model
Application of the Wagner Model to
Experimental Investigations of the
Oxidation of Binary Alloys
Expected Range of Validity of the
Wagner Model

LITERATURE REVIEW

2.3.8

2.3.5
2.3.6
2.3.7

2.2.2

2.1
2.2
2.2.1

3.1
3.2
3.3
3.3.1

,3.3.2
3.4
3.4.1
3.4.2
3.4.3

03.4.4
3.5
3.5.1

3.5.2
3.6
3.6.1 ,

3.6.2
3.6.3

2.3
2.3.1 '
2.3.2
2.3.3

. 2.3.4

Chapter 3

o

,Chapter 1

Chapter 2

.
VI



4.4
4.5

4.5.1
4.5.2
4.5.3' .
4.5.4

Chapter 4 EXPERTIMENTALPROCEDURES
4.1 . Introduction
4.2 Sample Preparation
4.2.1 Cobalt-Rhodium Alloys
4.2.2 Single Crystal Nickel-Cobalt Alloy
4.2.3 Polycrystal Nickel-Cobalt Alloy
4.3 A Fast Entry Air-Lock-Compatible Hot

Stage For the Collection of Auger
Spectra at Elevated Temperatures .
Oxidation Apparatus and Procedures
Specimen Characterization
Techniques .
Secondary Electron Microscopy
Auger Electron Microscopy
Secondary Ion Microscopy
Transmission Electron Microscopy

''':.:;',

66
66
67
67
70
72

74
77

82
82
82
85
86

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

Chapter 5

5.1.
5.2

5.2.1
5.2.2

5.2.3

5.3

In~roduction

Quantification of Auger Spectra and
. Selection of Standards for Co-Rh

Alloys .;_~.

Auger Spectra for Cobalt and Rhodium
Quantification of Auger Spectra From:
Co-Rh Alloys .'
Selection of Standards for the'
Determination of Composition of Co-Rh
Alloys from AES Peak Intensities:
PAllrefer~~al Sputtering on Co-Rh

oys
Surface Segregation on Co-Rh Alloys

88
88

88'
88

91

93
100

Chapter 6 RESULTS AND DISCUSSION IT"
OXIDATION PROPERTIES OF NICKEL-COBALT ALLOYS
BETWEEN 673 AND 1073 K
6.1
6.2

6.3

6.4
.~

c

6.5
6.6

Introduction
Oxidati9n of the Ni-3.86Co (110)
Alloy: Hot-Bare Exposure "
Oxidation of the Ni-3.86Co (110)
Alloy: Furnace-Raised Technique
Oxi~ation Of The Ni4Co Poly-:
crystalline Alloy 0 ,~ \~

Discussion . .:
A Diffusion Model for the Growth of
(Ni-Co)O··Solid Solution Oxides by .
Combined Short Circuit Grain Boundary
and Lattice Diffusion ". ,,'

vii

'\,.

, .114
114

116

125"

<'. 132
143

\.' 150



:: ,I

Chapter 7

REFERENCES

,:;

CONCLUSIONS
7.1 Surface Segregationon Co-Rh Alloys
7.2 Oxidation of Ni-Co Alloys .

c

viii

... .':

"

176
177

179



Figure

2-1

, 2-2

2-3

2-4

2-5

2-{)

~

3-1
3-2
3-3

3-4
c

.:;-.~ 3~

cO

"
'.'ri'

~\

'. ~-:.~ 3-{)

.-
3-7

;,.: C (;l>,y
:~ i:

3-8

..~

LIST OF FIGURES

Page

* *The 'r versus (J (surface tension ratio versus
atomic size ratio) representation for the

prediction o{ segregation on binary 3.lloys(8). 10
Schematic representation of the relationships between
scale morphologies on binary alloys(22). ,': 16 .'
Schematic phase diagram isotherm and equilibrium
oxygen pressure-alloy diagram {or
noble metal aIloys(4). , " 18
Schematic phase diagram isotherms and equilibrium oxygen pressure
alloy diagra.in. for a system in which the oxide and alloy phases are
solid solutions(4)., ': " 21 "
A tw<Hiimensional cross-section through the alloy and
oxide phases showing coordinate systems, schematic
composition gradients and boundary values corresponding to the
Wagner oxidation model. : ' ',: 22
Calculated and experimentally determined values for nickel
composition as a function of normalized distance, y, in (CoNi)Q scale
formed on Ca:-Ni ~oys(34). ' 30

The Co-Rh phase diagram(38). 34

The Co-Ni phase diagram(41). 35
Surface excess equilibrium diagram for ~i-eo ~'

alloys at 853 K(2). 37
.. Measured lattice and grain boundary tracer

diffusion coefficients of Ni, Co and 0 in NiO. 43
ArrheniUs plots of parabolic oxidation constants '

at Po = 105 ?a for NiO layer grgwth on
2. i.e " -

polycrystalline, crystal faces and pre-oxidized
polycrystalline nickel(69). . ' ' 48

Com~sition ~a~am of Co1_xO between 70RoC and

12000C showing"its nonstoichiometry at seve~ji
,oxygen pressures~.90). c ,. -~ 0 52
Parabolic rate constant measured for the growth ofthick CoO films
on Co in air(93).' 54
The effect of Ni concentration on the monoxide to
monoxide + spinel transformation temperatUre in the Ni-eo-Q
system(89).' , ' " ' ..' '.' 57

ix



.....~ ..

76

71

98

97

78
89
90 '

75

71

65

63

63

59

103 .

102

95l;

, . 101

: .~,

Diffusion coeffici~ts of 60Co and 57Ni in (NiCo)O crystals at 1445 '
and 13000 C in air(102). . 59

Diffusion coefficients of 60Co and 57Ni in CoO,
, (NiO•53Co0.47)0 and NiO crystals as a function of

temperature in air atmosphereC102).
Parabolic scaling rates of Ni-Co alloys exposed
to 1 atm. O2 at various temperatures as a

function of composition(llJ).
Master plots of CoO mole faction in (NiCo)O scales formed at
12000 C in i-atm. O2(111). ~ '. .

Schematic presentations of oxidation behaviors of Ni"-co .
alloys, showing the internal oxidation,. Co-depletion
and phases of the oxide scale(l11). . "
Final· back':"'reflection Laue pattern from the
Ni-3.86Co single crystal.' . '
Electron channeling pattern from the Ni-3.86Co
(110) single crystal alloy after the chemical
polishi~g treatment.
An electron bom~ardment heating stage for the PHI
600 Scanning Auger Microprobe.
A fast entry, air-lock-compatible specimen holder

.for the electron bombardment heating stage.
A UHV-capable m~ometric assembly for the
measurement of oxHlation kinetics.
Co Auger spectra.' ..
Rh 'Auger spectra. " '.
Ratio of measured.:Auger peak-to-peak heights for

.scrlbed'and sputtered Co-Rh' alloys. '
Plot of Equation (5-2) to deterinine the average
ratio of sputter yields, YRlJ./YCo for five Co-Rh

alloys.

The surface"Rh concentration, Xh, for sputtered

Co-Rh alloys versus the bulk alloy compo~ition.
The relative Auger intensity of the 00 53eV peak
versus bulk ato~c percent Rh from. a bulk spectrum
at room temperature and from surfaces. .
equilibriated at high temperature. " .
The relative Augerintensity of the Rh 298eV peak,
versus bulk atomic percent RlJ.. from a bulk spectrum
at· room!temperature and from surfaces·, .
equilibriated at high temperature. . ,
The relative Auger intensity of the ,Co 773V peak '

~ versus bulk atomic. percent RlJ.from a bulk spectrum
at room temperature and fr()m surfaces ..
equilibriated at high temperature. '_

5-5

4-3

4--4

4-5

5-1:' ,
5-2
5-3

5-4

5-8 '"

5-7

3-13

3-12

3-11

3-10

4-1

4-2

.' 3-9

'.'

.' .C'

x



\;

5-9 The temperature dependence of the Auger peak
intensities from the 19.3Rh alloy relative to
those from a scratched surface at room
temperatUre. 107

5-10 In(Xs11-Xs) versus liT plots for the
19.3Rh alloy. ' 108

5-11 In(Xsi1-Xs) versup.~I/T plots forthe
84.7Rh alloy. 109

6-1 Parabolic plots of data from the oxidation of
Ni-3.86Co (110) alloys by ,the hot-bare exposure

117technique. "
6-2 ::.:.:::: Secondary electron images of Ni-3.86Co (110)

specimens oxidized by the hot-bare technique at
, -3

118' 673 K, 5xl0 Torr. "
6-3 Secondary electron images of Ni-3.86Co (110)

alloys oxidized by the hot-bare technique at
5xl0-3 Torr. 119

6-4 SIMS depth profiles of Ni-3.86Co (100)a11oys

after oxidation at 673 K, 5xl0-3 Torr. 121
6-5 Auger depth profile of a sampleoxidized at 773 K,

5xl0-3 Torr by the hot-bare technique. , 122
6~ , Transmission electron images of oxide films

stripped from Ni-3.86Co (100) alloys oxidized at
673 K, 5xl0-3 Torr by the hot-bare technique. 123

6-7 Parabolic plots of data from the oxidation of' ,
Ni-3.86Co (110) alloys by the furna.ce-raised
exposure technique. , 126

6-8 Secondary electron micrographs of Ni-3.86Co (110) G;

specimens oxidized at 5xl0-3 Torr by the
furnace-raised technique. ' 127

6-9 TEM micrographs of stripped oxide films from
furnace-raised samples. " \ 130

6-10 Auger depth profiles of specimens oxidized by the
furnace raised technique. '_ ' 133

, 6-11 Parabolic plots of data from the oxidationof the

Ni-4.0Co polycrystalline~alloyat 5x10-:,,3 Torr by the
furnace-raised, technique. ' , , 137

6-12 Secondary electron micrographs of Ni-4Co
po!ycrystalline specimens after oxidation at

-3
1385xlO Torr. ,'"

6-13 TEM micrographs of oxide 'films stripped from
polycrystalline Ni-4Coalloys. ' 139

6-14 Auger depth profiles of Ni-4Co polycrystallin~;

specimens after oxidation at 5xlO-3 Torr. 141
6-15 ; Calcula.ted and experimental composition profiles ~

of specimens oxidized by the furnace-raised

technique at 5xl0-3 Torr. 163
xi



6-16

6-17

Calculated and experimental composition profiles
of Ni-4.0Co polycrystals oxidized at ..

5x10-3 Torr.
. DCo,eff values derived from experimental data.

c

.(! .

xii

(;

'.. '

169
173

,-

!].



,

LIST OF TABLES

Table Page

3-1 Self-diffusion of Ni and 0 in NiO 41
3-2 Tracer diffusion of Co in NiO and Ni and Co

in (NiCo)O. 61
4-1· Impurity contents of cobalt, 99.98% a/o pure,

and rhodium, 99.97% a/o pure given as parts
69per million atomic. .

4-2 Analysis of Co-Rh ~oys in atomic % Rh. 69
4-3 Impurity contents of nickel rod

~

(batch no. 08715) as supplied by Johnson
Matthey Chemica.Is Limited given as parts per
million by weight. 73

4-4 Impurity contents of Ni-5Co alloy as determined
by glow dischar~e mass spectrometry

~:'; (ppm by weight .. 73
4-5 Uncertainty of pressure readings for an MKS

Instriunents 1mmHg type 315 differential "

sensor head. 81
4-6 Typical operating conditions used in AES

measurements. " 83
4-7 Typical operating conditions conditions used

in SIMS measurements. ..' 86
5-1 Surface concentration changes calculated from

signal intensity ratios (~b/Ir) for the two

alloys showing segregation. . 106
5-2 '- Enthalpy and entropy of segregation values

calculated from the slO~es and intercepts
of Figures (5-10) and 5-1~. .. 106

5-3 Experimental and calculate surface tension
values for Co and Rh. 113

6-1 Average grain diameters of stripped oxide films
from polycrystalli~e Ni-4.0Co alloys measured
from TEM BF images . . 143

6-2 Instantaneous parabolic rate constants for
oxidation of (1l0)Ni-3.86Co and Ni-4.0Co .

;:

" ~~ G ~

polyl!ystalline alloys _at 5x10-3 Torr. 144
.~

6-3 Calculated values of Dall and p based on
.. anl~iS of experimental composition profiles

in NiCo)O films. .~ . . 156
H An evaluation of the parameter Pfor polycrystal-

linp. (NiCo)O oxides based on a cpmparison of
*.. experi~ental and, calculated kp,eff values. 161

f)

xiii



\

...."..
'\ ", -' ~ " ..

",,

, ,
'.

";"-""

CHAPTER 1

INTRODUCTION
, ...."

' ..~.",...
'':..

An understanding of the chemical and physical properties ,of interfaces is

essential in many areas of science and engineering" including biology, ca~alysis,

corrosion, high temperature oxidation, and wear. Interfacial. properties may" be

influenced by many factors such as, the bulk composition, impurity segregation,

oxidation, phase transformations and radiation damage, to name only a few.

Clearly, the study of interfaces and near-surface phenomena (including thin films)

covers a broad range of disciplines and interests.

Over the last two decades, progress in these areas has been aided immensely by
. c

the development of a host· of surface analytical. teclmiques. It is now routinely
,.

possible to examine the structure and composition of solid surfaces and films which

may correspond to~,thicknesse~ of less than' one atomic layer. One of the most

widely used spectroscopies for the meaSurement of near surface composition is Auger

.'~ . ~:;: ...

:_~::,,':·~:'t .
• ~ "'':..>.,.".':

..;
".".

"
electron spectroscopy, AES. With the aid of this and other techniques, researchers

"

have made extensive. investigations leading to an improved understanding of the

Chemical and physical. properties of atomically clean xrletals and alloys as.well as the '.

earliest stages of the interaction of these surfaces with r~tive.atmospheres. In

particular, 1 there is now a substantial.' body of literature related to the

thermodyna~cs and kinetics· of adsorption or segregation at solid sUrfaces and

1




















































































































































































































































































































































































































































