
Lawrence Berkeley National Laboratory
Recent Work

Title
ATOMIC MECHANISMS OF OXIDE NUCLEATION AND GROWTH AT THE ALUMINUM/OXIDE 
INTERFACE: A HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY STUDY

Permalink
https://escholarship.org/uc/item/7rb8v62t

Author
Lee, J.Y.

Publication Date
1986-05-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7rb8v62t
https://escholarship.org
http://www.cdlib.org/


LBL-21706 

Lawrence Berkeley Laboratory 
RECEIVED 

UNIVERSITY OF CALIFORNIA LAWRENCE 
BERKELEY LABORATORY 

Materials & Molecular 
Research Division 

AUG 12 1986 

LIBRARY AND 
DOCUMENTS SECTION 

ATOMIC MECHANISMS OF OXIDE NUCLEATION AND GROWTH 
AT THE ALUMINUM/OXIDE INTERFACE: A HIGH-RESOLUTION 
TRANSMISSION ELECTRON MICROSCOPY STUDY 

J.Y. Lee 
(Ph.D. Thesis) 

May 1986 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

~-~ 

~ 
r 
I 
~ --.J 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Atomic Mechanisms of Oxide Nucleation and Growth 

at the Aluminum/Oxide Interface: 

A High-Resolution Transmission Electron Microscopy Study 

Jeong Yong Lee 

Ph.D. Thesis 

May 1986 

Materials and Molecular Research Division 

Lawrence Berkeley Laboratory 

and 

Department of Materials Science and Mineral Engineering 

University of California 

Berkeley, California 94720 



TABLE OF CONTENTS 

Page 

ABSTRACT ....................................................................................................... VI 

1. INTRODUCTION ...................................................................................... 1 

2. ALUMINUM OXIDATION ...................................................................... 4 

2.1 Introduction to High Temperature Oxidation ............................. 4 

2.1.1 Thermodynamic Considerations ..................................................... 4 

2.1.2 The Initial Fast Oxidation .............................................................. 6 

2.1.3 Transport Mechanisms ................................................................... 6 

2.2 The Growth of Thin Oxide Films .................................................... 8 

2.3 Kinetic Studies ...... .................. .... .. .. ............ .... .. .. .. .. .. .. .. .. .......... ........... 10 

2.4 Transmission Electron Microscopy Studies .. .. .... .. .. .. ...... .... ........... 13 

2.4.1 The Growth of Amorphous and Crystalline Oxides ....................... 13 

2.4.2 Morphologies of the Oxides ............................................................ 16 

2.5 Atomic Mechanisms of the Decomposition of AI Solid Solu-

tions ....................................................................................................... 17 

3. CRYSTAL STRUCTURE AND DEFECTS IN THE Al-0 SYS-

TEM ............................................................................................................. 21 

3.1 The Al-0 System ................................................................................. 21 

3.1.1 Terminal Solid Solution, AI ............................................................ 21 

3.1.2 Solid Oxide Phases .......................................................................... 22 

Amorphous Oxide .......... .... .. .. .... .. .... .. .. .. .... .. .. .. .. .. .. .. .. .. ...... .. ..... 23 

1 Phase ..................................................................................... 23 



ii 

6 Phase ...................................................................................... 24 

()Phase ...................................................................................... 25 

a Phase ..................................................................................... 25 

3.1.3 Phase Transition of AI Oxide .......... .... ................ ...... .. .... .. ............. 25 

3.1.4 Solid AI Oxides that are not Al20 3 ................................................ 26 

3.2 Defects in AI and Spinel Oxide .. .. ............ .... ...... ........ ...... .. .... .... .. .... . 27 

3.2.1 Defects in AI ......... :...................................................... ................... 27 

3.2.2 Dislocations in Spinel Oxide .... .................... .......... ........ ...... .. .. .. ..... 29 

3.2.3 Stacking Faults in Spinel Oxide ..................................................... 32 

3.2.4 Twins in Spinel Oxide .................................................................... 33 

4. STRUCTURE AND CRYSTALLOGRAPHIC MODELS OF 

THE INTERFACE .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . 35 

4.1 Interfacial Structure ............................................................................ 35 

4.1.1 The Free Surface of a Crystal ........................................................ 35 

4.1.2 Crystalline/ Amorphous Interface ................................................... 36 

4.1.3 Interfaces in Solids .......................................................................... 37 

Coherent Interfaces .................................................................. 37 

Semicoheren t Interfaces . .... .... .. .. .... .... .... .... ...... .. ........ ...... ......... 39 

Incoherent Interfaces ................................................................ 41 

4.2 Crystallographic Models of Interphase Boundaries .. .... .. .. ...... .. .. . 42 

4.2.1 Dislocation Models .......................................................................... 42 

4.2.2 Coincidence Models .. .............. ........ ...... .. .. .. ...... .. .. .. .. .... .... .. .. .... .. .. .. . 43 

4:2.3 Plane Matching Models .. .. .. .. .... .. .. .. .. .. .. .... .. .... .. .. .. .. .... .. .... .. .... .. .. .. .. 45 



iii 

4.2.4 Lock-In Model ................................................................................. 46 

4.2.5 Polyhedral Unit Models .................................................................. 46 

5. HIGH-RESOLUTION TRANSMISSION ELECTRON MI-

CROSCOPY ............................................................................................ 48 

5.1 Theory of Image Formation 48 

5.2 Theory of Image Simulation 54 

6. EXPERIMENTAL PROCEDURES .............................. ......................... 59 

6.1 Specimen Preparation for Transmission Electron Micros-

copy ..................................................................................................... 59 

6.2 High-Resolution Transmission Electron Microscopy ................... 60 

,' 

6.3 Image Simulations .......................... .. .. .. ............ ...... .. ........ .. .......... .. .. .. . 62 

6.3.1 PHSGR ........................................................................................... 63 

6.3.2 MULTI .................... -. .. ........ .. .. .. ........ .. .. .. ...... .. ...... .. .. ...... .. .. .... .. .. .. .. . 64 

6.3.3 DISPL ... .. .................................... .. .. .. .. .. .... .. .. .... .. .. ........ .. ...... .. .. .. .. ... 65 

7. RESULTS AND DISCUSSION .......... .. .. .. ........ .. ...... .......... .. ...... .. .. .. .... ... 66 

7.1 Conventional Transmission Electron Microscopy Studies ......... 66 

7.2 High-Resolution TEM of AI and 'Y-Al
2
0

3 
....................................... 71 

7.2.1 Determination of Optimum Defocus Conditions ............................ 71 

7.2.2 Experimental High-Resolution Image of AI .................................... 73 

7.2.3 Experimental High-Resolution Image of ')'-Al
2
0

3 
........................... 74 

7.2.4 Image Calculation for 1-AI
2
0

3 
Structure ....................................... 74 

7.3 Nucleation of Crystalline Oxide ....................................................... 77 

7.3.1 Al/Amorphous Oxide Interface ...................................................... 77 



iv 

7.3.2 Nucleation of Crystalline Oxide 78 

7.3.3 Amorphous/Crystalline Oxide Interface ......................................... 83 

7.4 Al/Oxide Interface with Parallel Orientation Relation-

ship ...................................................................................................... 84 

7.4.1 High-Resolution Transmission Electron Microscopy Images .......... 84 

7.4.2 Construction of Atomic Models and Image Simulations ................ 86 

7.4.3 Comparison of Experimental HRTEM Images with Simulated 

Images ........................................................................................... 91 

7.4.4 Atomic Mechanisms of Oxidation ................................................... 93 

7.5 Al/Oxide Interface with Twin Orientation Relationship ........... 97 

7.5.1 High-Resolution Transmission Electron Microscopy Images .......... 97 

7.5.2 Construction of Atomic Models and Image Simulations ................ 100 

7 .5.3 Atomic Mechanisms of Oxidation ...... ...... .. .. ...... .. .. .. ................ .. .. .. . 102 

7.6 A Twin Boundary in the Oxide........................................................ 106 

7.6.1 High-Resolution Transmission Electron Microscopy Image ........... 106 

7.6.2 Construction of Atomic Models and Image Simulations ................ 107 

7.6.3 Atomic Mechanism for Twin Boundary Formation in Oxide ........ 110 

7.7 Multiple Twinning in the Oxide ....................................................... 111 

7.7.1 High-Resolution TEM Images of Parallel Multiple Twinning 

111 

7.7.2 High-Resolution TEM Images of Nonparallel Multiple Twin-

ning ............................................................................................... 112 

7.7:3 Atomic Mechanism for Multiple Twinning in Oxide ...................... 118 

7.8 AI/ Oxide Interface that is not a {111} AI Plane .......................... 120 



v 

7.8.1 High-Resolution Transmission Electron Microscopy Images .......... 120 

7.8.2 Atomic Mechanism of Oxide Growth Leading to {111} 

Facets ........................................................................................... . 

8. SUMMARY OF RESULTS ..................................................................... . 

9. CONCLUSIONS ........................................................................................ . 

ACKNOWLEDGEMENTS ............................................................................ . 

APPENDIX: CALCULATIONAL UNIT CELL ATOM POSITIONS 

REFERENCES ................................................................................................. . 

TABLES ............................................................................................................. . 

FIGURE CAPTIONS ...................................................................................... . 

FIGURES ........................................................................................................... . 

125 

129 

132 

133 

135 

149 

161 

166 

179 



Vl 

Atomic Mechanisms of Oxide Nucleation and Growth 

at the Aluminum/Oxide Interface: 

A High-Resolution Transmission Electron Microscopy Study 

Jeong Yong Lee 

ABSTRACT 

Highly detailed analyses of the crystallographic aspects required for nucleation 

and growth of aluminum oxide at the metal/oxide interface were carried out using 

high-resolution transmission electron microscopy. These analyses led to the modelling 

of the mechanisms of nucleation and growth at the atomic level. The oxides were 

formed by oxidizing aluminum in 1 atm air at either 500 o C or 600 o C for times from 

0.5 hr to 4 weeks. In conjunction with computer simulation comparisons, the cross-

sectional high-resolution transmission electron microscopy images reveal directly the 

atomic structure of the oxide, the base metal, and all internal interfaces. 

0 

Results indicate that hemispherical crystalline oxide nuclei, less than 25 A thick, 

protrude into the amorphous oxide from the macroscopically flat aluminum/crystalline 

oxide interface. In addition, the crystalline 1-Al20 3 forms in two major crystallo-

graphic relationships with the alum in urn matrix: parallel and twinned. The parallel 

orientation interface is a {111} plane of the aluminum and the oxide. The twin orien-

tation interface is also a {111} plane of the aluminum and the oxide. Comparison 

between experimental high-resolution electron microscopy images and simulated 

images leads to models of these interfaces, and complete models for these transforma-

tions have been proposed. In the later stages of oxidation, the crystalline oxide itself is 

characterized by parallel or nonparallel multiple internal twins which comprise the 
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polycrystalline nature of the oxide. If the aluminum/oxide interface is neither a para!-

lei nor a twin orientation, the aluminum/oxide interface is comprised of a {111} oxide 

plane and a random plane of the aluminum. Models for these transformations have 

also been proposed. 

It is concluded that the crystalline ')'-Al20 3 nucleates by the structural rearrange-

ment of the atoms within the amorphous oxide into the crystalline phase at the 

aluminum/amorphous oxide interface, and grows into the matrix parallel to the {111} 

octahedral planes of the oxide often by a ledge mechanism, and the growing oxide 

nucleates new grains by twinning. In addition, for the parallel orientation interface, 

aluminum transforms to the oxide structure by shuffling one quarter of the AI sites, by 

absorbing vacancies for one third of the Al sites, and by diffusion of oxygen, with 

reference to the E = 1 coincidence site lattice. For the twin orientation interface, 

aluminum transforms to the oxide structure by a twinning shear, followed by shuffling 

one quarter of the AI sites, by absorbing vacancies for one third of the Al sites, and by 

diffusion of oxygen, with reference to the E = 3 coincidence site lattice. For the ran-

dom orientation interface, based on the assumption that the oxygen atoms must 

attach to the oxide by completing the coordination of the aluminum atom, the {111} 

habit planes of the crystalline oxide can be predicted. 

a~;, 
····-····.-···~·- .. 

Ronald Gronsky, Chairman~ ommittee 
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CHAPTER 1 

INTRODUCTION 

Virtually all engineering materials are utilized in the multiphase form and their 

properties are largely influenced by the presence of interfaces. Thin oxide films are 

often utilized as dielectric layers in electronic devices, and as protective layers for the 

application of the metals at high temperatures. For these applications, the study of 

the metal/oxide interface is essential to understand the properties of thin oxide films. 

At the metal/oxide interface, microstructural features at the atomic level play an 

important role in the nucleation and growth of the oxide,l11 but little is known about 

the atomic mechanisms of nucleation and growth of the oxide at high temperatures. 

Furthermore, the following crystallographic aspects of nucleation and growth of the 

oxide at the metaljoxide interface have not been studied: 1) the local crystallography 

of the metal/oxide interface including microscopic habit planes, role of defects and 

growth directions, 2) interfacial roughness, role of faceting, and morphological evolu

tion during oxide growth, 3) atomic structure of the metal/oxide interface. In view of 

the above questions, the purpose of this research is to perform highly detailed analyses 

of the crystallographic aspects and the atomic mechanisms required for nucleation and 

growth of the oxide, so that the atomic mechanisms of nucleation and growth can be 

modelled on an atomic level. In order to accomplish this at the atomic level, high

resolution transmission electron microscopy (HRTEM) of cross-sectional specimens of 

the aluminum/oxide interface and computer simulation of the images have been con

ducted. 

The aluminum/aluminum oxide system was chosen for this study primarily 

because high-resolution lattice imaging of the aluminum and the oxide on an atomic 
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level has become available in current generation transmission electron microscopes.121 

Furthermore, aluminum shows most of the features of oxide nucleation and oxide 

growth shown by most other metals; but is exceptional in that these processes occur 

slowly at high temperatures. Thus, a study of nucleation and growth of aluminum 

oxides at the metal/oxide interface may well be useful as a model system to study the 

initial oxidation including amorphous oxide growth and nucleation and growth of a 

crystalline oxide. A study of the oxidation of aluminum and the factors affecting the 

establishment of its highly protective oxide films may be useful in its own right, as 

aluminum is frequently added to alloys. 

The nucleation and growth of oxides at the aluminum/oxide interface has been 

extensively studied 131-1261 by conventional replica techniques, stripped oxide methods, or 

hot-stage electron microscopy. Aluminum forms a highly protective amorphous oxide 

at room temperature which continues to grow at high temperatures up to the melting 

point of aluminum. A crystalline 1-Al20 3 nucleates at the metal/amorphous oxide 

interface and grows into the metal from this interface by inward diffusion of oxygen 

through the overlying amorphous oxide film.I12],1HI,JlS] The amorphous oxide does not 

crystallize and both oxides continues to grow at the same time.J.'>],[7],[l2],[l3],[lS] A major 

crystallographic relationship between the aluminum and the oxide is a parallel orienta

tion relationship.IS],[n],[l4],[l9] Very recently, Leel271 has shown by high-resolution 

transmission electron microscopy that the crystalline oxide grows parallel to the {111} 

octahedral planes of the oxide, often by a ledge mechanism,1281 and the polycrystalline 

oxide is composed of multiple twin related grains. 

Since many different aspects of nucleation and growth of the oxide are considered 

m this study, a background and summary of previous work on aluminum oxidation 
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and crystallographic aspects of the decomposition of aluminum solid solutions are 

given in the next chapter (CHAPTER 2). This summary is followed by brief reviews of 

crystal structure and defects in the Al-0 system (CHAPTER 3) and theories of inter

facial structure (CHAPTER 4) which are relevant to this investigation. Brief reviews 

of high-resolution transmission electron microscopy and computer image simulations 

(CHAPTER 5) are included in order to provide an unfamiliar reader with most of the 

background necessary to understand and interpret the experimental procedures and 

results which are given in the later chapters (CHAPTER 6 and CHAPTER 7). The 

experimental results are generally organized into a progression which considers the 

high-resolution images, the atomic models and computer image simulations. This infor

mation is subsequently combined to obtain the final atomic mechanisms. These results 

are summarized (CHAPTER 8) and the main conclusions are then given (CHAPTER 

9). 
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CHAPTER 2 

ALUMINUM OXIDATION 

2.1 Introduction to High Temperature Oxidation 

Corrosion is the destruction or deterioration of materials by a chemical or electro-

chemical reaction with the environment. At temperatures where water is liquid, the 

predominating corrosion process is electrochemical: that is, material wastage occurs by 

anodic dissolution. Water provides the solvent and connecting electrolyte needed for 

electrochemical corrosion. 

Few materials, particularly those in common technological applications, are stable 

when exposed to the atmosphere at both high and low temperatures. When materials 

are subjected to high temperature they may deteriorate through a reaction with a 

gaseous environment .. As for interaction with an oxidizing gaseous environment, it is 

usually an oxidation reaction. 

2.1.1 Thermodynamic Considerations 

The overall driving force of metal/oxygen reactions is the free energy change 

associated with the formation of the oxide from the reactants. The Gibbs free energy 

change ~G of the oxidation reaction: 

3 
2Al(s) + 202(g) -+ Al203(s) 

is, of course, composed of an enthalpy term and an entropy term 

~G = ~H -T~S, 

where T is ~he absolute temperature, S is the entropy, and H is the enthalpy. Often, 

a determination of the conditions under which a given oxidation product is likely to 
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form is required. In this regard, Ellingham diagrams, i.e. plots of the standard free 

energy of formation (~G) versus temperature. for an oxide are useful in that they 

allow comp~rison of the stabilities of the oxide.l~l Note that the driving force of the 

above reaction is decreased as the temperature increases, since the entropy change in 

such reactions, where there is net decrease in the number of gas molecules, is nega

tive.l301 

When a metal reacts with a gas containing more than one oxidant, a number of 

different phases may form depending on both thermodynamic and kinetic considera

tions. Isothermal phase stability diagrams, usually constructed with the logarithmic 

values of the partial pressures of the two non-metallic components, for example, log 

P 
02 

and log P N
2

, as the coordinate axes, are useful in interpreting the condensed 

phases which form. A phase stability diagram for the AI-O-N system at 600 o C con

structed from the data in the JANAF Thermochemical Tablesi311 is shown in Fig. 1. 

The heavy lines denote the boundaries of condensed phases at unit activity and the 

equivalences of P o
2 

to P Hj P H
2
o and P N

2 
to P NH/ P H

2 
are also indicated on the coor

dinate. In this diagram, the full circle in the upper-right corner, which represents the 

point corresponding to the partial pressures used in this experiment, clearly shows 

that the stable phase in the reaction of aluminum with air at 600 ° C is AI20 3. How

ever, thermodynamic phase stability diagrams should be regarded primarily as an 

analytical tool to aid in the understanding of phases to be formed in oxidation 

processes. Care should be taken in using them to predict the oxidation products, since 

these may be significantly displaced from equilibrium. The exact oxidation products 

also depend on the kinetics of various nucleation, diffusion and growth processes. 
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2.1.2 The Initial Fast Oxidation 

When a metal is exposed to an oxidizing atmosphere at high-temperatures the 

initial reaction is expected to be very rapid since the oxide layer is very thin. However, 

if the parabolic rate law is extrapolated to zero scale thicknesses, an infinite rate is 

predicted. Clearly this is not so and the initial stage of oxidation must be controlled 

by some process other than ionic transport through thin oxide scales, e.g. the process-

ing of gas molecules on the oxide surface according to 

02(g) = 02(ad) = 20(ad) = 20(;hem) + 2h - 20(f;tt) + 2h. 

This describes the adsorption, dissociation, chemisorption, and ionization of oxygen 

and would lead to a constant reaction rate if rate controlling. However, these processes 

are so rapid that the oxidation period over which they control the reaction rate is 

rarely observed. 

2.1.3 Transport Mechanisms 

With the progression of the oxidation reaction, it is obvious that the solid oxida-

tion product will separate the two reactants, i.e. the metal and the oxygen. 

Since the aluminum oxide is an n-type semiconductor,1321 the excess electron 

defect is an electron in the conduction band, so the corresponding excess lattice defect 

must be either an interstitial aluminum atom or an oxygen vacancy. In this discussion, 

the main defect is assumed to be the doubly charged oxygen vacancy V 02_ since this 

assumption leads to the growth of the crystalline oxide into the metal matrix. 

As shown in Fig. 2, the oxide forming reaction and defect-injecting reaction both 

take place at the Al/oxide interface; 

2Al - Al20 3 + 3 V 02- + 6e-. 

It follows, therefore, that since the oxide formation takes place at the Aljoxide 
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interface, an inert marker initially on the metal surface remains on the oxide/oxygen 

interface. In the oxide phase there is an oxygen activity gradient sufficient to provide 

the necessary reactant flux through the oxide layer. The defects diffuse to the 

oxide/oxygen surface and are eliminated; 

3V.. _. 3V" 
011-(metal/oxide) 011-(oxidefoxygen) ' 

3 VOII-(oxidefoxygen) + ~ 02 + 6e- -t 30(~~idefoxygen)· 
The concentration of 02- vacancies at the oxide/oxygen interface is very small, pro-

vided that the oxygen partial pressure exceeds the equilibrium pressure. 

If the rate controlling step is the transport of the material across the oxide layer, 

then since this layer becomes proportionally thicker as the material is transported, the 

rate of transport, and hence the overall reaction rate, decreases with time. If, further-

more, it is assumed that the transport process is the same throughout the material, 

and does not depend on time, then plainly the rate of transport is inversely propor-

tional to the thickness of the layer. This parabolic rate law is found to hold over a 

period whose duration depends upon factors such as specimen geometry and scale 

mechanical properties. 

If the transport of the oxygen through this layer is the controlling step in deter-

mining the overall rate of the oxidation reaction, this is known as diffusion controlled 

growth. If the transport rate of the reactant from one phase to another phase is much 

slower than the transport rate of the reactant through one phase layer, growth is said 

to be interface controlled. It is also possible that the interface reaction and diffusion 

process occur at similar rates in which case the interface is said to grow under mixed 

control. 
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2.2 The Growth of Thin Oxide Films 

Devillel331 (1859) was aware of the unusual resistance of aluminum to oxidation 

but did not associate it with an ever-present oxide film. It was not until attempts were 

made to solder the metal that the presence of a surface film was realized.1341 

One of the first attempts to determine the oxidation rate of aluminum in air at 

room temperature was by Vernon (1927).1351 His results showed that nearly all film 

growth occurred during the first few days' exposure, after which the curve of weight 

increase against time became almost asymptotic to the time axis. Hart1361 studied the 

oxidation of aluminum single crystar surfaces, presenting (100), (110) and (Ill) sur

faces, in dry oxygen at 20 • C. He confirmed that film growth was at first rapid and 

then slow, the growth rate being inverse logarithmic, but could not experimentally 

verify anisotropy in the growth rate of amorphous films on differently oriented metal 

faces. Eley and Wilkinson1371 studied oxygen adsorption and oxide formation on alumi

num films, and showed that the first two monolayers were taken up too rapidly for 

kinetic measurements. 

There are two principal mechanisms that have been used to describe the low 

temperature kinetics of oxygen uptake in the formation of very thin oxide films on 

aluminum. The first of these, due to Mott,l371·1381 assumes that electrons tunnel from 

the metal through the thin oxide film to suitable acceptor levels provided by the 

chemisorbed oxygen producing o- or 0 2- ions on the surfaces. The electrostatic field 

which arises in the oxide layer as a result of the oxygen ion production serves to assist 

in the transport of aluminum ions from the metal surface through the oxide film to 

the oxide surface where they combine with the oxygen ions to form the oxide. The 

second mechanism, due to Lanyon and Trapneii1401 and adapted to the case of alumi-
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num by Eley and Wilkinson,1411 assumes that a neutral species of oxygen is chem

isorbed on the oxide surface. Then, by a subsequent site exchange with underlying 

aluminum atoms, the chemisorbed oxygen combines with these atoms to form the 

oxide. The first of these two oxidation, mechanisms predicts a pressure independent, 

inverse logarithmic time law for oxide growth which has been found to hold experi

mentally at atmospheric pressure. The second mechanism yields an oxide growth law 

which is pressure dependent and logarithmic in time and has been observed experi

mentally at low oxygen pressure in the range of from 10-1 to 1 Pa. 

Huber and Kirk1421·1431 showed that the low pressure (10-1 to 103 Pa) dry oxidation 

of aluminum at room temperature appears to be a two-stage reaction during which an 

intermediate product forms on the growing oxide surface. The first stage is an 

activated chemisorption of the oxygen on to the oxide surface which goes to comple

tion by the formation of a polar (negative outward), chemisorbed oxygen-oxide surface 

complex. The second stage is an activated metal-oxygen place exchange which converts 

the chemisorbed oxygen-oxide surface complex to the bulk metal oxide and causes the 

film to grow. This two-stage oxidation reaction accounts for the observed increase and 

decrease in their work function study of the oxidizing aluminum film with changes in 

the oxygen gas pressure while simultaneously accounting for the observed irreversible 

uptake of oxygen by the film. 

Biaconi et al. 1441 studied the initial oxidation of Al(lll) with surface Extended 

X-ray Absorption Fine Structure (EXAFS) for single crystal surfaces, and proposed a 

model for the oxidation stages characterized in their work. They showed that at low 

pressure (below 2X 10-5 Pa) molecular oxygen chemisorbs, whereas previous studies 

have concluded that the initial oxidation is always dissociative. The chemisorption ini-
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tiates through a non-dissociative molecular phase even at room temperature with the 

0 

molecule approximately 1.33 A from the surface. In the second stage, the molecular 

oxygen dissociates, and sits in the three fold hollow site. The third stage marks the 

transition to the oxide where the oxygen moves beneath the surface and a 

configuration approaching aluminum oxide is obtained. 

Norman et al. 1451 reported results for EXAFS of oxygen on Al(111) at submono-

layer coverages. For the chemisorbed state they found strong support of the (1 X 1) 

oxygen overlayer structure suggested previously by low energy electron diffraction 

(LEED). As usually found with chemisorption systems, the adsorbate (0) atoms are 

located in positions which are a continuation of the face-centered cubic (fcc) stacking 

of the bulk (AI) lattice. For the initial oxide phase they suggest the geometry for this 

phase, in which an 0 atom is bonded to four AI atoms as in a-aluminum oxide and 1-

aluminum oxide and each surface AI atom is bonded to three 0 atoms. This site can 

be occupied simultaneously with the chemisorption site, producing no distortion of the 

lattice, and both chemisorbed and oxide-like phases have been observed together. For 

both phases the 0 atoms form a (1 X 1) configuration with respect to the clean Al(111) 

surface. This can explain why a sharp ( 1 X 1) LEED pattern persists after relatively 

high exposures corresponding to more than monolayer coverage. 

2.3 Kinetic Studies 

Pilling and Bedworth (1923)1461 studied the rate of oxidation of, aluminum in oxy-

gen at 200 to 600 o C and found that the oxidation came practically to a standstill 

after a certain film thickness had been reached. 

The oxi<lation kinetics of pure aluminum vary considerably with temperature. 

From 350 to 425 o C the oxide film thickens according to a parabolic rate law.1471·1481 At 
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higher temperatures the kinetics become much more complex and higher weight gains 

are observed than would be expected from 'an extension of the lower temperature 

growth laws.l121·1491·1501 

Smeltzer1471 attempted to explain the complex kinetics on the basis of two con

secutive rates of parabolic oxidation; this treatment failed to account mathematically 

for the terminal stages of the oxidation kinetics. Aylmore et al. 1491 also showed that 

the toe of the sigmoid curve fit a parabolic growth law; the rapidly rising portion of 

the weight gain-time curve was treated as a transition from the parabolic to a linear 

growth law. Neither of these models provided a particularly good fit with the experi

mental data and neither explanation appeared to have well defined physical 

sign ifi can ce. 

Beck et al. 1121 studied the oxidation behavior of high purity AI at temperatures 

from 450 to 575 o C in dry oxygen. Their results indicate that the sigmoidal oxidation 

behavior is due to two processes which are mutually independent. These processes, 

which occur simultaneously, are first the formation of a layer of amorphous ')'-Al20 3 

with poorly developed long range order, and second the nucleation and growth as 

expanding cylinders of crystalline ')'-Al20 3 at the amorphous oxide/metal interface. 

Beck et al. 1121 were able to separate the kinetics of growth of the amorphous oxide 

from the overall film growth by determining local amorphous film thicknesses between 

crystals of ')'-Al20 3 from electron opacity measurements. In this way they showed that 

the amorphous oxide forms according to a simple parabolic rate law, probably by the 

egress of aluminum ions and electrons to the amorphous oxide/gas interface and their 

reaction with oxygen to form amorphous ')'-Al20 3• This analysis was in agreement 

with an observation by Brock and Pryor1181 that the amorphous film, growing by out-
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ward diffusion of metal ions, forms between the crystals of ')'-Al20 3 with accurately 

parabolic kinetics throughout the temperature and aluminum-copper',alloy composition 

range. 

Beck et al. 1121 showed that the growth of the amorphous oxide is completely 

independent of the presence of underlying crystals of ')'-Al20 3• Accordingly, the cry-

stalline oxide must offer negligible resistance to the passage of aluminum ions. How-

ever, Brock and Pryor1181 thought that above the crystalline phase the amorphous 

oxide forms at a lower rate because of the additional resistance conferred to the cation 

egress afforded by the crystalline oxide. 

Beck et al. 1121 showed that the crystalline oxide was not a recrystallization pro-

duct from the amorphous oxide but that it was instead formed by the inward diffusion 

of oxygen ions to the metal/oxide interface and their reaction at that interface. They 

showed that the overall weight gain-time curves could be expressed by the direct sum-

mation of the parabolic rate equation for amorphous oxide formation and the sig-

moidal equation for crystalline oxide formation. 

Dignam and Fawcettl511 presented weight gain data for the oxidation of electro-

polished aluminum in the temperature range 475 o to 600 o C and analyzed in terms of 

the following model. The ')'-Al20 3 crystallites, which nucleate beneath the amorphous 
0 

oxide film, rapidly achieve a terminal thickness, which is approximately 150 A, and 

grow radially at a linear velocity until the crystallites impinge on one another. The 

reduction in the growth rate which takes place at increasing times is thought to be 

due either to crystal impingement1121 or an increased oxygen diffusion path.l141 

Hunt ~lend Ritchie1321 carried out resistance marker measurements to study the 

oxidation of evaporated aluminum films between 230 and 400 o C and concluded that 
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the amorphous oxide grows by metal transport. From the s1gn of its Seebeck 

coefficient, the oxide was deduced to be n-type. The effect of applying an electric field 

across the growing oxide layer on aluminum was also investigated. When the 

oxygen/oxide interface was biased negatively with respect to the aluminum, an 

enhancement of the oxidation rate was achieved. These results were interpreted in 

terms of the Mott-Cabrera theory.1521 

2.4 Transmission Electron Microscopy Studies 

2.4.1 The Growth of Amorphous and Crystalline Oxides 

Raether1541 and Steiner1551 obtained diffuse halo electron diffraction patterns from 

the oxide on aluminum. These authors described the oxide film as being amorphous 

because of the diffuse nature of the diffraction yielded by it. After a detailed X-ray 

examination Verweyl561·1571 concluded that these diffuse patterns are yielded by a film 

substance 1 -Al20 3 which has a structure intermediate between the amorphous state 

and completely arranged state of 1-Al20 3• Preston and Bircumshaw,l581 on the other 

hand, concluded that these films are amorphous and not composed of very small 

1-Al20 3 crystals. Belwe,l591 however, evaluated the size of the individual crystals which 

gave rise to these halo patterns to be equal to about one elementary cell of 1-Al20 3. 

Belwe considered that the diffuse ring diffractions are due to the (220) and (440) lattice 

planes. Wilsdorfl601 investigated the structure of this amorphous alumina by assuming 

that it consists of totally disordered, uniformly built, molecular groups, and then 

determined its structure as an aggregate of groups of two molecules of Al20 3, an 

atomic arrangement which does not occur in the 1-Al20 3 lattice. 

Harrington and Nelson1611 first found a variety of crystalline patterns after heat-
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mg aluminum in air at 550 to 650 o C. De Brouckere1621 showed that this crystalline 

phase is ')'-Al20 3 after heating aluminum in air at 400 to 700 o C. The lattice parame-

ter of the ')'-Al20 3 cubic lattice was measured to be 7.9 A for crystalline oxide formed 

on an aluminum substrate at 500 o C.l631 Hunter and Fowlel31 studied growth of oxide 

films on aluminum in dry atmosphere at temperatures from 75 to 600 o C, using elec-

tron microscopy and electron diffraction. They considered that these films might be 

either amorphous or crystalline, depending on whether they are formed below or above 

the temperature required to form crystalline oxide. 

However later it has been establishedl12l,!lSj that below about 450 o C the only 
' ' 

oxidation product is a thin film of amorphous oxide, and at temperatures above 

450 o C the morphology of the oxide film changes considerably and discrete crystals of 

')'-Al20 3 are formed together with the amorphous oxide. 

Above 400 o C the crystalline oxide formed by nucleation at the 

aluminum/amorphous oxide interface,141 and significant growth of crystallites of 1-

alumina oxide began after a temperature dependent induction period.161 

Doherty and Davisl51 have shown that the low temperature amorphous oxide 

grown by transport of cations is smooth at the metal/oxide interface whereas a high 

temperature crystalline oxide grows by the transport of anions. It has been esta-

blishedl51·171·1121·1131·1181 that the amorphous oxide film which grows up to approximately 

200 A does not crystallize during the growth of the crystalline oxide and the amor-

phous oxide continues to grow up to the melting point of aluminum, but the growth 

rate is very slow below 200 o C. 

Natesh .and Anselll101 observed the oxidation of AI foils containing a dispersion of 

2 wt% Al20 3 particles by hot stage transmission electron microscopy, and found that 
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the crystalline oxide could grow as an oriented layer in a {110} <221 > fashion. 

Beck et al. 1121 showed that the crystal nuclei first rapidly grew to a fixed and 

only slightly temperature dependent depth into the underlying metal. Subsequent oxi

dation results in only lateral growth of these crystals until they coalesce, whereupon 

crystalline oxide formation ceases. These observations are in agreement with the 

findings of Doherty and Davis151 and Randall and Bernard171 who previously had shown 

that the crystalline oxide grew into the metal as well as growing laterally. 

However, the formation of a continuous crystalline film was not necessarily the 

result of islands increasing in size until they joined together. This process did occur 

but the growth of many islands had essentially stopped before join-up.1141 Filling in 

between islands was observed to be due to two processes.1141 One was the creation of 

small second generation islands which grew from about one fifteenth the size of exist

ing islands, and the other was accelerated growth in certain crystallographic direc

tions, with reference to the metal lattice. 

Brock and Pryor1181 studied the oxidation behavior of aluminum-copper alloys at 

temperatures from 475 to 575 o C in dry oxygen. The oxidation product was found to 

be duplex in nature consisting of both amorphous and crystalline 1-Al20 3. Roughly 

cylindrical crystals of 1-Al20 3 of constant thickness, at any given temperature and 

alloy content, grew into the metal from the amorphous oxide/metal interface by 

inward diffusion of oxygen through the overlying amorphous film. 

Seamans and Butler1191 carried out an in situ morphological study of the oxida

tion of aluminum and aluminum alloys containing zinc and magnesium in the tem

perature range 400 to 520 o C using the hot stage of a 1 MeV transmission electron 

microscope. They confirmed that in pure aluminum, oxidation takes place after a tern-
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perature dependent induction period, by the nucleation of crystalline ')'-Al20 3 at the 

amorphous oxide/metal interface. This process is delayed by additions of zinc which 

modifies the structure of the oxide. 

Corkish1201 studied the oxidation of aluminum, aluminum-0.5% copper and vari

ous aluminum-silicon alloys and examined the effect of orientation and the role of the 

initial room temperature oxide on the nucleation and growth of a crystalline oxide. He 

showed that the average nucleation density on aluminum of ')'-Al20 3 was 1.5 X 109 

cm-2 and the average density decreased with increasing alloying additions of copper 

and particularly silicon. The orientations with the low index planes showed a higher 

nucleus density than the orientations of planes in the center of the unit triangle. The 

density varied by approximately a factor of 45 with (111) > (100) > (110) > (120) > 

(113) > {135). He also showed that the majority of scratches on the surface acted as 

nucleation sites along much of their length, whereas there was a minor tendency for 

grain boundary nucleation. The crystalline oxide islands grew laterally up to 15 JLm 

across which was a factor of 500 to 1000 greater than the island thickness. 

2.4.2 Morphologies of the Oxides 

There are three different kinds of oxides formed on aluminum films by thermal 

oxidation in air in addition to normal amorphous oxide forming the surface layer:1111 

(a) Type A is a flower-like amorphous oxide, which nucleates and grows preferentially 

at the grain boundaries of aluminum at 400 o C. By exposure to high electron beam 

intensity it crystallizes to ')'-Al20 3.1111 This type oxide is so porous that aluminum 

might be successively eroded by air which comes through the pores. (b) Type B is a 

plate of a sihgle crystal ')'-Al20 3• These oxide crystals are observed to be formed into 

well defined crystallographic shapes. 1141 The crystal orientation of the oxide is 
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associated with that of the aluminum crystal beneath it. On the surface of an alumi

num grain with its (111) plane parallel to the film plane, the oxide whose shape is trig

onal or hexagonal grows with a parallel orientation; (111)AI II (111)oxide and [1IO]AI 1.1 

[1IO]oxide·[lll,[221·1231 (c) Type C is composed of many dendrite crystals of ')'-Al20 3, which 

are often observed at the grain boundaries of aluminum at 600 o C, and the formation 

of these oxides is supposed to occur in cracks of the protective surface oxide layer.1111 

The agglomeration of particles (Type C) comprising each island is mosaic textured 

about a common fiber axis,1141 and occurs on surfaces with orientations near th~ center 

of the unit triangle and near (100).1131 It was suggested from electron diffraction stu

diesl201.1641·1651 that these polycrystalline oxides might contain a high concentration• of 

faults that are {111} twins or stacking faults. 

However, Csanady et al. 1211 studied the oxidation of thin. aluminum films 

m situ prepared by evaporation directly in the electron microscope under ultra-high

vacuum conditions. They showed that the oxide crystals formed above 350 o C exhi

bited a needle-like morphology141 and those formed at higher temperature (about 

450 o C) were mostly hexagonal platelets. 

2.5 Atomic Mechanisms of the Decomposition of Aluminum Solid Solutions 

In this section crystallographic aspects of the decomposition of supersaturated 

aluminum solid solutions are briefly reviewed since no atomic mechanism of nucleation 

and growth of the oxide at the metaljoxide interface in crystallographic aspects has 

been proposed. 

The atomic interaction in the crystal lattice of an alloy is governed by the 

interaction of electrons in the outer shells. One of the factors determining the struc

ture of a stable lattice, that is, its coordination polyhedra, is the electron 
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concentration.l661 Any change in the parameters of the coordination polyhedra and, in 

particular, a change in the kind of atoms in supersaturated solid solutions, increases 

the free energy of the crystal. It is possible to reduce this energy by replacing the alien 

atom by an atom characteristic of the given structure. Therefore the lattice of the 

matrix crystal tends to push away the atoms of the dissolved element in the initial 

stages of decomposition of the supersaturated solid solution and as a result, alloying 

atoms cluster in small regions of the crystal. 

As the concentration of dissolved atoms in these regiOns mcreases, the rules for 

the construction of a lattice based on a different electron concentration begin to 

operate. There is a tendency for new coordination polyhedra to be created, that is, for 

the crystal lattices to be rearranged, which gradually intensifies as the content of 

alloying atoms grows. This leads to successive rearrangement of the lattices, finally 

creating the structures of stable precipitate phases. The reason for rearrangement of 

the lattices lies in the change of atomic interactions when the atomic composition 

changes. The kinds of rearrangement are governed by the types of initial and final cry

stal lattices. 

Shchegoleva1671 reviewed the literature concerning the study of aging mechanisms 

in aluminum alloys, and proposed that aging mechanisms in aluminum alloys are 

governed by the ways in which the perfect crystal lattice of the matrix can be rear

ranged into lattices of stable precipitate phases. The methods whereby the initial per

fect lattice is transformed into the lattice of a stable precipitate phase determine the 

specific decomposition mechanisms of supersaturated solid solutions. Metastable pre

cipitate phases appear in the intermediate stages of lattice rearrangement. If one knew 

how the lattices rearranged one could understand the aging processes of alloys, eluci-
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date features of the structural components, and direct those processes. 

The major premise of the study of aging mechanisms in a series of aluminum 

alloys has been the decisive role of the sequence of lattice rearrangements from the ini-

tial crystal to the stable precipitate phase which secure a succession of structural com-

ponents.1671 The possibility of creating lattices of precipitating phases from the defect-

free lattice of the matrix by means of shears of a minimum number of atoms by the 

least possible distances without the atoms changing places is determined by crystallo-

graphic analysis. One criterion for the feasibility of the resulting rearrangement 

mechanism is the coincidence of orientation relations between the initial and final lat-

tices with the experimentally observable relations between the matrix and precipitate 

phase. 

For example, decomposition of supersaturated solid solution in alloy Al-Cu-Mg of 

composition1681 corresponding to section Al-S on the constitution diagram results in 

the formation of stable phase S (A12CuMg). The lattice is orthorhombic (space group 
0 0 0 

Cmcm) with parameters: a = 4.01 A, b = 9.25 A, c = 7.15 A. The orientation 

relationship with· matrix is: [100]s II [210]AJ; [OlO]s II [120]AJ; [001]s II [001]AJ· 

According to the hypothesis of Bagaryatskiy ,1681 the stable phase S is preceded 

by an S 1 phase which in turn is preceded by an S * phase. S 1 is elastically-

deformed, coherent with the S -phase matrix. S * is a phase which includes elements of 

S 1 and S 11 
• Bagaryatskiy has suggested that the atomic arrangement of S 11 is the 

same as in the S phase but that the orientation relations are different: [100] 8~ 1 II 

[17.7.0]AJ; [OlOJs~' II [5.13.0]AJ; [001] 5 1 1 II [001]AI· Quite small displacements of the 

atoms from their positions in the aluminum lattice are required to form S 11 • It has 

been proposed that the aging mechanisms of alloy Al-Cu-Mg consist of the following 
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stages.l671 1) Formation of cylindrical particles of an S 11 phase from clusters of atoms 

of the alloying elements by means of rearrangement of the face-centered cubic matrix 

lattice into the S 11 pha.Se. 2) Reorientation of particles resulting in the appearance of 

an S 1 phase. 3) Growth of S 1 particles, and destruction of coherence with the 

matrix signifying the appearance of particles of a stable S phase. The diffuse scatter

ing arcs in the reciprocal lattice of the alloys arise due to gradual rearrangement of the 

precipitate phase sites from positions typical of S 11 to positions in S. They are analo

gous to the streaks which arise during the fcc-hcp (hexagonal close packing) rearrange

ment. The shape of the diffuse scattering regions suggests that reorientation proceeds 

without any particular change in the interplanar spacing in the precipitate phase. 

The S phase has the same density as the aluminum phase: there are 16 atoms in 

one unit cell (volume 263.6 A3), that is, as many as in four unit cells of aluminum 

(volume 263.76 A3). This fact, as well as the way in which its predecessor S 11 was 

formed, shows that a defect-free lattice of the precipitate phase is formed from the 

perfect matrix lattice. One can conclude from the experimental results obtained during 

aging of alloy Al-Cu-Mg and results of crystallographic analysis that aging of the alloy 

after the appearance of clusters of alloying atoms is determined by rearrangement of 

the lattice into that of the final precipitate phase. 
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CHAPTER 3 

CRYSTAL STRUCTURE AND DEFECTS IN Al-0 SYSTEM 

3.1 The Al-0 System 

Figure 3 shows the phase diagram1691 of the Al-0 system in the composition range 

between 0 and 60 atomic % 0. The equilibrium phases are: (1) the liquid, L, which 

exists as two immiscible liquids, here termed "Lv" an Al-rich liquid, and "L2," an 0-

rich liquid Al20 3; (2) the face-centered cubic AI terminal solid solution, in which the 

solubility of 0 is unknown but small; (3) the trigonal aluminum oxide a-Al20 3 (a-

alumina, sapphire, or corundum), for which the deviations from stoichiometric compo-

sition are unknown but small; and (4) the gas. Previously published diagrams1691·1701 for 

the condensed phases show no solid solubility of 0 in solid AI or deviation from 

stoichiometry in Al20 3• There is general agreement that no stable condensed phase 

exists that is richer in 0 than Al20 3• Recent work1711 on structural transformations in 

aluminum oxide films grown on (Ill) AI has revealed that the films retain the Al20 3 

0 

stoichiometry down to the thicknesses as small as 5 A. 

3.1.1 Terminal Solid Solution, AI 

Solid aluminum exhibits the face-centered cubic (fcc) structure (Table 1) as 
0 

shown in Fig. 4 (a). The lattice constant is 4.0496 A at 0 o C and the radius of an atom 

at 0 o C is 1.42 A.l721 Interstitial sites have a radius of 0.585 A for the octahedral site 

and 0.32 A for the tetrahedral site.l721 The atomic radius of the oxygen atom is 0.65 

A.J72J 

The solid aluminum phase is stable only at 0 2 fugacities less than or equal to 
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2.5 X 10-47 Pa at 660 • C as shown in Table 2.1731 No credible measurement of solubility 

of 0 in solid aluminum has been reported. Numerous determinations of 0 in Al that 

were reported fail to distinguish between dissolved 0 and 0 present as oxide.1691 

3.1.2 Solid Oxide Phases 

In addition to a-Al20 3, there are many polymorphic forms with the same 

stoichiometry. These types of transition Al20 3 may develop by oxidation of aluminum 

followed by heating the stripped oxide,1741 decomposition of compounds containing Al 

and o,l751·1761·1771 or heat treatment of other Al20 3 varieties in transition to a-Al20 3.1781 

For example, amorphous alumina films are formed on oxidized bare aluminum, 

etched surfaces and electropolished surfaces. Cubic ')'-Al20 3 is produced from oxida

tion of aluminum or from the decomposition of boehmite.1751.1761 x-Al20 3 and K-Al20 3, 

which have a structure composed of hexagonal close-packed oxygen atoms, resembling 

the final term of transition aluminas (a-Al20 3), are produced from hydrargillite.l761 

Certain so-called aluminas, notably (3 and ~. are not strictly binary compounds,l791 

while other types, such as p,, v, and e. occur as thin films on Al.l801 

All the crystalline forms of Al20 3 are constructed of stacked, closed-packed layers 

of 0 ions, with Al ions and vacancies distributed on the tetrahedral and octahedral 

sites among these 0 ions. Polymorphism arises from the possibilities for different 0-

layer stacking sequences and disorder therein, from variations in the distribution of Al 

ions on their two types of sites, and ordering among the Al ions and vacancies on 

those sites. Because of these possibilities, not only are cubic, hexagonal, and tetragonal 

structures formed, but also others of lower symmetry. Confusion stems from the mul

tiplicity of variations, because small-step changes may be manifested in specimens 

with different histories. Table 1 contains information on crystal structures and lattice 
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parameters of well documented and widely accepted oxide phases. 

Amorphous Oxide 

The amorphous oxide is amorphous in the sense that no crystalline nature is 

detectable by electron diffraction or X-ray diffraction; this does not rule out the possi

bility of very small crystalline aggregates. A model based on a disordered glassy 

')'-Al20 3 analogue shows a good fit with the X-ray scattering pattern.JSI] The diffuse 

electron diffraction rings1821 from the oxide are also interpreted in terms of ')'-Al20 3 

structure, but the line broadening is not believed to be from very small crystallites 

because the amorphous films have a much higher resistivity than crystalline 1-Alz03. 

However, Forty and El-Mashari1831 suggested from the analysis of the diffuse elec

tron diffraction rings that the amorphous oxide has two molecules of Al20 3 arranged 

in sheets which, if stacked, give the appropriate admixture of octahedral and 

tetrahedral sites occupied by Al3+. 

Evaporated amorphous oxide films become poorly crystalline at 600 o C and at 

higher temperatures they •transform to a-Al20 3.1781 Amorphous anodic films stripped 

from aluminum transform to a-Al20 3 at 700 to 800 o C when heated in a furnace.1841 

However, amorphous thermal oxide films on aluminum do not crystallize below 

660 o c.J7],]I2] 

1 Phase 

This phase has a defect spinel structure with the oxygen ions in face-centered 

cubic close packing and the aluminum ions in certain interstices. The lattice parameter 

of ')'-Al20 3 is 7.9 Ai631 and the atomic radius of Al3+ is 0.51 A while that of 0 2- is 1.40 

A.l85] 
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As shown in Fig. 4 (b), for an elementary cell of this spinel structure there are 

four oxygen atoms, four octahedral interstices, and eight tetrahedral interstices. This 

makes a total of twelve intersticies to be filled by three cations. In each elementary 

cell two octahedral sites are filled and one tetrahedral. Eight of these elementary cells 

are arranged so as to form a unit cell containing 32 oxygen ions, 16 octahedral cations, 

and 8 tetrahedral cations as illustrated in Fig. 4 (b). 

In ')'-Al20 3, there are 21.!. alum in urn cations in the unit cell of 32 oxygen ions to 
3 . 

maintain charge balance, so 21 ! aluminum ions are distributed among the 24 cation 

sites. There is considerable disagreement186l,JS7J,JS8J as to the distribution of aluminum 

ions in the cation sites of the spinel structure. Generally the distribution depends 

significantly on the history of the preparation of the sample. 

Noncubic ')'-Al20 3 with a tetragonal distortion was found only m the case of 

decomposition of aluminum hydrates.1771 

6 Phase 

This oxide has a tetragonal superstructure of the spinel lattice with one unit cell 

parameter tripled: the oxygen ion sublattice is still a slightly distorted face-centered 

cubic lattice but the rearrangement of the aluminum ions differs from that of ')'-Al20 3 

structure giving a c -lattice parameter which is 2.9 times that of ')'-Al20 3• By analogy 

with the similar phase ')'-Fe20 3, the vacancies in S-Al20 3 are thought to be ordered on 

octahedral sites of the spinel structure with an arrangement governed by a screw 

tetrad parallel to the c -axis.l861 
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()Phase· 

This phase is monoclinic and has the structure of f3-Ga20 3• This structure can be 

regarded as a superstructure of the basic spinel unit cell, similar to that of 8-Al20 3, 

and they both share the same tripled spinel c parameter. Thus the pseudo

orthorhombic cell of0-Al20 3 has a = 5.619 A, b = 2.907 A, c = 22.89 A.l771 

a Phase 

A broad consensus holds that a-Al20 3 is the only stable form of Al20 3 .1891 Devia-

tions from the stoichiometric composition in a-Al20 3 were not determined or even 

detected chemically. This phase has a trigonal structure, which may be described 

alternatively as hexagonal (Table 1). This is achieved by nearly hexagonal close pack

ing of the oxygen ions with aluminum ions filling two-thirds of the octahedral sites. 

3.1.3 Phase Transition of Aluminum Oxide 

One basic sequence of phase transition of aluminum oxide is generally given as 

')'-Al20 3 -+ 6-Al20 3 -+ O-Al20 3 -+ a-Al20 3, 

although there are considerable disagreements as to the transformation path and tem-

perature between them.l771 Transformation of the metastable varieties to a is slow, 

even at temperatures well above 1000 o C. 

Wilson1771 discussed the close crystallographic relationship between the different 

forms of alumina, in a study based on the transformation from boehmite to ')'-Al20 3 

and other metastable aluminas. This '/ phase possesses a structure based on cubic 

packing of oxygen anions. The transformation to hexagonal a-Al20 3 requires reorgani

zation of the oxygen network. 
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The first step is growth of the cubic network and formation of a tetragonal struc-

ture (8-Al20 3). The close relationship of these forms of alumina needs to be 

emphasized for understanding the transition mechanisms. For example, the a and b 

parameters for "(- and 8-Al20 3 are reported to be the same,l751 and the d -spacings 

reported for the two forms reinforce this close relationship:l751 d 400 for "(-Al20 3 is 
0 0 

reported to be 1.990 A, while that for 8-Al20 3 is 1.986 A. The d 440 value reported for 

0 

both forms is 1.407 A. 

An intermediate monoclinic structure then appears (8-Al20 3) at 1000 o C, which is 

transformed into a-Al20 3 around 1100 o c.1761 Although monoclinic 8-Al20 3 seems to 

be a drastic change from tetragonal 8-Al20 3, the close relationship1901 between these 

structures is indicated by the fact that a (440) spinel plane would be represented by 

{204} plane in the monoclinic system for 8-Al20 3. The (440) planes for both "(- and 
0 

8-Al20a have a d -spacing of 1.407 A while the {204} plane of 8-Al20 3 has a spacing of 
0 

1.4062 A. 8-Al20 3 can be alternatively described to have aluminum cations in the 

same configuration as in a-Al20 3 but inscribed in a nearly face-centered cubic oxygen 

network instead of the hexagonal oxygen network of a-Al20 3• 

3.1.4 Solid Aluminum Oxides that are not Al20 3 

At least eight varieties of aluminum oxide in this class were reported:i911 Al20; 

phases exists, even metastably. In many ins.tances, the substances reported were pro-

duced in systems involving other elements, for example, with C or Si present.1921 This 

raises the possibility that the products were not pure compounds of Al and 0. Some-

times, there was insufficient product for chemical analysis or even for X-ray diffraction 

in stress-free, isolated conditions. Therefore, identifications with a particular 
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stoichiometry were often weak. 

Y amaguchi1931 reported that Al20 and AIO were formed at the boundary between 

')'-AI20 3 and the metal in oxidizing AI foil at 300 o C. The presence of suboxides was 

inferred from certain reflections in the X-ray diffraction patterns or electron diffraction 

patterns but the source of the reflections was not isolated chemically and analyzed. 

A possible spinel-type oxide, Al30 4, was reported to have formed when aluminum 

reacted with air by Rhodin.1941 Claims that this oxide formed in the reaction of Al20 3 

with C at high temperature1951 and in Fe-rich Fe-Al-0 meltsl961 were also made. Other 

investigators who made these types of experiments did not report finding Al30 4 .1691 

3.2 Defects in AI and Spinel Oxide 

3.2.1 Defects in AI 

Quenching experiments on pure aluminum1971,1981 have shown that the concentra-

tion of vacancies is 10-4 after quenching from 550 o C. Other quenching experiments on 

binary aluminum alloysi991 have shown that the concentration of the quenched-in 

vacancies actually increases with alloying. 'For example, in dilute Al-Cu alloys concen-

trations of 10-3 were found.i991 

For the face-centered cubic structure, perfect dislocations exhibit a Burgers vee-

tor of .!!.<110>. The partials bounding a stacking fault either have Burgers vectors of 2 . 

type .!!.<112> (Shockley partials) or of type .!!.<111> (Frank partials). Shockley 
6 3 

partials are glissile and the type encountered in dislocation dissociation whereas Frank 

partials may only move via climb, forming usually by the precipitation of vacancies or 

interstitials. Referring to the Thompson tetrahedron construction (Fig. 5), one finds 
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three possible Burgers vectors for Shockley partial in a { 111} glide plane. For a partial 

dislocation lying along a < 110> direction, two of these are 30 o partial dislocations 

whereas the other is a 90 o edge partial. 

The most obvious kind of defect that could be formed by agglomeration of 

vacant lattice sites is found when an aluminum crystal is quenched relatively slowly. 

Voids are nucleated which grow large enough to be observed by transmission electron 

microscopy .11001 They take the shape of an octahedron because this allows all the sur-

faces to be parallel to { 111} which is the face of lowest surface energy for the face-

centered cubic structure. If an aluminum crystal is quenched at a slightly faster rate, 

most vacancies collect in planar clusters. A group of atoms in a single {111} layer is 

removed. Collapse of the lattice over the area of the resulting pancake-shaped void 

results in an intrinsic stacking fault bounded by an imperfect disloca-tion of Burgers 

vector ! {111}. After collapse, the loop grows by absorbing additional vacancies at 

jogs. Large stacking fault loops can grow in aluminum only because their conversion to 

perfect dislocation loops is associated with a large activation energy .11011 Above a size 
0 

of about 50 A in diameter, the total energy of the defect is reduced if the stacking 

fault is removed and the dislocation converted from .!.<111> to .!.<110>.11021 In 
3 2 

aluminum, which has a high stacking fault energy (........,150 ergs/cm2),11031 the total 

energy of a large faulted loop can be decreased by eliminating the stacking fault even 

though the elastic strain energy is increased by increasing the magnitude of the 

Burgers vector of the surrounding dislocation. Further growth changes the loop shape 

from hexagonal to rhombus shape.11021 
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3.2.2 Dislocations in Spinel Oxide 

In Fig. 6, the lattice of spinel is projected on the {110) plane, as indicated in the 

accompanying legend in the bottom-left of this figure. The height of the ions above 

the plane of projection is expressed in multiples of J2 a , where a is the lattice con-
. 8 

stant, in order to obtain whole numbers. 

Along < 111 > directions, the spinel can be considered as consisting of a 24-layer 

. f . d . . h . 1 . f J3 h . F' 6 stackmg o catiOns an amons w1t an mter ayer spacmg o 
24 

a as s own m 1g. 

and Table 3. In discussions about close-packed lattices it is customary to denote the 

stacking order in the < 111 > direction of a cubic close-packed lattice by 

· · · ABCABCABC · · · . 

This notation can be directly applied to the oxygen ions of the spin~l lattice. Since the 

projections of all cations coincide with the projections of oxygen ions, cations sites can 

also be described by this notation. 

However, not all octahedral and tetrahedral interstices are occupied by cations. 

Therefore, the sites of each layer have to be divided into four groups: 1,2,3,4. As illus-

trated in the bottom-right corner of Fig. 6 the stacking sequence in the [111] direction 

can be denoted by 

· · · /b 1,2,3,4/ ad cdbd a1,2,3,4/-/b2,3,4/-/ c1,2,3,4/bd ad cdb1,2,3,4/ 

As shown in Fig. 6, of all octahedral interstices at the cation layer corresponding to 

the b2 3 4 layer, only three quarters are occupied. The cations at this stacking height 
'' 

form a layer structure which has been called a kagome-structure.1104
1 Between the oxy-

gen layers corresponding to b1 2 3 4 and a1 2 3 4, cations of both kinds of sites are found. 
''' '', 

Although these cations are at different stacking heights corresponding to a11 c1 and b1 
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layers, this composite layer has been called a mixed layer.11041 Between the oxygen 

layers in the <111> direction, alternatively kagome layers and mixed layers are 

found. 

The tetrahedral ions nearest to a kagome layer occupy sites above and below the 

empty sites at the centers of the hexagon of the kagome layer. In all directions, there 

is always an empty octahedral site between two neighboring tetrahedral cations. Every 

oxygen ion in the spinel lattice is surrounded by four cations, one at a tetrahedral site 

and three at octahedral sites. It is useful to consider the spinel structure as a stacking 

of coordination polyhedra with cations in the centers and oxygen ions at the corners. 

In the perfect spinel structure, the octahedra share edges with four other octahedra 

and share corners with six tetrahedra. The tetrahedra do not touch each other. 

A {111} plane of oxygen ions is shown in Fig. 7, together with the projection of 

the next kagome cation layer. Because the spinel structure belongs to the face-centered 

cubic lattice, the shortest translation vector for the spinel structure, and hence a per-

feet Burgers vector,11051 is b = ; <110>, represented by vector AB in Fig. 7. How-

ever, the oxygen ions form almost a cubic close-packed lattice with an oxygen-oxygen 

distance of ../2 a. If the cations were disregarded, the Burgers vector would be of this 
4 

length. Thus, a dislocation with Burgers vector b can dissociate into collinear partial 

dislocations, each having the same ~<110> Burgers vector.11061 The dissociation reac-
4 

tion: 

~[no] - !!.[no] + !!.[no] 
2 4 4 

AB-+Ai+iB 

produces a stacking fault in the cation sublattice only. 
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Dissociation on a { 111} plane, in to four partial dislocations or quarter-partials 

has been proposed by Hornstra1107J,[lOSJ to follow the reaction: 

~[110]- ~[211] + ~[121] + ~[211] + ~[121] 
2 12 12 12 12 

AB - Aa + a "1 + "fb + b B. 

Each quarter partial dislocation has a Burgers vector 
1
; < 112> and is equivalent to 

a Shockley dislocation in the anion lattice. A stacking fault in both the cation and the 

anion sublattice is created by this dissociation. The two outer pairs of partials bound a 

stacking fault in the oxygen sublattice in which concurrently the cations would have 

moved to their favored crystal coordination. This process is called synchro-shear by 

Kronberg.11001 The two inner partials bound a fault in the cation stacking only. 

Hornstra's arguments are based on the requirement of local electron neutrality and on 

the observation of twinning on {111} planes. This last dissociation may occur only on 

{111} planes, the first reaction being possible in different planes. The synchro-shear 

process obviously acts during the glide of the split dislocation. In Fig. 7, the upper 

layer of oxygen ions is displaced by Aa. The cations are displaced to a new octahedral 

interstice. It is possible that the free energy of one or more of these stacking 

faultsiUOJ,[nlJ is so high that the width of the faulted region becomes very small, so 

that two quarter dislocations nearly coincide and almost form one half dislocation with 

Burgers vector ~[110].11121 
4 

A third type of dissociation has been proposed by Doukhan and Escaig.1113
1 It is a 

glide dissociation given by 

~[110] - ~[211] + ~[121] 
2 6 6 

AB -AO+ OB 

This dissociation also produces a stacking fault in both sublattices. 
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3.2.3 Stacking Faults in Spinel Oxide 

As discussed in the previous section, a dislocation with a {111} slip plane consists 

of four partials and three stacking faults. Of the three stacking faults the middle 

stacking fault has a cubic stacking of the oxygen ions, whereas the outer ones have a 

hexagonal stacking. The two outer stacking faults are similar; the detailed structure of 

the left one is presented in Fig. 8. It consists of two stacking faults which are called 

type 1.11071 A characteristic for this type is the occurrence of octahedral ions at short 

distances from each other, namely in octahedra with one face in common. This would 

be an unfavorable combination 1-1, although a similar configuration does occur in the 

structure of some hexagonal ferromagnetic oxides.11141 

The structure of the stacking fault bounded by the two inner partial dislocations 

is called type 11.11071·11081 In this fault, there is a fault in the cation sublattice stacking 

only, the anion sublattice being undisturbed across the fault. A characteristic of this 

stacking fault is the occurrence of cations in tetrahedra and octahedra with one face in 

common. In both stacking faults Pauling's rule is not obeyed for some oxygen ions. 

This deviation from Pauling's rule occurs in some unfaulted spinels and also In compli

cated compounds.11071 Therefore, this deviation is no reason for considering stacking 

faults as very unfavorable configurations. 

The two stacking faults discussed so far are sufficient to describe the extended 

dislocation, but still another type is possible (type III).11071·11081 The structure of this 

stacking fault is shown in Fig. 56. It has a hexagonal close-packed oxygen lattice like 

type I, but it cannot be formed from the spinel structure by the passage of one quarter 

dislocation, except when the slip plane coincides with a mixed cation layer and free 

interchange of octahedral and tetrahedral cations is possible. Whereas stacking fault II 
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can occur alone, I and III are always found in pairs or in the combination I-III. If I and 

III occur alone, the lattice is changed to tlie twin orientation.11071,[I08[ Therefore I and 

III represent two possible structures of the (111) twin plane, a.S will be discussed in the 

. following section. 

However, in a flux grown spinel crystal, there are some other types, 

.!:[110](100)11151 and .!:[110](110)11151·11161, of stacking faults through a relative displace-
4 4 

ment of cation packing within the perfect anion sublattice. Since these defects in 

grown spinel crystals are characterized by a fault in cation stacking, whereas the anion 

sublattice is undisturbed across the fault, they are best described as anti-phase boun

daries. Two probable mechanisms11171,[ns[ for their formation were suggested: (a) 

impingement during solidification of domains in which the partial filling of interstices 

by cations is nucleated differently in adjacent domains, (b) introduction of a disloca-

tion in the anion lattice during crystal growth which may nucleate an anti-phase 

boundary when the domain impinges on it. 

3.2.4 Twins in Spinel Oxide 

The spinel structure is well known for its (111) twins. These twins are so com-

mon that (111) twins occurring in other cubic crystals are also called spinel twins. 

Macroscopically this twinning may be described either as a reflection with respect to a 

(111) plane or as a rotation about [111] by 60o or 180°, or even as a rotation of 180° 

about a < 112> axis. Microscopically the mirror plane may be a glide plane and the 

twin axis need not coincide with a threefold axis. There is a close relationship between 
. . . . . . : ,._ . ·. 

stacking faults and twins as stacking faults may often be considered as extremely thin 

twin lamellae. This is not true for the stacking fault of type II, but only for those of 

type I and III. 
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Type III is shown in Fig. 56 as forming a twin plane. In this type of stacking 

fault Pauling's rule is obeyed, all oxygen ions having four cation neighbors. In addi

tion, there are no cations very close to one another in polyhedra with one face in com

mon as there are in stacking faults I and II. The energy difference between this defect 

and the perfect structure will therefore be small, and it is not surprising that a lattice 

similar to that of stacking fault III occurs in nature: the olivine lattice.11071 Thus, when 

twins are formed during crystal growth, a twin plane of type III is most likely. 

Deformation twinning is known to be related to plastic deformation; it takes 

place when a partial dislocation (in this case a quarter dislocation) passes between 

every pair of successive oxygen layers.l11gl However, by this deformation twinning 

mechanism, only twins with twin planes of type I can be formed. A twin plane of type 

III, which is more favorable, may be formed afterwards by the passag~ of two quarter 

dislocations with appropriate Burgers vectors along the twin plane. 
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CHAPTER 4 

STRUCTURE AND CRYSTALLOGRAPHIC MODELS 

OF THE INTERFACE 

4.1 Interfacial Structure 

4.1.1. The Free Surface of a Crystal 

To a first approximation the structure of solid surfaces can be discussed in terms 

of a hard sphere model. If the surface is parallel to a low-index crystal plane, the 

arrangement will be the same as in the bulk, apart from perhaps a small change in the 

lattice parameter, assuming the surface is not contaminated. The origin of the surface 

free energy is that atoms in the layers nearest the surface are without some of their 

neighbors. Therefore, every surface atom with broken bonds has an excess internal 

energy Esv over that of the atoms in the bulk. In the broken bond model, different 

crystal surfaces should have different values for Esv depending on the number of bro

ken bonds. It might be expected that the surface atoms will have more free movement 

and therefore a high thermal entropy compared to atoms in the bulk. 

The number of broken bonds at the surface for the face-centered cubic crystal 

will increase through the series {111}, {200}, {220}. When the macroscopic surface 

plane has a high or irrational {hkl} index the surface will appear as a stepped layer 

structure where each layer is a close-packed plane. A convenient method for plotting 

the variation of the ~~urface energy, "f, with surface orientation in three dimensions is 

to construct a surface about an origin such that the free energy of any surface plane is 

equal to the distance between the surface and the origin when measured along the nor

mal to the plane in question. This type of polar representation of "1 is known as a "t-
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plot. The equilibrium shape of a ')'-plot has the property that total surface energy is a 

minimum and the shape that satisfies this condition is given by the Wulff construc

tion. When the -y-plot contains sharp cusps the equilibrium shape is a polyhedron with 

the largest facets having the lowest interfacial free energy. 

4.1.2. Crystalline/ Amorphous Interface 

Many of the ideas discussed with regard to crystalline/vapor interfaces can be 

carried over to crystalline/amorphous interfaces, only the low density vapor phase is 

replaced by a high density amorphous phase, and this isimportant for the structure 

and energy of the interfaces. There are basically two types of atomic structure for 

crystalline/amorphous interfaces. One is essentially the same as the free surface 

described in the previous section. In this case the transition from amorphous to cry

stalline phase occurs over a rather narrow transition zone approximately one atom 

layer thick. Such interfaces can also be described as smooth, faceted, or sharp. The 

other type is an atomically diffuse interface, in which the transition from amorphous 

to crystalline phase occurs over several atom layers. Diffuse interfaces are rough or 

non-faceted; there is a gradual weakening of the interatomic bonds and an increasing 

disorder across the interface into the bulk amorphous phase; in thermodynamic terms, 

enthalpy and entropy gradually change from bulk crystalline phase to bulk amorphous 

phase across the interface. For the crystalline phase and the amorphous phase to be in 

equilibrium it would be required that the high enthalpy of the amorphous phase be 

balanced by a high entropy so that both phases have the same free energy. But entro

pies of amorphous solids seem never to be high enough to make them equilibrium 

phases. Furthermore, in the interfaces, the balance is disturbed by an excess free 

energy, '"YSL· The type of structure chosen by a particular system will be that which 
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minimizes the interfacial free energy. 

According to a simple theory developed by Jackson11201 the optimum arrangement 

depends mainly on the latent heat of fusion (Lr} relative to the melting temperature 

(T m)· This theory predicts that there is a critic~! v~lue of Lr/T m !:::::::: 4R {R is the gas 

constant) above which the interface should .be flat and below which it should be 

diffuse. Most metals have Lr/T m !:::::::: R and are therefore predicted to have rough inter

faces. On the other hand the oxides and elements such as Si, Ge, and Sb have high 

values of Lr/T m and generally have flat close-packed interfaces. If the model is applied 

to the free surface of a crystal, the heat of sublimation should be used instead of Lr 

and then flat surfaces are predicted for metals, in agreement with observation. 

4.1.3. Interphase Interfaces in Solids 

Coherent interfaces 

A coherent interface results when the two crystals match perfectly at the inter

face plane so that the two lattices are continuous across the interface. This can only 

be achieved if, disregarding chemical species, the interfacial plane has the same atomic 

configuration in both phases and this requires the two crystals to be oriented relative 

to each other in a special way. 

Within the bulk of metal or oxide, every atom has an optimum arrangement of 

nearest neighbors that produce a low energy. At the interface, however, there is usu

ally a change in composition so that each atom is partly bonded to wrong neighbors 

across the interface. This increases the energy of the interfacial atoms leading to a 

chemical contribution to the interfacial energy bch)· For a coherent interface, this is 

the only contribution to the interfacial energy, i.e. 
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l(coherent) = lcb· 

In terms of a metaljoxide system, if the atoms m the metal are at positions 

(n 1av n2~) on the interface (assuming a planar interface) and the metal atoms in the 

oxide at the positions ( n 1' a 1
1 , n 2

1 a 2
1 ), then the interface is coherent if the a 's are 

such that sets of n can be chosen satisfying the equation 

for all n t' , ~1 
• 

This definition does not require that all the atoms in the metal be matched in the 

oxide, but it does require that all the metal atoms in the oxide plane be matched m 

the metal. Some relaxation of this condition can be permitted. For example, if 

(Ntnt' at' 'N2n2' a2') = (nlal, n2a2), 

where N 1 and N 2 are small integers, then the interface can still ·be regarded as· 

effectively coherent. 

When the unit vectors on the interface plane in the oxide a 1
1 , ~1 are not 

necessarily the same length as the corresponding vectors in the free oxide, it is still 

possible to maintain coherency by straining one or both of the two lattices. The resul-

tant lattice distortions are known as coherency strains. When the oxide is strained 

with coherency strain f./ , €2
1 , the coherency condition is satisfied: 

{ N1n/ a/ (I+'" ), N 2n,' a 2
1 (I+,,, ) } ~ (n 1a 1, n 2a 2). 

Finally, the metal can also be strained with coherency strain € 1, € 2: 

{N1n/ ai (I+'i ),N2n,' a,' (I+',' )}~{n 1a 1(1+,1),n 2 a 2(1+'2)}
However, the magnitude of strains must be insufficient to nucleate dislocations in the 

metal or the oxide at the interface. This problem has been treated by a number of 
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authors, and reviewed by Gretzl1211 for the case of a nucleus on the metal substrate. It 

seems generally, however, that the combined strains in the oxide and the metal cannot 

exceed 10%. 

In reality one cannot discuss oxide/metal orientations on the assumption that the 

forming oxide freely chooses its lowest energy plane. To some extent, the orientation 

of the oxide plane at the metal interface is determined by the mechanism of transfer of 

metal atoms from the metal to the oxide or by the kinetically favored interfaces. In 

general, it is to be expected that given a general metal surface, subject to the restric-

tions imposed by the growth mechanism, it will rarely be possible for the oxide to be 

oriented so that the coherency condition is satisfied.l1221 

Semicoherent Interfaces 

The strain associated with a coherent interface raises the total energy of the sys-

tern and for sufficiently large atomic misfit or interfacial area, it becomes energetically 

more favorable to replace the coherent interface with a semicoherent interface in 

which the disregistry is periodically taken up by misfit dislocations. If a 1 and a are 

respectively the lattice parameters of the unstressed oxide and the metal, the misfit 

between the two lattices ( 8) is defined by 

8 = (a' -a) 
a 

In one dimension the lattice misfit can be accommodated without long range strain 

fields by a set of edge dislocations with a spacing D given by 

or approximately, for small 8, 

a' 
D = -8-, 

b 
D =-y, 
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where b = (a 
1 + a ) is the Burgers vector of the dislocations. The matching in the 

2 

interfaces is almost perfect except around the dislocation cores where the structure is 

highly distorted and the lattice planes are discontinuous. The interfacial energy of a 

semicoherent interface can be approximately considered as the sum of two parts (a) a 

chemical contribution, 'Ych• as for a fully coherent interface, and (b) a structural term 

'Yst• which is the extra energy due to the misfit dislocations, i.e. 

'Y(semicoherent) = 'Ycb + 'Yst· 

The structural contribution increases rapidly as 6 becomes larger and it levels out 

when 6 = 0.25, because the dislocation strain fields begin to overlap and cancel each 

other. Misfit dislocations may be regarded as glissile slip dislocations in the immediate 

vicinity of the interface. 

As the oxide layer grows and moves away from the original metal/oxide interface, 

the misfit dislocations will cease to be glissile and become sessile growth disloca-

tions.l1231 The misfit dislocations may be mobile in the neighborhood of the interface 

because there is a high flux of defects passing through the interface as a result of the 

oxidation reaction. This process can make climb a relatively easy process for the misfit 

dislocations at the metal/oxide interface. In terms of this model, the stresses in the 

growing oxide will be large in a fairly narrow layer near the metaljoxide interface. 

This was observed by Dankov and Churaevi1241 who studied the distortion of the metal 

films deposited on mica substrates when oxygen was admitted. 

Although oxides are supposed to deform plastically only at very high tempera-

tures, extensive plastic deformation has been observed at temperatures above 0.85 T m• 

and signs of considerable plastic deformation have also been frequently observed in 

oxides formed on metals.l1221 This could be due to departures from stoichiometry, but 
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there is no evidence that nonstoichiometry necessarily increases ductility. Ash bee and 

Smallman11251 showed that nonstoichiometric rutile Ti02 was completely brittle below 

1000 o C whereas stoichiometric Ti02 showed a small degree of ductility as low as 

600 o C. The rutile formed by oxidizing titanium is considerably more non-

stoichiometric than this. Therefore it is not expected to show any plastic deformation 

below 1000 o C. But it is plastic and at 950 o C the oxide scale exhibits considerable 

rumpling and other indication of extensive plastic flow. Although the plastic flow is 

not due to nonstoichiometry, it may be due to the presence of a defect flux produced 

by the oxidation reaction.11221 However, the defect flux is constant throughout the 

oxide layer, whereas most of the plastic flow appears to be taking place near to the 

metaljoxide interface. This may be attributable to the fact that away from the inter-

face the misfit stresses have been relieved. Alternatively the anomal?usly large plastic 

flow of the oxide may be due to the very large release of energy at the interface; most 

oxidation reactions are strongly exothermic. This model suggests that there is a layer 

of oxide close to the metal surface which is capable of considerable plastic flow. In this 

layer, dislocations are nucleated as a result of misfit strain. These misfit dislocations 

can move to a limited extent under the influence of the defect flux and further relax 

the stress. The oxide remote from the interface contains a number of grown in sessile 

dislocations and is relatively strain-free. 

., ... 
Incoherent interfaces 

When the interatomic distance differs by more than 25 %, i.e. one dislocation 

every four interplanar spacings, the regions of poor fit around the dislocation cores 

overlap and the interface cannot be considered as coherent, i.e. it is incoherent. Very 

little is known about the detailed atomic structure of incoherent interfaces, but they 
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have many features in common with high-angle grain boundaries. They probably have 

a disordered atomic structure in that the interface lacks the long-range periodicity of 

coherent and semicoherent interfaces; although, like high-angle grain boundaries, they 

may have a step-like structure caused by low index planes protruding into the inter

face. 

4.2 Crystallographic Models of Interphase Boundaries 

Whereas structural models of grain boundaries in metalsi1261-11291 and ceramtc 

materialsi1301 are well developed, much less is known about the structure and proper

ties of interphase boundaries. Most of the discussions in this section are based on 

structural models in metals and the lock-in model, which is the structural model of 

metal/ionic crystal interfaces. 

4.2.1 Dislocation models 

Perhaps the earliest attempt to develop a dislocation-type concept of the struc

ture of grain boundaries was the proposal of Tayler11311 describing a boundary as a 

sequence of step-like wedges joined at common lattice. points. Burgers11321 and 

Braggi1331 developed dislocation models for small-angle grain boundaries. The boundary 

was considered as a surface of misfit which could be viewed as an infinite aligned array 

of edge dislocations. This model which was initially developed for small-angle boun

dariesi1321·11331 may be formally extended into the large-angle regime, as it is possible to 

interpret any interface geometrically in terms of a dislocation array.11341 Obviously, all 

dislocation models of a large-angle grain boundary have a problem in that the disloca

tion spacings are comparable with dislocation core dimensions, and hence the core 

structure and core interaction effects may be significant.11351 
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4.2.2 Coincidence models 

It was first shown by Friedeli1361 that for certain misorientations about rational 

axes there exist superlattices on which a fraction of the lattice points in the two cry

stals coincide. Consider two interpenetrating lattices (lattice 1 and lattice 2). Assume 

lattice 1 to be fixed and all the changes, such as translation, rotation, etc, are per

formed with lattice 2. With the relative orientation of the two lattices given, lattice 2 

is translated in such a way that one of its points coincides with a point in lattice 1. 

That point shall be termed a lattice coincidence site. It is possible that there exist an 

infinite number of those points, due to the periodicity of the two lattices. This is 

referred to as a coincidence site lattice (CSL) and is independent of the interfacial 

plane. The ratio of the volumes of coincidence and crystal lattice unit cells is desig

nated E. It should be obvious that all rotational symmetry elements yield E = 1.11371 

The next highest degree of coincidence in the cubic system, E = 3, occurs for the fam

iliar twinning operation. In the face-centered lattice twinning, there is such coincidence 

every third (Ill) plane. When the CSL concept is used in the description of grain 

boundaries, it is necessary to also consider the orientation of the boundary plane. For 

grain boundaries inclined to CSL planes a ledge structure is anticipatedi138i,II391 in 

order to maximize the area of good matching. The coincidence site lattice grain boun

dary model has previously been shown to be widely applicable to cubic metals, and 

more recently to ionic solids.i1401 

The coincidence site lattice concept was generalized by Bollman I HII to include 

coincidences of any equivalent points, lines, or planes. Such coincidences are called 0-

points, -lines, and -planes, respectively, and are regions of exact matching, or 

minimum-strain points, between two interpenetrating crystal lattices. The 0-lattice 
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theory is completely general and embodies many of the concepts of the theories of 

twinning, and the coincidence site lattice, each of which may be regarded as a special 

case.1142l A further aspect of 0-points is that they are origins to which the two crystal 

lattices are related by a particular transformation. The misfit between 0-elements is 

accommodated by dislocations which conserve low-energy structures. 

For example, the 0-lattice, and consequently the misfit dislocation structure of 

the Al/1-Al20 3 phase boundary, can be obtained as follows. According to Bollman11411 

the translation vectors, x 0 , giving the points of good fit, i.e. the 0-lattice are given by 

xo =(I- A-1t 1 x 

where I is the identity matrix, A is the transformation matrix, and the vectors x 

define the primitive reference lattice. For the two lattices of the aluminum and 

')'-Al20 3 crystals it also can be seen by choosing the aluminum lattice as reference that 

the appropriate two-dimensional reference matrix, which, for this example, corresponds 

to a <001 > projection of both aluminum and ')'-Al20 3 crystals, is given by 

x = [a /2 
a /2 

a /2] 
-a /2 ' 

where a is the lattice constant of AI. The transformation matrix, A, is the product af 

a rotation matrix and a matrix describing the distortion necessary to transform the 

unit cell of the reference lattice into the unit cell of the other lattice. For the present 

E = 1 : E = 1 Al/1-Al20 3 interface, this distortion is simply a half of the ratio of the 

lattice parameters, and the rotation is 0 o • Hence 

[

cos 0 ' 
A= a 

sin 0 ' 

-sin 0 '] 

cos 0. 

a' 
with a = --, where a 1 is the lattice constant of ')'-Al20 3. This gives 

2a 
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I- A-I= [1- a 0 l 
0 1- a 

and 

Hence 

xo= [

a' 

a' 
a' l 
-a' 

with a' = a = 21.3a for the E = 1 : E = 1 Al/1-Al20 3 interface. Interface 
2(1 -a) 

misfit dislocations are expected to run along the boundaries of the Wigner-Seitz cell of 

the 0-lattice, i.e. along < 110> directions with a spacing equal to J2 X 21.3a = 12.2 

nm. One possible interface structural configuration is as follows. The lattice planes 

have perfect matches at coincidence sites, but lattice planes get gradually more and 

more out of register, until midway between points of near coincidence a ; < 110> 

edge misfit dislocation is accommodated. Such a dislocation structure is consistent 

with the displacement shift complete (DSC)I1411 lattice calculations for fcc/fcc sys-

tems.l1431 Thus the interface would consist of coherent, square domains bounded by 

pure edge dislocations. 

4.2.3 Plane Matching Models 

Pumphrey1144l,[l451 suggests that the matching of a set of low index lattice planes 

across a grain boundary provides for a low energy configuration. Hence, according the 

plane matching model, a grain boundary will assume the structure necessary to 

preserve continuity of low index atom planes across its interface. 
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4.2.4 Lock-In Model 

Fecht and Gleiter11461 proposed the lock-in model to describe the atomic structure 

of interphase boundaries of low energy between noble metals and ionic crystals. 

According to this model, a low energy configuration is reached when low index planes 

and close-packed directions of the two phases are parallel. Assuming that the plane of 

the interphase boundary between a metal and an ionic crystal lies parallel to the low 

energy (cleavage) plane of the ionic crystal, the surface of the ionic crystal may be 

described in terms of a set of close packed rows of atoms separated by relatively deep 

valleys. The closest packed rows of the atoms at the surface of the metal form a lock

in configuration with the valleys of the surface of the underlying ionic crystal. With 

increasing lattice mismatch the width of the row and the valleys becomes gradually 

incompatible. So the number of low energy lock-in configurations decre~es. 

Fecht et al. 11471 investigated the energy of interphase boundaries between noble 

metals (Au, Cu) and various ionic crystals (LiF, NaCl, KCl, MgO, Al20 3, mica) by 

means of the plate/sphere method, and suggested that the coincidence model is not 

applicable to describe the structure of interphase boundaries of low energy between 

noble metals and ionic crystals, but the atomic structure of the low energy boundaries 

observed may be understood in terms of the proposed lock-in model. 

4.2.5 Polyhedral Unit Models 

The basic idea of the polyhedral unit model is that the structure and properties 

of a grain boundary may be described in terms of a two-dimensional array of one or 

several types of atomic configurations (also termed atomic clusters or polyhedral 

units).l1291,11481 Brandon et al. 11381 proposed that low energy boundaries are obtained if 

boundaries lie in the most densely packed plane of the coincidence lattice. The low 
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energy was rationalized in terms of a two-dimensional array of an atomic configuration 

containing a coincidence atom plus the surrounding atoms. The positions of the atoms 

in such a structural unit was assumed to deviate little from the positions that they 

would occupy in the perfect lattice because the strain is small that is associated with 

the special atomic configuration, resulting in a high density coincidence boundary. On 

the basis of the computed atomic structure of grain boundaries in fcc metals it was 

suggested11491 that the structure of a grain boundary may be described by a two

dimensional periodic pattern of characteristic atomic groups which were shown to con

sist of a central atom surrounded by five, six or seven atoms. These five-, six-, or 

seven-coordinated units were proposedl1291 as representing the basic structural elements 

of a general grain boundary. 
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CHAPTER 5 

HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY 

5.1 Theory of Image Formation 

This section below gives a general outline of phase contrast imaging and some 

concepts useful for the interpretation of high-resolution transmission electron micro

graphs. 

All transmission electron miCroscopy may be categqrized as utilizing amplitude 

contrast or phase contrast. In amplitude contrast imaging, the image is formed by one 

beam of electrons, that being either the forward scattered beam or one scattered 

through a specific angle, normally a Bragg scattering angle in the specimen. Thus, a 

conventional bright field image is a magnified map of the amplitude variation of the 

forward scattered electron beam, whereas a dark field image is a magnified map of the 

amplitude variation of one of the Bragg scattered beams. But, high-resolution 

transmission electron microscopy requires the use of more than one scattered beam. 

The phase shifts caused by the specimen and by the wave aberration of the objective 

lens create phase contrast as an interference effect between the primary and scattered 

electron waves; this is referred to as phase contrast imaging. Unlike amplitude con

trast imaging where contrast in the image arises from local variations of scattering 

amplitudes across the area from the specimen, phase contrast imaging is capable of 

resolving single atoms, provided aberrations within the microscope are low enough to 

recreate the transmitted information of the specimen. 

In phase contrast imaging, two or a row of beams produce a fringe pattern 

whereas three or non-colinear beams produce a lattice image. The desired lattice spac-
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mgs must be within the resolution limit of the microscope, that is, the lens system 

must preserve the coherence of the image forming beams. This implies that the imag

ing conditions must be optimized for the resolution capability, e.g. via specimen, 

objective lens design and electronic and mechanical stability of the microscope. 

The electrons emitted into the vacuum and then accelerated between cathode 

and anode by the gun interact with the specimen in an electron microscope. Electrons 

are elastically scattered at the nuclei of the specimen atoms by the Coulomb force and 

elastic scattering can be considered as an electron-nucleus interaction in which the 

atomic electron cloud screens the Coulomb potential. Transmission electron micros

copy can provide high-resolution because elastic scattering is an interaction process 

that is highly localized to the region occupied by the screened Coulomb potential of an 

atomic nucleus, whereas inelastic scattering is more diffuse; it spreads out over about a 

nanometer.11501 For small-angle scattering, the term elastic scattering is automatically 

reserved for interactions in which a negligible amount of energy is transferred to the 

nucleus and electrons are scattered with no appreciable energy loss. Considerable 

energy can however be transferred from an electron to a nucleus at high electron ener

gies and large scattering angles. 

In order to obtain an image which is directly interpretable in terms of the actual 

atomic arrangement in a crystal, special experimental conditions must be satisfied. 

First, since the observations in high-resolution electron microscopy are limited to the 

two-dimensional projected atomic structure, interpretation of an image in terms of the 

projected atom positions requires that the very thin specimen be oriented precisely 

along low index poles with planar spacings within the resolution limit of the micro

scope. Second, the combined influence of aberrations, defocus and aperture limitations 
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of the objective lens must be such as to turn the information into an image intensity 

which has some direct relationship with the projected potential of the specimen struc-

ture. 

A useful approximation in the description of the interaction of the electron beam 

with the specimen is found in the assumption that there is no absorption and the 

phase shift is caused only by the specimen, that is, a phase object. ·An incident 

wavefunction 1/Jo is modified by the specimen to 

.t. _ .t. -i ul if>p (z ,If) 
o/- opoe 

where q is the electron interaction parameter, t specimen thickness, and cPp ( x ,y) the 

projected potential. 

A further approximation, known as the weak-phase object approximation, 

assumes weak scattering within the specimen and therefore, that the phase shift is still 

!!_ but amplitude is very small. Under these conditions: 
2 . 

1/J ~ 1/J0 [1 - i ut cPp (x ,y )]. 

Application of this requires that 

t << _1_ 
u¢>P 

Hence, the required thickness decreases with increasing atomic number, though it is 

less that 100 A for all materials of interest. The above form of the exit wavefunction 

has a straightforward physical interpretation. The dominant transmitted wave is 

approximated by 1/Jo while to this is added a relatively weak scattered wave of ampli-

tude ut c/>p (x ,y) and phase - ~ relative to the unscattered portion, as it is purely 

complex. For such thickness and assuming ideal aberration-free imaging, i.e. one that 

imposes a phase shift of _!!._ on all scattered beams, the amplitude distribution 
2 
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F ( u, v) in the back-focal plane can be obtained by integration over all of the surface 

elements of the specimen plane, i.e. the Fourier transform of 1/J, and the wave ampli-

tude distribution is obtained by integrating over all elements of area of the focal 

plane, i.e the inverse Fourier transform of F ( u , v ). Thus, a linear relationship between 

image intensity and projected potential is obtained 

I ( x , y ) = 1 - 2u t ¢> P ( x , y ) . 

In practice, however, complete reconstruction is not achieved in the back-focal 

plane due to lens aberrations, an aperture, and microscope instabilities. Spherical aber-

ration reduces the focal length for beams at larger scattering angle. Since the beams 

and wavefronts are orthogonal, the wavefronts beyond a lens with spherical aoerration 

are more strongly curved in the outer zones of the lens; there is a difference of optical 

path relative to the spherical wavefronts of an ideal lens. The wave amplitudes are 

therefore not all in phase at the Gaussian image point. A phase shift by defocusing of 

the lens has also to be considered; this can be generated either by a displacement of 

the specimen or by a change of focal length. Allowing for such spherical aberration 

and a lens defocus b./ , the phase shift relative to the optic axis is 

X= ~(Cs)..3k4- 2b.f )..k2). 
2 

where k is the spatial frequency in reciprocal lattice space, C8 is the spherical aberra-

tion coefficient of the lens, and the other terms have the usual meaning. The action of 

this contribution can be represented by a multiplication of the amplitudes at the focal 

plane by the phase factor exp[i x(k )], and in high-resolution electron microscopy these 

perturbations are represented by a linear contrast transfer function (CTF)I1511-11541 to 

describe the objective lens action, that is, a plot of sin x versus k , as shown in the 

top-right corner of Fig. 13, for a JEOL JEM 200CX microscope. Under the weak-phase 
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object (WPO) approximation, the transmitted beam and the real components of the 

scattered beams interfere to form the image, i.e. a scattered beam's contribution is 

proportional to sin X· For negative x, the scattered beams interfere destructively with 

the transmitted beam, producing black atom images whereas a positive X leads to 

white atoms. 

For a WPO, the largest number of beams will contribute to the image by maxim-

izing the portion of the CTF where sin x = ± 1 or close to it. Requiring that 

~in xl > ..!._ over the maximum range of spatial frequencies leads to the Scherzer 
e 

defocus value 11551 

tl.f Scherzer= 1.2 (0, >-)112. 

The first zero of sin X at Scherzer defocus gives the Scherzer resolution limit 

d - 0 7 c 1/h 3/4 
Scherzer - · , " · 

This is the highest resolution at which one may hope to directly interpret a high-

resolution image in terms of the projected atom positions. It is possible to get informa-

tion beyond this Scherzer limit, even though some lower angle scattering is excluded, 

by proper adjustment of the defocus of the objective lens to reach the linear image 

resolution limit 1
156

1 or the information retrieval limit which is set by the chromatic 

aberration and voltage and current instabilities.l1571 

Decreasing the defocus value leads to high order passbands at 

tl.f n = [! C, >.(Sn + 3)] 112 

which may be employed to resolve finer detail, n = 0 giving the Scherzer passband. It 

is apparent that the resolution improves with both decreasing C, and >.. 

While working at the microscope, one needs to select the proper defocus to 

optimize resolution, and uses the minimum contrast condition as a reference point. At 
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this defocus setting, scattered beams are as close to a _!!._ total phase shift as possible, 
2 

minimizing interference with the transmitted beam. This is given by 

!::.J min = - 0.44 ( Cs A)l/2 

where ~in xl < 1 - .!_ over the maximum range of spatial frequencies. 
e 

It has been assumed that a) the electron beam is monochromatic and b) the 

incident wave is planar or spherical (point source-spatial coherence). In reality, the 

electron emission process gives a beam with an energy width of 1-2 eV for thermionic 

and 0.2-0.3 eV for field-emission guns,l1501 and the electron source has a finite size. 

The variations of electron energy fJE as well as those of the acceleration voltage 

and the lens currents fJV and 61 respectively result in variations D. of the defocusing. 

A good approximation to the spread in focus D. is expressed as 

a ~ c, { ( 6; )
2 + 4( 

6f )' + ( ~ )2
} 

where Cc is the chromatic aberration coefficient, fJV IV and 61 I I are the high vol-

tage and lens current ripple respectively, and fJE IE is the fractional energy spread of 

the electron beam. The influence of the focus spread on the CTF 11581 is shown as a 

Gaussian damping function 

which depends only on k. The function Kc (k) therefore acts as an envelope function. 

0 

The envelope functions for a Gaussian spread of focus of half-width 50 A at the 

accelerating voltage 200 keV, are shown in the middle-left of Figs. 13 (a) and (b). The 

envelope function due to spread of focus (or chromatic aberration) slopes gradually to 

zero, transferring higher frequencies only partially. 
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If a finite electron-source size and hence a finite illumination aperture is used, 

many of the electrons in a supposedly parallel beam in fact travel at an oblique angle 

to the optic axis. This influence on the CTF 11571·11591 is generally expressed with a 

envelope function for a beam divergence: 

[ 
(1rCs)..2k3-1rt:ljk)2a2] 

Ks ( k ) = exp - In 2 . 

Unlike the envelope Kc (k ), which depends only on k, K8 (k) depends also on the 

illumination aperture a and defocus t:lf . The envelope functions for a beam diver-

gence semi-angle of 0.3 milliradian and other values characteristic of a JEOL JEM 

200CX microscope are shown in the middle-right of Figs. 13 (a) and (b). The diver-

gence envelope function is steeper, and its shape and cutoff frequency change with 

changes in defocus; at the higher degrees of underfocus the cutoff frequency is higher, 

allowing more higher frequencies to contribute to the image, but mid-range frequencies 

are damped. Thus, it.is desirable to maximize both the spatial and temporal coherence 

of the source and minimize microscope instabilities to resolve finer detail. 

5.2 Theory of Image Simulation 

This section gives the essential background on calculated lattice image simula-

tions required for consideration of subsequent chapters. 

The current generation of electron microscopes makes possible the attainment of 

atomic resolution in the image of crystals.121 However, the image contrast in the high-

resolution electron micrographs varies rapidly with objective lens focus and specimen 

0 

thickness. Only for very thin specimens, typically less than 50-100 A for many oxide 

and silicate minerals, and a few tens of Angstroms for most metals and alloys, and for 

selective settings of defocus does the image contrast bear a one to one correspondence 
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to the specimen structure.1160l For specimens thicker than the above limits, there is no 

simple relationship between the image and the projected specimen structure. To pro

vide proper interpretation of the image it is usually necessary to match experimental 

images to computer simulated images for a range of defocus values and specimen 

thickness. In particular, interpretation of images of defects (e.g. interfaces) and com

plex structures such as found in ceramics generally requires matching of the 1mages 

with companion computed image simulations for reliable interpretation. 

The starting point for image formation is to model the electron microscope as a 

simple system of electron beam, specimen and lens system (Fig. 9). Generally the ini

tial electron beam is considered to be a parallel beam of plane wave electrons. The 

microscope lens system is replaced by one spherically-aberrated lens which can be 

regarded as representing the objective lens. In a real electron microscope, the objective 

lens has the crucial duty of reassembling the diffracted beams emerging from the speci

men into the image, which is merely magnified further by subsequent lenses. 

In any simulation three functions representing the electron wave amplitude must 

be computed at the three positions within the model microscope; at the exit surface of 

the specimen, 1/{x); at the back-focal plane of the objective lens, F (k); and the image 

plane of the lens, \ll(x ). 

The computation of the exit-surface wave 1/{x), involves mainly the model speci

men structure (the only microscope parameter involved is the energy of the electrons 

in the incident beam). The wave at the back-focal plane, F (k), is obtained via a sim

ple Fourier transform of the exit-surface wave 1/{x). Calculation of the image from the 

electron wave at the diffraction plane does not involve the specimen, but only micro

scope parameters, such as objective lens defocus and spherical aberration. Together 
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with the objective aperture s1ze and position, these modify F (k) before it 1s 

transformed, into w(x), the image amplitude. 

Current image simulation calculations are usually based on the multislice 

methodl1611 in which the amplitude and phase at the exit-surface of a crystalline speci-

men is found by treating the crystal as consisting of N slices of thickness !:l.z so that 

the total thickness t = N !:l.z. The crystal potential of each slice is then replaced by 

the two dimensional projected potential for sufficiently small !:l.z. The effect of the 

first slice on the incident wave is calculated; the resulting wavefunction is then pro-

pagated through free space to the next slice. This is repeated until the desired thick-

ness is achieved. 

First, a calculational unit cell is selected with specification of atomic species and 

coordinates. The Fourier coefficients of potential (structure factors) at the reciprocal 

lattice points are calculated by summing over all atoms in the unit cell: 

where Vc is the volume of the unit cell, j identifies the atoms in the unit cell, e 1 and 

r are the electron scattering factors and the positions of the atoms, respectively, k 

gives a reciprocal lattice position, k == [u ,v], and the other terms have the usual 

meaning. The electron scattering factor, which is defined as the Fourier transform of 

the potential distribution for each atom, can also be computed from experimental X-
0 

ray structure factors. Inclusion of all V k within 4 A -l of the origin of reciprocal space 

provides sufficient accuracy for most calculations.l1561 

Fourier transformation of the V k values produces </>p (x) the crystal potential of 

one unit cell projected in the direction of the electron beam. The effect of such a thin 
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slice of crystal on the electron beam IS that of a phase object, and the electron 

transmission function for the slice is 

q (x) = exp[i mpP (x)ilz] 

where ilz is the slice thickness and u is the interaction parameter for the electrons of 

the designated energy. 

The exit-surface wave at the desired crystal thickness, t = m ilz, is found from 

q (x) by iteration. After m slices the electron wave .,p(x) is given by 

m f (x) = [m-1 f (x) * m p (x)] m q (x) 

where m q (x) is the transmission function of the m th slice and m p (x) is the small-

angle approximation to the free space propagator for the distance between the ( m-

l)th and m th slices (i.e. the familiar Fresnel propagator); * represents the convolution 

operation. 

The diffraction plane wavefield m F (k) is obtained from m f (x) by Fourier 

transformation. In fact, the multislice is typically carried out in reciprocal space, lead-

ing directly to F (k) 

where P k and Q k are the Fourier transforms of p (x) and q (x). 

In order to compute the image plane intensity of the image-plane wave, one 

needs to include the effects of objective lens defocus and spherical aberration. These 

parameters act merely to change the phases of the diffracted electron beams passing 

through the aperture of the lens. Thus, the modified back-focal plane wavefield 

becomes; 

F m (k) = F (k)A kexp[i x(k)] 

where: 
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X= ; (C8 A3k 4
- 2l::J.f Ak 2

), 

as shown in the previous section 5.1. The objective aperture function A k is unity for 

beams passing through the aperture and zero for those outside. 

The convergent character of the incident electron beam and the spread of focus 

produced by the energy spread in the incident electrons have the effect of smearing the 

microscope image by making it a composite of high-resolution images. Incident beam 

convergence produces composite images formed by the summation of the many images, 

each at a different angle within the incident cone. Spread of focus produces a comp~ 

site formed from images summed over a range of defocus. These influences can be 

taken into account by modifying the back-focal plane wavefield. 

Whereas an accurate value of the beam convergence a can be measured directly 

·from a diffraction pattern obtained with focussed illumination, the spread of focus !::,. 

for a particular electron microscope must either be estimated by matching an experi

mental image with ones computed using different values of l::J., or approximated from 

known values of the chromatic aberration coefficient Cc and high voltage and lens 

current ripple. 

Lastly, the simulated Image, I.e. the intensity in the image plane, can be calcu

lated by a Fourier transform of the fully modified back-focal plane wavefield to obtain 

the amplitude 'l'(x) followed by squaring of the amplitude: 

I (x) = 'l'(x)' w*{x). 

I 
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CHAPTER 6 

EXPERUMENTALPROCEDURES 

6.1 Specimen Preparation for Transmission Electron Microscopy 

The 99.999 % pure polycrystalline and single crystal aluminum were used. The 

chemicals, sodium hydroxide, concentrated nitric acid, and ethanol were general 

laboratory grades. The aluminum ingot was cut into coupons of 1.4 mm X 3 mm X 20 

mm. The coupons were cleaned in sodium hydroxide and washed in ethanol, and then 

sealed in evacuated quartz tubes and annealed at 550 o C for 5 days. 

A single surface preparation was used throughout this study. A suitable sample 

preparation should 1) avoid mechanical distortion of the surface, 2) produce a smooth 

surface, 3) avoid surface contamination which can become included in the growing 

oxide film and modify its defect structure. Although conventional electropolishing of 

AI fulfills the first two requirements, previous work1121 revealed that residual per

chlorate ions from typical electropolishing baths seriously reduced the ionic resistance 

of subsequently formed alumina films. For this reason the chemical surface preparation 

described below was used. 

For the clean and flat surface preparation, the sample was mechanically polished 

and chemically etched in sodium hydroxide, dipped into nitric acid and washed in 

anhydrous methanol. The sample was stored in an atmospheric pressure desiccator for 

1 day to allow formation of a uniform room temperature oxide, and then oxidized in 1 

atm air at either 500 o C or 600 o C for times from 0.5 hr to 4 weeks. All the oxidation 

treatments were terminated by an iced water quench. 
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Cross-section TEM specimens have the great attraction that all the important 

interfaces between aluminum and oxide can be observed directly. Although specimen 

preparation was not easy, the most successful specimen preparation techniquel1621·11631 

is described below (Fig. 10). Two oxidized samples were bonded face to face with 

epoxy (5 ton epoxy, Devcon Company) and then squeezed with a clip to minimize the 

epoxy layer thickness between two samples. After a minimum setting period of 1 day, 

the bonded samples were sliced into small pieces (2.8 mmX3 mmX2.8 mm) with a 

diamond saw. The sliced sample was mounted with wax (80 o C melting point) onto a 

quartz disc so that the interesting interfaces were perpendicular to the plane of the 

disc. The sample was polished mechanically on a rotating wheel with 600 grit paper. 

The final polishing was accomplished with 0.03 p,m alumina paste. This polishing pro

cedure was repeated on the other side of the specimen until a fi~al thickness of 

between 50 and 100 p,m was achieved. The sample was separated from the quartz disc 

by dissolving the wax in a beaker of ethanol. The sample was then dried and glued to 

a copper grid for support and easy handling. 

The rotating specimen stage of the Gatan ion mill, cooled with liquid nitrogen, 

was used for ion beam milling at 17 o gun tilt, 5 k V gun voltage and 50 p,A specimen 

current. The final milling was accomplished with at 12 o gun tilt, 10 p,A specimen 

current. A higher yield of good specimens can be obtained if more mechanically thin

ning is employed, because this reduces the preferential ion beam milling effect on the 

epoxy. 

6.2 High-Resolution Transmission Electron Microscopy 

High-resolution micrographs were obtained under optimum conditions, as defined 

m CHAPTER 5. The microscope for this study was the JEOL JEM 200CX (high-
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resolution pole piece, C8 = 1.2 mm, Cc = 1.4 mm at 200 keY). 

Generally, the filament (LaB6) was operated with a brighter central spot in an 

undersaturated mode in order to increase beam coherence.l1641 The first condenser lens 

was turned off to enhance brightness and the condenser aperture was inserted for 

optimum trade-off between brightness and beam coherence. Following careful align

ment of the imaging system, the specimen was tilted using a combination of the 

extinction contours in the bright-field (BF), and Kikuchi lines and the high-order Laue 

zone (HOLZ) lines to produce the highest symmetry in diffraction pattern correspond

ing to the chosen zone axis (most cases in a <110> orientation). 

The beams corresponding to reciprocal lattice vectors with magnitude greater 

than the reciprocal space position at the point-to-point resolution limit will contribute 

only to the background noise in the image. Choosing a suitable objective aperture can 

exclude these beams, thereby improving image contrast. 

The adjustment of objective astigmatism was the most critical step. At lower 

magnification, astigmatism was corrected by adjusting the Fresnel fringe for even 

width around a hole or protrusion. At high magnification (400 kX or above), the 

amorphous region was observed and adjusted to maximize the symmetry of phase con- · 

trast while slightly under and overfocusing the objective lens. At the correct stigmator 

setting, the amorphous region should show fine grain non-directional contrast as the 

focus is taken above and below the minimum contrast condition. The objective lens 

current is then adjusted to obtain an image with minimum phase contrast. This estab

lishes the minimum contrast condition (!:l.f min), where image shift due to spherical 

aberration has been offset by an objective lens at underfocus from the Gaussian image 

plane (1:1/ = 0) given by !:l.f min = -0.44 C8 ).. 
2

• Since this is easily observed and cal-
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culated for known C8 and ).., it serves as reference point, from which the objective 

lens can be defocussed in set increments to reach the optimum focus condition. 

The through-focal series of images, starting from an overfocused condition and 

proceeding incrementally through minimum contrast and continuing to at least the 

third pass-band, was taken on the desired specimen area. Exposures of 4 sec at 530 

k X magnification were generally used. Aq10rphous edges were included in the images 

whenever possible, to obtain information about defocus, astigmatism and specimen 

drift by optical diffraction (see following) of the developed negative on a laser bench. 

Optical diffraction was performed on high-resolution micrographs to determine 

the CTF from spatial frequencies recorded in the image. A coherent He-Ne laser light 
0 

source (:>.. = 6328 A) was used to illuminate a high-resolution micrograph negative on 

an optical bench, and the optical diffraction patterns were recorded on Type 52 

Polaroid film, usually at exposures of about 1/125 sec. Optical selected area diffraction 

patterns were also obtained from high-resolution electron micrographs simply by plac-

ing an aperture in the path of the laser. This technique allowed diffraction information 
0 

to be obtained from areas as small as 20 A, thereby revealing detail which was 

obscured during conventional selected area diffraction in the microscope. 

6.3 Image Simulations 

Simulated high-resolution electron microscope lattice images are calculated on the 

Lawrence Berkeley Laboratory (LBL) Control Data Corp. 7600 computer using the 

LBL MSLICE programs developed by R. Kilaas.11651 These programs at LBL are able 

to compute scattering factors, perform multislicing, simulate the effect of the micro-

scope lenses, plot images as gray level plots, plot projected slice potentials, compute 

and plot diffraction patterns, plot amplitudes and phases of selected beams as a 
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function of thickness and plot contrast transfer functions. The image simulation pro

grams employed only in Figs. 41 and 42 are from Arizona State University MUL

TISLICE programs developed by O'Keefe and Skarnulis,11661 and later modified into 

the ZOLZPROG series of programs by Spence.11671 In this section the LBL MSLICE 

programs will be discussed. The LBL MSLICE computer simulation programs for an 

image consist of three programs, PHSGR, MULTI, DISPL. They are run in succession 

and each of these programs except PHSGR uses the output of the previous program 

plus its own input file containing additional operating parameters to calculate the final 

image. PHSGR calculates the effective potential seen by the electron as it moves 

through the specimen, MULTI then calculates the electron distribution as a function 

of specimen thickness after the actual propagation of the electron through the speci

men and DISPL calculates the interaction between the electrons and the imaging sys

tem of the microscope before synthesizing the final image. Each of these programs, and 

the values commonly used as input parameters in this study are described briefly 

below. 

6.3.1 PHSGR 

PHSGR calculates the effective potential from electron scattering factors which 

are calculated using relativistic Hatree-Fock atomic wave functions.11681 In principle the 

potential should include all scattering processes, both elastic and inelastic. However, in 

practice only elastic scattering is usually included. 

The typical parameters as input to PHSGR are the simulation cell dimensions (A, 

B and C), atom positions, the atomic numbers of species, the number of atoms, the 

space group symmetry operators, isotropic temperature factors and the projection 

directions. In this study, all images were simulated with the electron beam incident 
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along the < 110> oxide direction, since all the high-resolution images were taken along 

this direction. For a perfect crystal, one simply selects some multiple of the crystal 

unit cell parameters in the x and y directions respectively for A and B as shown in 

Fig. 19 (a). In effect, the programs calculate an image for a periodic array of the unit 

cells as shown in Fig. 18, the so-called periodic extension method. The use of Fourier 

transforms requires that the unit cell be smoothly varying at the boundaries. However, 

since this is impossible for the interface, this causes anomalous image effects near the 

cell boundary. The simulation unit cells used in the calculations of images of the inter

face are made of sufficient size so as to isolate the interface from these anomalous 

image effects. Although ·there is 2.5 % misfit between the lattice parameters of the 

')'-Al20 3 and those of the aluminum, it is assumed that the lattice parameters of both 

crystals are the same at the aluminum/oxide interface for the computer image simula

tion. The input files, including atom positions of AI (atomic number 13, isotropic tem

perature factor 0.3) and 0 (atomic number 8, isotropic temperature factor 0.7), are 

shown in the APPENDIX. 

6.3.2 MULTI 

The part of the computation, which treats the interaction between the specimen 

and the electron beam, is mostly based upon a dynamical multislice formulation pro

posed by Cowley-Moodie.l1691 This calculation involves solving the one-electron 

Schrodinger equation. Beginning with the known electron distribution at the top of 

the specimen, MULTI calculates the electron wave function at each slice from the 

wave function at the previous slice, and stacks these outputs to produce the multi

slice scattered wave from a thick crystal. Output from thicknesses of interest are 

saved for final input to DISPL. The important values input for MULTI are the 
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accelerating voltage of the microscope (200 keY for the JEOL JEM 200CX), the phase 

grating slice thickness, sampling points ?f beams to be used in the multislice calcula

tion and the the coordinates (h ,k) of the Laue circle center, to distinguish whether 

the electron beam is tilted with respect to the crystal, or vise-versa. In this image 

simulation, calculations are performed us,ing 256X256 sampling points and the coordi-

nates (h =0, k =0) of the Laue circle cent~r. 

6.3.3 DISPL 

DISPL combines the beams from MULTI in a Fourier series to form the electron 

lattice image, taking into account the effects of the imaging system of the microscope. 

DISPL plots images as gray level plots to dispose the simulated image intensities using 

the Varian Plotter at the LBL Computer Center. The important microscope parame-

ters and typical values for the JEOL JEM 200CX that were used as input for DISPL 

are spherical aberration coefficient ( C, = 1.2 mm), semi-angle of illumination (a = 
0 

1.0 mrad), half-width of Gaussian spread of defocus (a = 50 A), objective lens 

defocus (d/ = +360 to -3000 A), radius of objective aperture (0.5 A -1), h ,k coordi-

nates of the optic axis and objective aperture center (0,0). 
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CHAPTER 7 

RESULTS AND DISCUSSION 

7.1 Conventional Transmission Electron Microscopy Studies 

Results show that there are a number of possible crystallographic orientation 

relationships between the oxide and the aluminum matrix. However, crystalline 

1-Al20 3 forms in two major crystallographic relationships with the aluminum matrix: 

parallel and twinned. The [1IO]A1 I I [1f0Joxide matrix/oxide selected area diffraction 

(SAD) pattern obtained by the 10 hr oxidation of aluminum at 500 o C is shown in the 

top of Fig. 11, and may be compared directly with the completely-indexed schematic 

diffraction pattern shown in the bottom of Fig. 11. By comparing these two patterns, 

it is clear that the {111} oxide reflections are parallel to {111} aluminum matrix 

reflections and the {220} oxide reflections are also parallel to {220} aluminum matrix 

reflections with a parallel orientation relationship. The intensely bright spots of the 

pattern originate from the metal side of the interface and the weaker spots originate 

from the oxide. 

In this orientation, the eight spots immediately surrounding the forward-

scattered beam are the first-order [1f0Joxlde reflections; these {111} reflections represent 

0 

a lattice spacing of about 4.6 A. The high-intensity first-order [1IO]AI reflections, {111} 
0 

reflections representing a lattice spacing of about 2.3 A, are almost coincident with the 

second-order [1IO]oxide reflections with a parallel orientation relationship. Further, note 

that all the periodicities of the matrix reflections are about twice those of the oxide 

reflections, however, they are not completely . coincident; there is a small misfit 

between them. Analysis of these diffraction patterns is based on the fact that alumi-
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0 

num has a face-centered cubic (fcc) structure with the lattice parameter 4.05 A and 

that the oxide is ')'-type aluminum oxide. The ')'-Al20 3 has a defect spinel structure 

0 

and its lattice parameter (7.90 A) is very close to twice that of aluminum with a 2.5% 

misfit. 

If the two diffraction patterns are compared carefully, it is clearly seen that the 

extra oxide reflections due to {lll} twinning in the oxide are located at .!.. of the dis-
3 

tance from the oxide reflections along the < lll > oxide directions. In the fcc systems 

twinning occurs on {Ill} planes, and so, the twinning matrix T 11701 is 

[

-1 

Tm = ! 2hk 

2hl 

2hk 

-1 

2kl 

2hll 
2kl 

-1 

for the reflection {hkl}. For fcc twinning the elements inside the matrix shown are 

integers. Then, because of the factor .!.. outside the matrix, all third-order reciprocal 
3 

lattice spots for the matrix (oxide) will coincide with allowed reciprocal lattice spots 

for the twin. In fcc crystals it can be seen that twin spots either coincide with matrix 

(oxide) spots or are positioned one third along <111> directions. For example, in fcc 

with twin plane (ll1) 

200-+ ! (244)T = fll + ! (1ll). 

The twin spots that do not coincide with matrix (oxide) points are thus displaced from 

matrix (oxide) points by vectors of±! <1ll>. 

In addition, it is clear that th'ere are streaks from the oxide reflections along the 

<ll1> directions. These streaks imply that there are thin planar defects (twins, 

stacking faults or second phases) on {ll1} oxide planes. Actually the spots are 
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streaked because of the fineness of the twin lamellae and the stacking faults in the 

oxide as shown in later sections. The twinning and stacking faults in the oxide will be 

discussed in later sections. 

The {200}, i.e. {hk 0}, h +k = 4n +2 oxide reflections were observed in all of 

the [1IOJoxide SAD patterns in this study, as shown in the electron diffraction pattern 

in Fig. 11. The {hk 0}, h +k = 4n +2 oxide reflections are kinematically forbidden in 

the Fd 3m space group of the spinel structure.I1711-II741 To determine the origin of the 

forbidden reflections, two possible explanations have to be taken into account, i.e. 1) 

double diffraction of the electron beams, which is often found in electron diffraction, 

and 2) a superlattice structure caused by the ordering of the cation interstitial sites in 

the spinel structure. The strong {200} oxide reflections in this figure are kinematically 

forbidden but can arise due to double diffraction. For example, diffracted intensity can 

occur in the {200) position by double diffraction from the {111) and (IT1) oxide 

reflection spots, i.e. {111) + (IT1) = {002). 

It is possible to determine whether or not certain forbidden reflections are present 

due to double diffraction by tilting the crystal about the axis containing the forbidden 

reflections. If the forbidden spots disappear after the crystal has been tilted to the 

extent that intensity from the reflections outside of the forbidden row can no longer 

contribute toward double diffraction, then it may be concluded that the spots are due 

to double diffraction. This tilting experiment was applied to determine whether or not 

the {200}, i.e. {hk 0}, h +k = 4n +2 oxide reflections were due to double diffraction. 

The result shows that the {200} spots do not persist as the oxide crystal is tilted to 

obtain a < 100> zone axis orientation. The {200}, { 420} reflections in [100] zone axis 

diffraction patterns cannot occur by double diffraction. Thus it is concluded that these 
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spots are due to double diffraction. 

Figure 12 shows the conventional bright-field images of the aluminum/oxide 

interfaces obtained by cross-sectional TEM specimen preparation as described prev1-

ously. As shown by Fig. 12, the 5 hr oxidation treatment at 500 o C was designed to 

produce a crystalline oxide beneath the amorphous oxide. At the shorter oxidation 

time or lower oxidation temperatures, amorphous oxide was always observed but cry-

stalline oxides were rarely observed. 

The amorphous oxide layer with the lighter contrast on the top surface grows on 

the aluminum matrix, whereas the crystalline oxide with the darker contrast nucleates 

at the aluminum/oxide interface and protrudes into the aluminum matrix. As indi-
0 

cated by the marker in this figure, the amorphous oxide is about 35 A thick and the 

0 

crystalline oxide protrudes about 800 A deep. In this study, the crystalline oxides were 

tilted to reveal the edges of the oxide in a <llO>oxide orientation. In this figure, the 

crystalline oxide shows a triangular shape and the angle between the crystalline 

oxide/aluminum interfaces is 70.5 o, which implies that the crystalline oxide/aluminum 

interface is composed of the {111} planes of the cubic crystal. 

The contrast of the crystalline oxide crystal in a random orientation in the micro-

scope was so low compared to the aluminum matrix that the oxide crystal was tilted 

to get a dark contrast as shown in Fig. 12. This dark contrast of the oxide crystal was 

obtained by maximizing the scattering contrast difference between the oxide crystal 

and the aluminum matrix. For example, some oxide crystals on the left side of Fig. 12 

(b) show a low contrast compared to the alum in urn matrix since these crystal are not 

oriented to show a high scattering contrast. 

As shown in Fig. 12 (b), the 10 hr oxidation treatment at 500 o C produced a 
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number of the crystalline oxides which nearly covered the aluminum surface. These 

crystalline oxides show that the angle between the two crystalline oxide/aluminum 

interfaces is 70.5 o, as indicated in the figure. Note that the crystalline oxides protrude 

0 

about 1000 A deep into the aluminum matrix, indicating that the crystalline oxide 

grows into the aluminum matrix by inward diffusion of oxygen through the overlying 

amorphous oxide. 

By comparing Figs. 12 (a) and {b), it may be concluded that the ')'-Al20 3 crystal-

lites, which nucleate at the metal/amorphous oxide interface, rapidly achieve a termi-

nal depth and shape, and the nucleation continues until the crystallites impinge on 

one another on the surface. This conclusion is in agreement with previous stu-

diesl51,17l,[l2l by conventional replica techniques that the crystal oxides nucleated from 

the amorphous oxide/metal interface grow to a fixed depth into the underlying metal 

by inward diffusion of oxygen through the overlying amorphous film. Notice that the 

oxide crystal shapes are not roughly cylindrical as thought,l121 but they are determined 

by the combinations of the {111} planes. 

As shown by Fig. 12 {c), the 4 week oxidation treatment at 600 o C produced 
0 

about 2000 A thick crystalline and amorphous oxides. From Fig. 12, it is clearly seen 

that the amorphous oxide/crystalline oxide interface is smooth whereas the crystalline 

oxide/aluminum interface is faceted. Thus it may be concluded that the crystalline ')'-

Al20a grows with faceted interfaces into the aluminum matrix, whereas the amorphous 

oxide grows on the top surface. 
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7.2 High-Resolution Transmission Electron Microscopy of AI and -y-Al20 3 

7 .2.1 Determination of Optimum Defocus Conditions 

In order to obtain a high-resolution image which is directly interpretable in terms 

of the projected potential, special experimental conditions must be satisfied as dis-

cussed in section 5.2. In particular, the influence of lens aberrations with beam diver-

gence and microscope instabilities must be taken into account. These factors which 

introduce perturbations in the phase of the scattered wave in high-resolution transmis-

sion electron microscopy (HRTEM) are represented by the contrast transfer function 

(CTF) of the microscope. Thus interpretation of a HRTEM image in terms of the 

atomic structure of the specimen requires a detailed knowledge of the CTF and the 

spatial frequencies of the specimen. 

In this study, the CTF for the JEOL JEM 200CX was determined over a wide 

range of defocus values using the MSLICE Computer program developed by Kilaas.l1651 

The important microscope parameters used as input for the program were typical 

values for the JEOL JEM 200CX, i.e. accelerating voltage ( V = 200 keY), spherical 

aberration coefficient ( C, = 1.2 mm), objective lens defocus (tl.f = +720 to -2300 
0 0 

A), half-width of Gaussian spread of defocus (tl. = 50 A), and semi-angle of illumina-

tion (a = 0.3 mrad). Note that a smaller value for a was used in computing these 

CTF's than for the simulated images which follow; this was done in order to slightly 

reduce damping of the CTF at the higher spatial frequencies and thereby, observe the 

behavior of the CTF under the best possible conditions. 

The contrast transfer function at objective lens defocus values of -660 and -750 
0 

A are shown in Figs. 13 (a) and (b), respectively. The relations between the spatial fre-

quency and the objective lens defocus value for the phase shift X = n ~ , where n IS 
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an integer, a!"e shown in the top-left corners of these figures. They also show the origi

nal undamptd form of the CTF in the top-right corner, graphs of the damping func

tions due to the the energy spread (~) and convergence (a) of the electron beam in 

the middle, and the damped contrast transfer function in the bottom-right corner of 

Fig. 13. 

The locations of the spatial frequencies of the first-order reflections for both the 

oxide and aluminum matrix are also indicated by small thin markers for the oxide and 

small thick markers for the aluminum in these graphs, along the horizontal axes where 

the CTF = 0. The first thin marker represents the frequency for the {111} oxide 

reflection at about 0.21 .A-1, the second thin marker for the {220} oxide reflection at 

about 0.36 A -l, and the third thick marker for the { 111} alum in urn matrix reflection 

at about 0.43 A -1. 

Notice that at Scherzer defocus in Fig. 13 (a) only spatial frequencies out to 

about 0.40 .A-t are transferred with sin x = -1 by the objective lens, whereas spatial 

frequencies greater than this are either truncated as the CTF goes to zero at about 

0.42 .A-1, or are transferred with the opposite phase. Thus, the spatial frequency 0.43 

for the {111} aluminum reflection is transferred with sin x ,...__ 0.12 and Scherzer 

defocus does not represent the optimum objective lens setting for this frequency in the 

aluminum. However, when~= -750 A as shown in Fig. 13 (b), the spatial frequenci~s 

for the {111}, {220} reflections of the oxide and the {111} reflection of the aluminum 

matrix can be transferred with ~in xl > 0.38, furthermore with the same negative 

phase. Thus, this objective lens setting can represent one of the optimum imaging con

ditions for this specimen. When the specimen acts as a weak-phase object, the high

resolution image will consist of black atoms on a white background, because sinx is 
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negative at this defocus value. The darkness of the atoms is simply related to the pro-

jected specimen potential. 

Figure 14 shows the CTF over a range of defocus values starting from +720 A 
0 

and continuing through the minimum contrast condition tl.f min = -240 A, Scherzer 

0 0 

defocus tl.f Scherzer = -660 A, the second pass band tl.f 2nd = -1300 A, the third pass 

0 

band tl.f 3rd = -1690 A, and out to the fourth pass band at tl.f 4th = -2300 A, which 

are obtained from the defocus calculation equation for the higher order pass bands in 

section 5.1. 

From the graphs in Fig. 14, it can be seen that the spatial frequencies for the 

{111} oxide and {111} matrix reflections are transferred relatively well at defocus 
0 

values of about -600, -750, -1450 and -1690 A, whereas those for the {220} oxide and 

{111} matrix reflections are transferred relatively well at defocus values of about -600, 
0 

-750, -1000, -1200, -1300 and -2300 A. However, note that at a defocus value of -600 

0 

A the spatial frequencies of the oxide reflections are transferred by the objective lens 

with the opposite phase to those of the { 111} matrix reflections. 

7 .2.2 Experimental High-Resolution Image of AI 

Figure 15 shows an experimental high-resolution electron microscopy Image of 

pure alum in urn in a < 110 > orientation. All the atomic columns are clearly visible in 

the micrograph and the spacing of the {200} plane is indicated by the marker. The 

brightness of atomic columns slowly increases from the left to the right side of the 

micrograph with the thickness change of the specimen. Furthermore, there are many 

patches with slightly dark contrast, where the brightness of some atoms is completely 

dark even in this perfect aluminum structure. This contrast change might be due to 

local thickness variations caused by the ion-milling or because there is an overlayer on 
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the surface due to amorphous oxidei1751 or specimen contamination. 

7 .2.3 Experimental High-Resolution Image of ')'-Al20 3 

Figure 16 shows a low-magnification view of experimental high-resolution electron 

microscopy images of ')'-Al20 3, in the sample which was oxidized for 2 weeks at 

600 o C. The edge of the specimen is off to the top of the micrograph, i.e. the sample 

thickness is decreasing from the bottom to the top in the micrograph. The image char

acter of the oxide is shown in greater detail in the enlargements in Figs. 17 (a)-( d) 

corresponding to the images from the thick area to the thin area in Fig. 16. From 

these enlargements, it is readily apparent that there are significant changes in the con

trast due to the specimen thickness changes although all the micrographs in this figure 

were taken at the same defocus setting. The sensitive contrast change with specimen 

thickness is due to the fact that relatively many beams of the oxide in reciprocal space 

contribute to the image forming process compared with those of aluminum, and the 

local contrast change may arise from local thickness variations in the specimen, defects 

in the oxide, or an overlayer on the surface due to amorphous oxide or specimen con

tamination. 

7 .2.4 Image Calculation for ')'-Al20 3 Structure 

The main purpose of this section is to examine simulated HRTEM images of the 

')'-Al203 crystal structure in order to know how variations of specimen thickness and 

objective lens defocus value affect the appearance of these images. This information 

will then indicate if HRTEM images can be used to estimate the specimen thickness 

and defocus value, by comparison of simulated images and experimental images. 

The actual atom positions used for image simulations are shown in Fig. 18, where 
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it is assumed that the aluminum atoms are distributed at random in the octahedral 

and the tetrahedral sites. This calculational unit cell contains 3X3 unit cells of Fig. 19 

(a). 

Figure 19 (b) shows the projected potential for the calculational unit cell in Fig. 

18. This projected potential shows that the atom positions which contain two alumi-

num atoms along the projected direction have a much larger projected potential than 

those which contain one aluminum atom, and that the projected potentials of two 

oxygen atoms are slightly larger than those of one aluminum atom in the calculational 

unit cell. This is because the projected potentials of atoms increase with scattering fac-

tor and the density of the atoms. The high scattering factor of Al atoms as compared 

to 0 atoms leads to the different sizes of the projected potential. There are small 

mismatches of the projected potentials at the unit cell boundaries due to the incom-

plete printing of the computer printer. However, this fact does not affect the present 

image simulations because all the actual calculations were done for the perfect pro-

jected potentials. 

A series of calculated images from the projected potential shown in Fig. 19, as a 

0 

function of both objective lens defocus and specimen thickness up to 250 A, is shown 

in Fig. 20, where the atom positions of the unit cell are also shown superimposed m 

the upper-left corners of simulated images at each defocus value. 

The simulated images show relatively good contrast over a wide range of defocus 

values, because 31 beams including the {111}, {200} and {220} reflections from the 

oxide specimen contribute to the image formation in the objective aperture, although 

the CTF's do not always transfer well all the spatial frequencies. Only small changes 

in objective lens defocus result in relatively large changes in contrast because many 
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spatial frequencies which effect the image formation are affected by the variations of 

the CTF with lens defocus values. In addition, there is a similar contrast change in the 

appearance of the images with thickness. 

Thus, these image simulations indicate that it is possible to estimate objective 

lens defocus value and specimen thickness for experimental images by comparing 

experimental and simulated images. Note that, whereas it is possible to determine the 

objective lens defocus from a HRTEM negative to the accuracy needed fbr correct 

image interpretation by using an optical bench, it is extremely difficult to measure the 

specimen thickness in the very thin areas where HRTEM images are most interpret-

able. 

Figure 21 shows an enlarged experimental HRTEM image of ')'-Al20 3 crystal from 

Fig. 16. All of the high-resolution lattice images were taken with a <llO>oxide elec-

tron beam direction in this study. The bright spots in this image are arrayed in a rec-

tangular pattern. Comparison of this image contrast with a series of simulated images 

0 

-in Fig. 20 shows that good agreement is obtained for a specimen thickness of 250 A 
0 

and at an objective lens defocus setting of -660 A. This fact is clearly illustrated by 

the inset calculated HRTEM image of a ')'-Al20 3 crystal, obtained under imaging con-
0 0 

ditions of -660 A defocus and 250 A thickness, as shown in the bottom-right corner of 

this image. There is excellent agreement between these two images, further substan-

tiating the validity of the model in Fig. 18, i.e. the aluminum atoms are disordered in 

the octahedral sites and the tetrahedral sites in the spinel oxide. 
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7.3 Nucleation of Crystalline Oxide at AI/ Amorphous Oxide Interface 

7 .3.1 AI/ Amorphous Oxide Interface 

Aluminum always shows an amorphous oxide layer on its surface from room tem

perature to its melting temperature. Since the high temperature crystalline oxide is 

nucleated at the aluminum/amorphous oxide interface, it is important to determine 

the effect of the pre-existing amorphous oxide layer on the nucleation of the crystalline 

oxide. 

Figure 22 shows a high-resolution electron microscopy Image of the 

aluminum/amorphous oxide interface in a sample which was oxidized for 5 hr at 

500 • C. The amorphous oxide gives rise to the mottled contrast characteristics of all 

amorphous materials.11761 This micrograph was taken in a < 110> orientation. Three 

major crystallographic planes, {111} and {110}, are superimposed on the aluminum 

matrix and the spacing of the {111} planes is indicated by the marker in the bottom

right corner of this figure. Comparing these planes with the macroscopic interface 

shows that the aluminum/amorphous interface is close to a {110} plane. It is easily 

seen that the interface is sharply defined but is not smooth on the atomic scale. Furth

ermore, the roughness arises from the presence of facets with heights of several to ten 

{111} aluminum interplanar spacings as indicated by the superimposed arrows. 

This {111} faceting may be related to the surface energy of aluminum. These 

{111} surfaces will be most favorable for the aluminum surface since surfaces parallel 

to { 111} planes are of lowest energy for alum in urn as shown in Table 4. 

Figure 23 shows a high-resolution electron microscopy Image of the 

aluminum/amorphous oxide interface, again taken in a < 110> orientation, produced 

by a 5 hr oxidation treatment at 5oo·c. Two {111} crystallographic planes are 
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superimposed on the aluminum matrix and the spacing of the {111} planes is indi-

cated by the marker in the bottom-right corner of this figure. Comparing these planes 

with the macroscopic interface shows that the aluminum/amorphous interface is para!-

lei to {111} planes. It is easily seen that the interface is not sharply defined, but a lit-

tie diffuse, which is different from the previous interface in Fig. 22. Furthermore, this 
0 

interface is rough with heights of 50 A, and the roughness arises from the protrusion 

of the aluminum lattice into the amorphous oxide. This roughness of the interface is 

consistent with Jackson's theory11201 that most metals have Lr/T m ~ R and are there-

fore predicted to have rough interfaces. 

From the micrographs in Figs. 22 and 23, it is possible to conclude that the 

aluminum/amorphous oxide interface structure is dependent on the surface orientation 

of aluminum: this anisotropy may be related to the anisotropic nucleation density of 

the crystalline oxide at this interface. 

7 .3.2 Nucleation of Crystalline Oxide 

Figure 24 shows a low magnification lattice image of the aluminum/amorphous 

oxide interface, again taken in a <110> orientation, where the crystalline oxides are 

nucleated from the 0.5 hr oxidation of aluminum at 500 o C. The amorphous oxide is 

about 70 A thick. The fringes located in the oxide extend from aluminum along the 

arrow direction in this figure. There are four crystalline oxide nuclei at the 

aluminum/amorphous oxide interface as indicated by arrows in the figure. The oxide 

nuclei reside upon the interface in hemispherical cap shapes with their long dimension 

running along the aluminum/amorphous oxide interface. The thickest region in the 
0 

oxide nuclei is 25 A thick. The aluminum/crystalline oxide interface is smooth whereas 

the amorphous/crystalline oxide interface is relatively rough in this figure. 
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Figure 25 shows an enlargement of the oxide nucleus at the center of Fig. 24. 

Sighting along the arrow directions shows that the oxide nucleus with two perpendicu-

Jar fringes can be easily distinguished from the aluminum matrix. The 

aluminum/crystalline oxide interface is macroscopically flat whereas the fringes in the 

oxide nucleus protrude into the amorphous oxide, indicating that the crystalline oxide 

nucleates by structural re~rrangement within the amorphous oxide into the crystalline 

phase at the aluminum/amorphous oxide interface. That is, an embryo of the new cry-

stalline oxide phase exists within the amorphous oxide layer. This effectively means 

that, for nucleation of the crystalline phase, the composition of the oxide is attained in 

the amorphous oxide, and all that has to be done is to rearrange atoms into the struc-

ture of the crystalline phase. Three important crystallographic planes of the aluminum 

are superimposed in the bottom-left corner of this figure. Comparing.these planes with 

the aluminum/crystalline oxide interface shows that the interfacial plane of the 

aluminum/crystalline oxide interface is macroscopically a {311} plane of the aluminum 
0 

and microscopically faceted with the low index planes. Using the 2.33 A spacing of the 

{111} aluminum planes as an internal magnification standard, it was found that the 
0 

oxide lattice fringe spacing is 1.98 A, which corresponds to the {400} spacing of the 

')'-Al20 3. By sighting along the (111) alum\num planes, it is concluded that these 

planes are continuous as they cross the aluminum/crystalline oxide interface and 

become the { 400} oxide planes with a 4.5 ° anticlockwise rotation and that the the 

aluminum/crystalline oxide interface is largely coherent. Again by sighting along the 

(111) aluminum planes, it is concluded that these planes are also continuous as they 

cross the interface and become the {400} oxide planes with a 15 o clockwise rotation. 

Notice that the oxide at the nucleation stage in this figure is not faceted whereas the 

oxide at the growth stages as shown in later sections shows {111} faceting. 
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A further analysis of the aluminum/oxide nuclei interface shown in Fig. 25 was 

performed by optical microdiffraction with the electron micrograph negative on the 

laser optical bench. The results are given in Fig. 26. In this figure, the [110] fcc alumi-

num optical diffraction pattern is superimposed on a [001] spinel oxide pattern which 

has four-fold rotational symmetry. That is, the [110] aluminum direction is parallel to 

the [001] oxide direction. The high-resolution image in Fig. 25 can be compared 

directly with the corresponding completely-indexed optical diffraction pattern. By com-

paring these two, it is clear that the spacings and rotational angles in the fringes of 

the oxide nucleus with respect to the aluminum described above are correct and the 

fringes in the oxide nucleus correspond to the (400) and (040) oxide planes. In the opti-

cal diffraction pattern, the laser detected {220} oxide periodicities as indicated by the 

arrow heads, indicating that the nucleus must be the oxide phase, n~t the fcc alumi-

num since the {110} aluminum periodicities, which are almost identical with the {220} 

oxide periodicities, are forbidden in the fcc structure. 

The image of the oxide nucleus in Fig. 25 shows { 400} periodicities but does not 

show {200} periodicities, and thus the optical diffraction pattern does not show the 

{200} reflections as shown in Fig. 26, since the {200}, i.e. {hk 0}, h +k = 4n +2 oxide 

reflections are kinematically forbidden in the Fd 3m space group of the spinel struc-

ture and these forbidden reflections cannot arise due to double diffraction in a [100] 

orientation as discussed in section 7.1. From these facts, it is concluded that the 

nucleus already transformed to the spinel1-Al20 3 phase. 

Figure 27 shows an enlargement of the region between the first and the second 

nuclei from the left side in Fig. 24. The two oxide nuclei are not separated, but con-
0 

nected by a 10 A thick neck arrowed in the center of this figure. Note that the left 
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nucleus has the same orientation as the right one with respect to the aluminum 

matrix. 

Figure 28 shows an enlargement of the third nucleus from the left side in Fig. 24. 

The oxide nucleus at the center in Fig. 28 isolated from the neighboring nuclei is 18 A 
0 0 

thick and 100 A wide. At the right end of the interface, the image reveals a 10 A thick 

nucleus. The aluminum/crystalline oxide interface is macroscopically flat whereas the 

oxide nuclei protrude into the amorphous oxide, again indicating that the crystalline 

oxide heterogeneously nucleates by structural rearrangement of the amorphous oxide 

at the aluminum/amorphous oxide interface. Again observe that the oxide at the 

nucleation stage in this figure is not faceted, implying that atom rearrangement is 

occurring at the interface. Otherwise, the nucleus might be faceted with the low 

energy interface since the interfacial energy contribution to the free .energy change for 

nucleation is relatively large for a small nucleus. Again three important crystallo-

graphic aluminum planes are superimposed in the bottom-left corner of this figure. 

Comparing these planes with the aluminum/amorphous oxide interface shows that the 

interfacial plane of the aluminum/amorphous oxide interface is macroscopically a 

{311} plane of the aluminum and microscopically faceted with the low index planes. 

The aluminum/crystalline oxide is also macroscopically a {311} aluminum plane and 

microscopically faceted with the low index planes just as describ~d in Fig. 25. By 

sighting along the (111) aluminum planes, it is possible to conclude that these planes 

are continuous as they cross the aluminum/crystalline oxide interface and become the 

( 400) oxide planes with a 4.5 o anticlockwise rotation as indicated by the solid line in 

the figure and that the aluminum/crystalline oxide interface is largely coherent. Sight-

ing along the (11T) aluminum planes shows that these planes become the (040) oxide 

planes with a 15 o clockwise rotation. It is concluded that all the oxide nuclei in Fig. 



-82-

24 have the same orientation with respect to the aluminum matrix even though they 

nucleate at different sites. This is probably due to the fact that this nucleus orienta

tion is favorable on this aluminum surface and experimental conditions. 

Notice that the [001] direction of all the oxide nuclei in Fig. 24 is parallel to the 

[110] aluminum direction and the ( 400) oxide plane has a 4.5 • misorientation with the 

(111) matrix plane as also shown in the optical diffractogram in Fig. 26. This orienta

tion relationship is consistent with the nucleation mechanism proposed by Gerdes and 

Young.11771 They have performed a comprehensive review of the literature for oriented 

overgrowths in face-centered cubic systems. They showed that the importance of a 

nucleation mechanism is based on alignment of close-packed (CP) directions. Depend

ing on the temperature and crystalline character of the substrate, their mechanism 

results in either 1) alignment of close-packed directions in the deposit with correspond

ing directions in the substrate or 2) maximization of the close-packed directions in the 

deposit plane parallel to the interface. The oxide nucleus orientation observed above in 

Fig. 24 corresponds to the first case whereas a parallel or a twin orientation relation

ship corresponds to the second case. 

The possibility that the effect of electron-induced radiation damage in the amor

phous oxide might lead to an effective crystallization of amorphous oxide and nucleate 

this crystalline oxide is excluded, since all of these crystalline oxide nuclei are 

nucleated at the aluminum/amorphous oxide interface and all four oxide nuclei have 

the same orientation relationship with the matrix; whereas crystalline oxidel1781.11791 

formed from radiation damage is nucleated from the center of the exposed area and 

shows the sporadic and random orientation of the crystal patches. Furthermore, in 

this study, crystallization of the amorphous oxide due to the electron-induced radia-
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tion damage has not been observed in the microscope. 

Figure 29 shows a low magnification high-resolution image of the nucleated cry-

stalline oxide at the interface, taken in a < 110> aluminum and oxide orientation, 

produced by 1 hr oxidation at 500 o C. The amorphous oxide is about 70 A thick 
0 

whereas the crystalline oxide is about 110-190 A thick, as indicated by the 10 nm 

marker. The amorphous oxide/crystalline oxide interface is smooth whereas the 

aluminum/crystalline interface shows some roughness with heights of up to 80 A, indi-

eating that the crystalline oxide grows from the aluminum/amorphous interface into 

the aluminum matrix even though the crystalline oxide nucleates by rearranging atoms 

within the amorphous oxide at the aluminum/amorphous oxide interface as described 

above. The dark contrast in the aluminum shows vacancy loops lying along the {Ill} 

planes. The dark fringes at the aluminum/oxide interface indicate that there is over-

lapping matrix at the oxide edges due to the fact that the oxide edge is not in an exact 

<110> orientation through the thickness of the foil. In this figure, sighting along the 

{Ill} planes shows that these planes are continuous as they cross the interface and 

become the {Ill} aluminum planes, with a parallel orientation relationship; [lfO]AI II 

[lfOJoxide• (lll)AJ II (lll)oxide· 

7 .3.3 Amorphous/Crystalline Oxide Interface 

Generally, the amorphous/crystalline oxide interface is not edge-on m a < 110> 

orientation due to the fact that the smooth macroscopic amorphous oxide/crystalline 

oxide interface is parallel to the original surface of the aluminum. In order to gain 

more information about the amorphous/crystalline oxide interface, attempts were 

made to find the interface in a thin region, thereby increasing the possibility for the 

interface to lie along an exact < 110> orientation through the thickness of the foil. 
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Figure 30 shows a high-resolution image of one such amorphous/crystalline oxide 

interface, produced by the 0.5 hr oxidation treatment at 600 o C. Two {111} planes of 

the oxide, projected in a <110> orientation, are superimposed on the image of the 

crystalline oxide. By sighting along the (111) planes parallel to the face of the oxide, it 

is concluded that the amorphous oxide/crystalline oxide interfacial plane is a {111} 

plane of the crystalline oxide. This flat {111} interface is in agreement with Jackson's 

theory11201 that oxides (high values of Lr/T m) generally have flat close-packed inter-

faces. 

7.4 Al/Oxide Interface with Parallel Orientation Relationship 

7 .4.1 High-Resolution Transmission Electron Microscopy Images 

Figure 31 shows a low magnification lattice image of the aluminum/oxide inter-

face in a [1IO]At II [1IO]oxide orientation, produced by 0.5 hr oxidation at 600 o C. The 

objective lens defocus value was determined by an optical diffraction pattern from the 

amorphous edge of the sample in the bottom-right corner in the micrograph, that is, 

the sample thickness is decreasing from the upper-left corner to the lower-right corner 
0 

in the micrograph. Notice that the crystalline oxide, about 900 A thick, contains a 

number of faults and twins, and there are relatively small areas of perfect crystalline 

oxide between these faults. 

For this image, an objective aperture of radius of 1.0 .A-1
, which has a diameter 

that is greater than the resolution limit of the JEOL JEM 200CX, was used to elim-

inate higher-order spatial frequencies, as shown in the corresponding electron 

diffraction pattern in Fig. 32. There are streaks from the oxide reflections along the 

<111> directions due to the twin lamellae and stacking faults in Fig. 31, and there 
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are extra spots due to the twinning in the oxide and double diffraction. 

In Fig. 33, the crystallographic character of the interface is shown in greater 

detail in an enlargement of the interface located in the lower center of Fig. 31. This 

image clearly reveals the atomic structure of the interface. The { 111} crystallographic 

planes and the {111} spacing in the aluminum matrix are indicated in the bottom-left 

and bottom-right corners of this figure, respectively. By sighting along the (111) 

matrix plane and comparing this plane with the oxide face in Fig. 33, it is concluded 

that the broad face of the oxide is a {111} plane of the oxide and the aluminum. 

This oxide shape is much clearer in another enlargement of this interface in Fig. 

34, which was taken with a different objective lens defocus setting. From this figure, it 

is readily apparent that, by sighting the (11 f) matrix plane, another face of the oxide 
0 

is also a {111} plane of the oxide and the aluminum. It also shows a 65 A high ledge 

which grows parallel to a {111} plane of the oxide. 

Another important feature apparent from the micrographs in Figs. 33 and 34 is 

that the {111} oxide planes are continuous as they cross the broad face of the oxide 

and the edge of the growth ledge into the oxide and become the {111} matrix planes. 

These crystallographic aspects are confirmed by the high-resolution images in the 

subsequent micrographs, such as Fig. 35, which were taken with different objective 

lens defocus values. From these figures, it was found that the interface is highly crys-

tallographic and coherent with a parallel orientation relationship: (111)AI II (111)oxide• 

[1fO]AI II [1f0Joxide· In addition, the habit planes of the crystalline oxide are the {111} 

octahedral planes of the oxide and the oxide grows parallel to these planes, by a ledge 

mechanism. These growth characteristics lead to the oxide shapes, which are deter-

mined by the combinations of the {111} oxide faces. 
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7 .4.2 Construction of Atomic Models and Image Simulations 

Although the crystallographic aspects of the previous lattice images have enabled 

a variety of factors to be deduced about the oxidation process, it is impossible to 

determine the exact atomic structure of the aluminum/oxide interface from the images 

because the interfacial structure is complex and the important atom spacings in the 

oxide are beyond the resolution limit of the modern high-resolution transmission elec-

tron microscope. Hence, an effort was made to resolve atomic detail at the interfaces. 

However, in order to be able to interpret atomic detail, atomic models of the interfaces 

were first constructed, and a number of simulated images were calculated from these 

models. 

All the atom models in this study are the projected atom positions which are 

seen when the structure is viewed in a <llO>oxide orientation. In this model, the oxy-

gen atoms are represented by large circles. The aluminum atoms at the octahedral or 

tetrahedral sites are represented by small single or triple circles, respectively, and 

aluminum atoms in the metal are represented by double circles. Numbers in the circles 

show the relative heights of atoms in multiples of ~[ffOJoxide• or ~[liOJAt· 
8 4 

One question which arose during the initial stages of this study was which sublat-

tice of the oxide, the aluminum sublattice or the oxygen sublattice, is coincident with 

the lattice of the aluminum matrix across the interface, in constructing the atomic 

model of the aluminum/oxide {111} interface with a parallel orientation relationship. 

This question is important with regard to this study because this would allow the 

interface model to be directly correlated with the atomic mechanisms of aluminum oxi-

dation. 
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A proposed atomic model of the aluminum/oxide {Ill} interface with a parallel 

orientation relationship is shown in Fig. 36. The oxide crystal in the top and the 

aluminum crystal in the bottom compose an atomic model of a coherent {lli) inter

face. The choice of the atom positions at the interface was not totally arbitrary since 

the white dots in the oxide in experimental HRTEM images such as Figs. 33 and 34 

are coincident with those in the aluminum matrix, which suggests that a sublattice of 

the oxide structure may be coincident with the lattice of the aluminum matrix. 

One major assumption made in constructing this model in Fig. 36, was that the 

aluminum sublattice of the oxide could preserve the aluminum lattice of the aluminum 

metal. That is, this interface in Fig. 36 is also referred to as the E = I : E = I 

aluminum/oxide interface, using the terminology of the coincidence site lattice 

theory,11421 as discussed in section 4.2.2. Thus, the aluminum sublattice planes of the 

oxide are completely continuous as they cross the interface and become the aluminum 

lattice planes of the aluminum. 

Since the cation layers between the {lli} oxygen layers are found alternatively 

to be kagome layers and mixed layers, as discussed in section 3.2.2, it is possible to 

choose which cation layer starts the stacking from the interface. Thus, another 

assumption included in the model was that the cation stacking of the {Ill} planes in 

the oxide starts with a kagome layer rather than with a mixed layer from the inter

face. 

However, both of these assumptions can be verified by comparing experimental 

HRTEM images of the oxide and the aluminum/oxide interface, which are interpret

able in terms of both types and positions of atomic species, with calculated images of 

these structures under comparable specimen and microscope conditions. Many image 



-88-

simulations were performed in order to accomplish this and the results of these simula-

tions are discussed in the following section. 

Furthermore, all the calculational atom models of the interfaces in this study 

assume that the aluminum ions in the spinel oxide are disordered, that there are no 

lattice parameter changes associated with the oxidation reaction, and that no relaxa-

tions have occurred around the interfaces. These simplifications do not destroy the 

integrity of the model, and will not affect the simulations for the present analyses, 

although there is a 2.5 % misfit between the lattice parameters of the oxide and the 

aluminum. 

The projected potential obtained from the model is shown in Fig. 37 (b), which 

contains 3 unit cells of the atom model of Fig. 36 in the x -axis. In this study, all the 

projected potentials and the simulated images of all the interfaces also contain 3 unit 

cells of the corresponding atom models in the x -axis. Notice from this projected 

potential that the atom positions with two aluminum atoms along the projected direc-

tion have a much larger projected potential than those with only one aluminum atom 

along the projected direction; the projected potential of two oxygen atoms is still 

slightly larger than that of one aluminum atom. This is because the projected poten-

tials of atoms increase with the scattering power of the atoms. The high scattering fac-

tor of AI atoms as compared to 0 atoms leads to the different sizes of the projected 

potential. The higher concentration of the atoms causes greater electron scattering. 

Figure 38 shows a through-focus series of computed images for a variety of cry-
0 0 

stal thicknesses from 50 A to 300 A, based on the model described above. The actual 

atomic positions from the atomic model are shown in the top-left corner of this figure, 

where each frame of the simulated image contains 3 calculational unit cells in the x-
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axis. The contrast from the oxide in these images is usually the same as that in the 

previous simulations except that in the image of thicker crystals, such as on the right 

side of Fig. 38, the uneven matching of the projected potential at the interface creates 

the anomalous image effect in the vicinity of the interface with increasing specimen 

thickness. There is a similar progression in the appearance of this boundary effect with 

the objective lens defocus values. However, this effect is not important in images of 

thinner crystals. 

Note, in the thin crystals, the oxide which contains AI and 0 can be readily dis-

tinguished from the aluminum matrix in the lower part of the image. From these 
0 

images for crystal thickness less than 50 A, the brightness of the atoms in the matrix 

corresponds directly with the projected potential at the defocus values of -980, -1080, 
0 

-1440, -1460 and -1580 A, whereas the darkness of the atoms in the matrix 

corresponds directly with the projected potential at the defocus values of -750, -800, 
0 

-1190, -1290 and -1690 A. The atomic positions of the aluminum are not visible even 
0 

for crystal thickness less than 50 A, at defocus values of +360, -50, -10, -50 and -700 
0 

A, where the spatial frequency for the { 111} alum in urn reflection is not transferred 

well by the objective lens {see the CTF's in Fig. 14). In addition, it is observed that 
0 

for thicknesses greater than about 100 A, the image contrast does not correspond 

directly with the projected potential and, furthermore, shows a contrast reversal in 

some images. Also the aluminum matrix displays a strong double periodicity along the 

0 

<200> direction at defocus values of -1080, -1290 and -1690 A. This is because a cry-

stal which has a thickness which is enough to produce a strong Bragg scattered waves 

cannot be treated as a weak-phase object, but, in this case, the interference among the 

diffracted waves must be take into account. 
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As illustrated by Fig. 6, there is another possible way for the cation stacking of 

the {111} planes in the oxide from the interface starts with a mixed layer rather than 

with a kagome layer as shown in Fig. 36. This second atomic model of the 

alum in urn/ oxide { 111} interface with a parallel orientation relationship was con-

structed on the left and the projected potential for this model is shown on the right in 

Fig. 39. Notice again that the aluminum sublattice of the oxide can preserve the 

aluminum lattice of the aluminum metal as proposed for the model in Fig. 39. Thus, 

the aluminum sublattice planes of the oxide are completely continuous as they cross 

the interface and become the aluminum lattice planes of the aluminum. Image simula-

tions were done for this model to determine whether the cation stacking of the {111} 

oxide planes starts with a mixed layer or a kagome layer from the interface. Figure 40 

is a series of calculated images which show how the image contrast at the interface 

changes as a function of specimen thickness at defocus values of -730, -1100 and 
0 

-1300 A. 

There is one more possible atomic model for the aluminum/oxide {111} interface 

with a parallel orientation relationship as shown on the left of Fig. 41, which was 

based on the lock-in modei.i146],1H71 A very important feature from this model in Fig. 

41 is that, assuming that the plane of the interphase boundary between a metal and 

an oxide crystal lies parallel to the low energy {111} plane of the oxide crystal, the 

surface of the oxide crystal is described in terms of a set of close packed rows of oxy-

gen atoms separated by relatively deep valleys, and the closest packed rows of the 

atoms at the surface of the aluminum matrix form a lock-in configuration with the 

valleys of the surface of the overlying oxide crystal. Note that the size of the oxygen 

ion (r = 1.40 A) is very similar to that of the aluminum atom (r = 1.42 A) in the 

bulk phases.l85
1 In this model the oxygen su blattice of the oxide, instead of the 
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aluminum sublattice as proposed for the model in Fig. 36, can preserve the aluminum 

lattice of the aluminum metal. Thus, the oxygen sublattice planes of the oxide are 

completely continuous as they cross the interface and become the aluminum lattice 

planes of the aluminum. 

This additional series of simulated images of the aluminum/oxide interface with a 

0 

parallel orientation relationship as a function of specimen thickness up to 280 A and 

defocus value is shown in Fig. 42, which was obtained from the projected potential of 

Fig. 41, using the Arizona State University MULTISLICE programs. Again that the 

projected potential and each simulated image contain 3 unit cells of the atomic model 

on the left of Fig. 41 in the x -axis. 

7 .4.3 Comparison of Experimental HR TEM Images with Simulated 

Images 

An enlargement in Fig. 43 shows an experimental image of the aluminum/oxide 

interface in the sample which was oxidized for 0.5 hr at 600 o C. The edge of the foil is 

located at the right, as evidenced by the amorphous layer which is visible in Fig. 31. 

Comparison of the image contrast in Fig. 43 with the simulated images in Fig. 38 

0 

shows that good agreement is obtained for a sample thickness of 100 A at defocus 

value of -750 A. This is clearly illustrated by the inset simulated image of the inter-

0 

face at -730 A defocus and 100 A thickness, which is shown on the right-middle of 

Fig. 43. Notice the excellent agreement between the calculated and experimental 

images in this figure. That is, the bulk aluminum and oxide in the experimental image 

show good agreement with the simulated image, and the relation between the stacking 

in the oxide and matrix at the interface agrees with the model interface proposed in 

Fig. 36. Thus, because all of the conditions needed for correct interpretation of an 



-92-

experimental image are satisfied for this micrograph, it is possible to conclude that the 

model for the interface shown in Fig. 36 is correct. 

By comparing the experimental image in Fig. 43 with the simulated image of the 
0 0 

interface at -730 A defocus and 100 A thickness in Fig. 40, it is easily shown that they 

do not show good agreement just at the interface, although they show good agreement 

in the bulk aluminum and oxide. Furthermore, by comparing the experimental image 

in Fig. 43 with the simulated images in Figs. 38 and 41, it is possible to confirm that 

the atom model in Fig. 36 is correct. Thus, it is possible to determine that the cation 

stacking sequence in the oxide starts with a kagome layer from the interface as shown 

in Fig. 36 rather than with a mixed layer as shown in Fig. 39. 

The simulated images in Fig. 42 were included for comparison with the experi-

mental HRTEM images such as Figs. 33 and 34 and the simulated images in Fig. 38. 

In Fig. 42 the bright dots in the oxide are not coincident with those in the aluminum 

matrix. As shown by comparing these simulated images with the experimental 

HRTEM images such as Figs. 33, 34 and 35, there is no good agreement between the 

experimental and simulated images. Thus, it is concluded that the experimental 

HRTEM images show good agreement with the atomic model shown by Fig. 36 rather 

than with the atomic model shown by Fig. 41, suggesting that the aluminum sublat-

tice of the oxide instead of the oxygen sublattice can coincide with the aluminum lat-

tice of the aluminum metal, and further that the proposed atomic model in Fig. 36 is 

correct. 
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7 .4.4 Atomic Mechanisms of Oxidation 

Now that the atomic structure and chemistry of the oxide and the 

aluminum/oxide {111} interface with a parallel orientation relationship have been 

determined at the atomic level, it is possible to further establish the relationship 

between the structural and compositional components of the transformation, thus ena

bling the atomic mechanisms of aluminum oxidation to be described at the single-atom 

level. 

One important feature apparent from the micrographs in Figs. 33, 34 and 35 is 

that the interface is coherent and the {111} planes are continuous as they cross the 

growth ledge into the oxide. Furthermore, the edge of the growth ledge is often indis

tinct, whereas the terrace is generally sharply defined and atomically flat. This implies 

that atomic attachment for the oxide growth occurs at the edges. Furthermore, it may 

be possible that the growth of the oxide occurs by the movement of kinks in the ledge 

rather than by overall forward propagation of the growth ledge, and that the ledge is 

not parallel to <110>. It must be remembered that once an oxygen atom crosses the 

interface into the aluminum, it is highly unlikely that it will jump back into the oxide 

due to the favorable bonding situation and reduction in free energy that it experiences 

in the aluminum. Thus, advancement of the aluminum/oxide interface can occur by 

atomic attachment at kinks, that is, by diffusion of 0 atoms across kinks in the ledges 

and this step is the limiting reaction in the growth process if the reaction is controlled 

by the interface. The advancement of the growth ledges parallel to the {111} oxide 

planes maintains the {111} habit plane of the oxide: the atomic mechanisms of oxide 

growth leading to this habit plane will be discussed in greater detail later in section 

7.8.2. 
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The calculated and experimental HRTEM images' of the interface previously 

analyzed in section 7.4.3 show that the correct model for the aluminum/oxide interface 

is illustrated by Fig. 36 rather than by Figs. 39 and 41. This conclusion leads to a pro

posed transformation mechanism of aluminum to the oxide structure with a parallel 

orientation relationship as illustrated by Fig. 44. 

Figure 44 (a) shows a unit cell of the aluminum, whereas (d) shows a correspond

Ing unit cell of the oxide, in the coincidence site cell for the 'E = 1 : 'E = 1 

aluminum/oxide interface in Fig. 36. Notice that there is coincidence of aluminum 

atom sites of the aluminum and oxide. However, this figure does not mean that the 

oxide growth occurs step by step by nucleation and growth of this unit cell, but that 

the oxide grows by diffusion of atoms across the interface, which accompanies the 

compositional and structural changes. 

In order for the oxide to grow from the interface, two things must happen: 1) 

there must be a structural change by shuffling of aluminum atoms which allows the 

oxide to have the required atomic arrangement, 2) there must be a corresponding com

positional change by diffusion of aluminum and oxygen atoms, which allows the pure 

aluminum to become the stoichiometric Al20 3 composition. Note that in this case the 

compositional and structural aspects of the oxidation transformation do not neces

sarily occur independently. That is, the compositional change due to the diffusion may 

be accomplished with the structural change. 

The structural change occurs by diffusion of aluminum for one quarter of Al sites 

to the tetrahedral site of the oxide, which allows the aluminum atoms to have the 

required atomic arrangement for the oxide structure. The lattice correspondence m 

Fig. 44 does not relate primitive unit cells, hence the atoms inside the cell have to 
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undergo rearrangements (shuffle). The shuftles indicated in Fig. 44 (c) are necessary to 

obtain the final spinel arrangement shown in Fig. 44 (d). 

The major compositional change occurs by absorbing vacancies for one third of 

Al sites and diffusion of oxygen into the octahedral sites of the aluminum, which 

allows the pure aluminum to become the stoichiometric Al20 3 which contains two 

thirds of the pure Al sites, with reference to the unit cell of the r: = 1 : r: = 1 

aluminum/oxide coincidence site lattice. That is, the unit cell of spinel ')'-Al20 3, 

volume 493.04 A3, contains 21! AI atoms, whereas 2X2X2 unit cells of aluminum, 

volume 527.52 A 3, consist of 32 AI atoms. This means that in order for a cell of 

')'-Al20 3 to form, there must be 10.! vacancies in that volume of the matrix crystal 
3 

from which it will be formed, which will transform to octahedral or tetrahedral inter-

stices of the new oxide phase. At the 600 o C oxidation temperature used in this study, 

there should be an abundance of vacancies available for those aluminum sites. 

Quenching experiments on pure aluminumlg71,[gsl have shown that the concentra-

tion of vacancies is 10-4 after quenching from 550 o C. This concentration is abundant 

for the absorption reaction when it is in dynamic equilibrium at high temperatures 

from the various vacancy sources, e.g. dislocations, grain boundaries, interphase boun-

daries and surfaces. 

The vacancy absorption mechanism in this proposed mechanism is analogous to 

the vacancy absorption mechanism in the aging mechanism in alloy Al-Mg-Si.1671 

Decomposition of supersaturated" solid. sol,ution Al-Mg-Si of quasibinary composition 

results in precipitation of a stable f3 phase (Mg2Si). It has a cu hie lattice of type OaF 2 

0 

(space group Fm 3m) with parameter a = 6.39 A. The orientation relations with the 
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matrix are [001]p II [100]A1; [I10]p II [001]At· The unit cell of phase Mg2Si, volume 260.9 

A3, contains 12 atoms, whereas four unit cells of aluminum, volume 263.76 A3
, consist 

of 16 atoms. This means that in order for a defect-free cell of f3 phase to form, there 

must be four vacancies in that volume of the matrix crystal from which it will be 

formed, which will transform to octahedral interstices of the new phase. This agrees 

with the conclusion of Thomas1991 that there is rigid binding of vacancies with precipi

tates and agrees with the results of Panseri and Federighi11801 and Miraille et al .. 11811 

ThomasiWI has shown that the concentration of vacancies in this Al-Mg-Si alloy is 

,..._,3xl0-6 after quenching from 550 • C whereas the concentration of the quenched-in 

vacanctes in pure aluminum is w-4 and that of binary aluminum alloysl991 actually 

mcreases with alloying (e.g. in dilute Al-Cu alloys concentrations of 10-3 were 

found1991). Thus, it was concluded that the major fraction of vacancies in Al-Mg-Si 

alloy are condensed into the precipitate.1991 When the alloy has composition Al-1.4 

wt.% Mg2Si and the usual quenching methods are used, a deficit of quenching vacan

cies is created so that some octahedral interstices of the precipitate phase remain 

unfilled by aluminum atoms, that is, the metastable phase contains defects, i.e. inter

stitial atoms in the initial stages of its existence. 

There should be a small volume contraction due to the ionization process of the 

aluminum and oxygen atoms for the oxide structure, which allows the lattice parame

ter of the aluminum structure to become that of the spinel oxide with a 2.5 % con

traction along all directions, as shown by Figs. 44 (b) and (c). This factor needs to be 

taken into account in order to accurately describe the atomistics of the growth pro

cess. According to this transformation mechanism, the oxide experiences a slight con-

traction in all directions during growth. Note that the shape change associated with 

the shear component of the transformation can be accommodated by the use of several 
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variants of the lattice correspondence. However, any volume change which is part of 

the transformation cannot be accommodated in this way. The accommodation of 

excess volume can only be accomplished either elastically, or by a nonconservative pro

cessl1821.11831 without the constraint imposed by the conservation of lattice sites. The 

misfit between the lattice parameters of the aluminum and the oxide can be fully 

accommodated with misfit dislocations, that is, one ; < 111 > dislocation for every 42 

{111} matrix planes. Furthermore, these Frank dislocation loops should possess an 

interstitial character and reside within the oxide, requiring the addition of interstitial 

atoms for the oxide growth, if the contraction is to be accommodated in the manner 

suggested by Dahmen et al . . 11841 

One important feature of this proposed mechanism is that there is a small 

volume contraction (7 %) rather than a volume expansion ( 49 %) as thoughtl181 due to 

the so-called Pilling Bedworth ratio, that is, the ratio of the volume per metal in the 

oxide to the volume per metal atom in the metal. Pilling and Bedworth1461 suggested 

that the stresses in an oxide on a metal could be determined from the Pilling and Bed

worth ratio. 

7.5 Al/Oxide Interface with Twin OrientationRelationship 

7 .5.1 High-Resolution Transmission Electron Microscopy Images 

Most of the <110> II <110> aluminum/oxide SAD patterns contain twin spots 

which were briefly noted during the previous analyses. It was first found that the 

oxide has a twin orientation relationship with the aluminum matrix. The twinning in 

the oxide was clearly identified by comparing the high-resolution image such as Fig. 

31, which contains a number of twins in the O?Cide, with the twinning reflections of the 



-98-

oxide in the electron diffraction patterns such as Figs. 11 and 32. Actually, previous 

investigators151·1201 reported the SAD patterns of the aluminum and oxid~, which con-

tain the twin reflections, but they did not notice that there is a twinning in the oxide. 

Figure 45 shows a high resolution image of the aluminum/oxide interface with a 

twin orientation relationship: (11I)AI II (111)oxide• [1IOJAI II [1IOJoxide• which was pro-

duced the 0.5 hr oxidation at 600 o C. This image, taken in a <110> orientation, 

clearly reveals the atomic structure of the interface. The {111} aluminum spacing and 

two {111} crystallographic planes in the oxide are indicated by the markers in the 

bottom-right and top-right corners of this figure, respectively. Notice that there is a 71 
0 

A high growth ledge, as indicated on the left of this figure. 

Again, by sighting along the (111) oxide planes parallel to the oxide face, it is 

possible to conclude that the interfacial plane is a common {111} plane of the oxide 

and the aluminum, and these {111} planes are completely continuous as they cross the 

edge of the ledge, which also grows parallel to these planes, and become the {111} 

planes of the aluminum, just as for the ledge on the oxide face in section 7.4.1. 

The other {111} planes of the oxide and the aluminum which are not parallel to 

the interfacial plane are indicated by the dashed lines in the middle of this figure. By a 

70 o 321 rotation of the oxide images about < 110> axis, or by a mirror reflection 

with respect to a (111) interfacial plane, the {111} planes of the oxide are macroscopi-

cally coincident with those of the matrix. Thus, it is possible to conclude that there is 

a {111} twinning relationship between the oxide and the aluminum, and this interfa-

cial plane is largely coherent, as was observed for the previous oxide in section 7 .4.1. 

Note that, in face-centered cubic systems, {111} twinning can be described as a mirror 

reflection with respect to a (111) plane, or a 70 o 321 rotation about <110> axis. 
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However, it is difficult to determine the exact atomic arrangement at the edge of 

the growth ledge, which is due to the fact that there may be some overlapping matrix 

at the growth edge. The presence of this overlapping matrix is due to the fact that the 

oxide edge is not in an exact < 110> orientation through the thickness of the foil, 

causing an overlap of the matrix at the edge. 

Sometimes the interface between aluminum and its oxide is not completely 

planar, as evidenced in Fig. 46, where the oxide was produced by the 0.5 hr oxidation 

treatment at 600 o C. In this figure, by sighting along the (111) planes parallel to the 

oxide face, it is possible ·to conclude that a ledge, which is three {111} aluminum 

planes thick, is present at the interface and the terraces of the ledge are the {111} 

planes of the oxide. Whereas the movement of such a ledge obviously does not contri

bute to the macroscopic growth rate of the oxide as significantly as does the larger 

growth ledge, it indicates that the crystalline oxide can grow parallel to the {111} 

planes of the oxide, by the movement of such a ledge. 

Thus, it was found that, for the interface with a twin orientation relationship, 

the habit plane of the crystalline oxide is a common {111} octahedral plane of the 

oxide and the aluminum, and the oxide grows parallel to these planes by the move

ment of the growth ledge as for the interface with a parallel orientation relationship in 

section 7.4.1. 
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7 .5.2 Construction of Atomic Models and Image Simulations 

It is difficult to determine the exact atomic structure of these interfaces from 

images in Figs. 45 and 46, due to the complexity of the interfacial structure and the 

change in contrast which occurs at the interfaces. This contrast change may have 

resulted from a thickness change in the specimen, due to the preferential etching at 

the interface which occurs during the ion-milling for the specimen preparation. By 

combining the structural information from these images with electron diffraction infor

mation, a model for the aluminum/oxide interface with a twin orientation relationship 

is constructed as shown in Fig. 47. 

Examination of the model in Fig. 47, which was projected in a < 110> orienta

tion, shows that the {111} planes of the oxide in the top are parallel to the {111} 

planes of the matrix in the bottom. In addition, the {111} interface between the oxide 

and matrix with a mirror reflection symmetry is indicated by the dashed lines in the 

middle of the model. By comparing the atomic positions of the aluminum and the 

oxide, it is possible to find that there is a mirror symmetry between them. 

One major assumption made in constructing this model in Fig. 47, is that the 

aluminum sublattice of the oxide can preserve the aluminum lattice of the aluminum 

metal with a {111} mirror symmetry. This interface in Fig. 47 is also referred to as the 

~ = 3 : ~ = 3 aluminum/oxide interface, using the terminology of the coincidence 

site lattice theory, as discussed in section 4.2.2. Another assumption included in the 

model is that the cation stacking of the {111} planes in the oxide starts with the 

mixed layer from the interface. In addition, this model assumes that there are no lat

tice parameter changes associated with the oxidation reaction and that no relaxations 

have occurred around the interface. 
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The projected potential for this interface, which contains 3 unit cells of the 

atomic model of Fig. 47 in the x -axis, is shown in Fig. 48. Figure 49 shows a series of 

computed images of the aluminum/oxide interface with a twin orientation relationship 

as a function of specimen thickness at objective lens defocus values of -400, -800 and 
0 

-980 A, based on the projected potential in Fig. 48. 

There is another possible way to model the interface, in which the cation stack-

ing of the {Ill} planes in the oxide from the interface starts with a kagome layer 

rather than with a mixed layer as shown in Fig. 47. This atomic model of the 

aluminum/oxide interface with a twin orientation relationship was constructed on the 

left of Fig. 50, which is the same as that in Fig. 47 except that the cation stacking in 

the oxide starts with a kagome layer from the interface in Fig. 50. The projected 

potential for this model is shown on the right of Fig. 50. 

Figure 51 shows a series of simulated images of this additional aluminum/oxide 

interface as a function of specimen thickness at objective lens defocus values of -400, 
0 

-800 and -980 A, based on the projected potential shown in Fig. 50. Notice that the 

contrast from the oxide and matrix in these images is usually the same as that in the 

pr~vious simulations in Fig. 49 except that there is a contrast difference from the 

interfaces. 

Figure 52 shows an experimental HRTEM image of the aluminum/oxide interface 

in the sample which was oxidized for 0.5 hr at 600 o C. Comparison of the contrast and 

periodicities of bright spots at the interface in this image with the simulated images in 

Figs. 49 and 51 shows that good agreement is obtained for a specimen thickness of 
0 0 

about 100 A at -980 A .defocus from Fig. 49 rather than from Fig. 51. This fact is 

0 

clearly illustrated by the inset simulated image of the interface at -980 A defocus and 
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for 100 A thickness, as shown in Fig. 52. Thus, it is possible to conclude that the 

model for the interface shown by the atomic positions in Fig. 47 is correct, indicating 

that the aluminum sublattice of the oxide can preserve the aluminum lattice of the 

aluminum metal with a {111} mirror symmetry. 

7 .5.3 Atomic Mechanisms of Oxidation 

Now that the structure of the aluminum/oxide {Ill} interface with a twin orien

tation relationship has been determined at the atomic level, it is possible to describe 

the atomic mechanism of aluminum oxidation at the single-atom level by combining 

the information available from high-resolution microscopy and image simulations. 

Figure 53 shows a proposed transformation mechanism of aluminum to the oxide 

with a twin orientation relationship. Figure 53 (a) shows a unit cell of the aluminum 

in the coincidence site cell for the E = 3 : E = 3 aluminum/oxide interface, in Fig. 47 

in section 7.5.2, whereas (d) shows a corresponding unit cell of the oxide. There is 

coincidence of aluminum atom sites of the aluminum and the oxide every third (111) 

plane. However, this figure does not mean that the oxide growth occurs step by step 

by nucleation and growth of this unit cell, but that the oxide grows by diffusion of 

atoms across the interface, which accompanies the compositional and structural 

changes, that is, by migrating of the interface. 

For the oxide to grow from the interface, two things must happen: 1) there must 

be a structural change from the fcc aluminum lattice to the spinel oxide structure with 

a twin orientation, 2) there must be a corresponding compositional change, which 

allows the pure aluminum to become the stoichiometric Al20 3• Also in this case the 

compositional and structural aspects of the oxidation transformation do not neces

sarily occur independently. That is, the compositional change due to the diffusion of 
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the aluminum and oxygen atoms may be accomplished with the structural change. 

The major structural change occurs 1) by the : [112] twinning shear11851 of the 

aluminum atoms, as indicated by arrows in Fig. 53 (a), which allow the oxide to have 

a twin orientation relationship with the aluminum matrix, and 2) by the shuffies indi-

cated in Fig. 53 (c), which are necessary to obtain the final spinel oxide arrangement 

in (d). The important step in the shuffie is the jump of aluminum atoms by diffusion 

from one quarter of AI sites to the tetrahedral site in the oxide, which allows the 

aluminum ions to have the required atomic arrangement for the oxide structure. 

The twinning shear of the aluminum atoms for the structural change to the twin 

orientation is described below. 

1) The twinning shear can be accomplished by a coupled shearing movement,l1861 

which shows that the motion of intermediate planes between coincidence planes can 

consist of various pairs of equal and opposite translations, for example of (111) planes 

in [112] direction, the familiar twinning shear, as indicated by arrows in Fig. 53 (a) 

and in the schematics in Fig. 54 (a). Since the translations form a system of shears of 

alternating sign between coincidence planes, twinning could take place by such a 

mechanism over an extended region without extensive shear; in fact, in this case any 

atom moves but the distance JB in the [112] direction. 

This effect can be easily visualized by considering Fig. 54, which shows the cou-

pled shearing movement used to accomplish the twinning transformation as shown in 

(a). If each block in Fig. 54 represents each (111) plane, examination shows that if the 

second block is translated to the right by ~ [112], the third block is translated to the 
. 6 

left by by -~[112], and the fourth block is not translated, an overall shape change 
6 
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does not occur with a three-plane repeating pattern. 

2) The twinning shear can also be accomplished by the rotatz"onal movement11861 

about coincidence sites, which shows that the motion of intermediate planes between 

coincidence planes can consist of various pairs of two different translations of the three 

~<112> in a (111) plane, as shown in Fig. 54 (b). This mechanism is also highly 
6 

favorable from the reason described above. 

3) The twinning shear can be accomplished by the incorporation of equal 

numbers of all three different types of Shockley partial dislocations on every {111} 

plane. This situation is highly favored from a strain energy viewpoint, since the strain 

fields of the three variants of Shockley partial dislocations would tend to cancel one 

another and eliminate long-range strains parallel to the habit plane of the oxide. This 

effect can be easily visualized by considering Fig. 54 (c), which shows that when all 

three variants of Shockley partials on the {111} planes are used to accomplish the 

twinning transformation, the partial dislocations may be stacked vertically at the 

oxide edge. There is a negligible strain energy associated with these configurations at 

the edge since an overall shape change does not occur. Examination shows that if the 

second block is translated to the right by ~ [112], the third block is translated to the· 
6 

left by ~[211], and the fourth block is similarly translated to the left by ~[121], it 
6 . 6 

results in the same twinning shear as the coupled shearing movement. 

4) The twinning shear can be accomplished by the passage of the same ; [112] 

Shockley partial dislocations along every {111} plane of the aluminum, as shown in 

Fig. 54 (d). This situation is not favored from a strain energy viewpoint, and an 

overall shape change occurs. 



-105-

The three-plane repeating pattern is not certain at the edge of the growth ledge 

in Fig. 45, due to the fact that the oxide edge is not in an exact < 110> orientation 

through the thickness of the foil, causing an overlap of the matrix at the edge. How

ever, if the edge lies along the exact <110> orientation through the thickness of the 

foil, it may be possible to identify the three-plane repeating pattern, demonstrating 

that all three types of Shockley partial dislocations are participating in the transfor

mation and growth of this oxide with a twin orientation. This three-plane repeating 

pattern will be particularly interesting because it appears to relate directly to the 

structural transformation from the matrix to the twinned oxide. 

The major compositional change occurs by absorbing vacancies for one third of 

AI sites and diffusion of oxygen into the octahedral sites of the aluminum, which 

allows the pure aluminum to become the stoichiometric Al20 3 containing two thirds of 

the pure AI sites, with reference to the unit cell of the E = 3 coincidence site lattice. 

That is, the unit cell of spinel')'-Al20 3 in Fig. 53 (d), volume 369.78 A3, contains 

16 AI atoms, whereas the unit cell of aluminum Fig. 53 (a), volume 395.62 A3, consists 

of 24 AI atoms. This means that in order for a cell of 1-AI20 3 to form, there must be 

8 vacancies in that volume of the matrix crystal from which it will be formed, which 

will transform to octahedral or tetrahedral interstices of the new oxide phase. At the 

600 • C oxidation temperature used in this study, there should be an abundance of 

vacancies available for those aluminum sites. Quenching experiments on pure alumi

num1971·1981 have shown that the concentration of vacancies is 10-4. This vacancy con

centration is abundant for the absorption reaction when it is in dynamic equilibrium 

at high temperatures. This vacancy absorption mechanism can be confirmed by the 

same conclusion as described in section 7.4.4. 
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Finally, there should be a small volume contraction due to the ionization process 

of the aluminum and oxygen atoms, which allows the lattice parameter of the alumi-

num structure to become that of the spinel oxide with a 2.5 % contraction along all 

directions, as shown by Figs. 53 (b) and (c). Unlike the glissile Shockley partial disloca-

tions which are stacked at the edge, elastic misfit at the aluminum/oxide interface 

boundary due to the slight contraction, occuring in all directions of the oxide during 

transformation, can be accommodated by the generation of misfit dislocations, that is 

such .!.. < 111 > dislocations loops around the oxide periphery, with Burgers vectors 
3 

normal to the faces. 

7.6 A Twin Boundary in the Oxide 

7 .6.1 High-Resolution Transmission Electron Microscopy Image 

The crystalline oxide does not always maintain a perfect structure. For example, 

the lattice image in Fig. 31 shows that the crystalline oxide contains a number of 

faults and twins, and there are relatively small areas of perfect crystalline oxide 

between these faults. A twin boundary in the oxide can be also readily deduced from 

the combinations of the oxides with a parallel and a twin orientation relationship. 

Figure 55 shows an enlargement of the oxide image, which is off the top-right 

corner of a low magnification lattice image of Fig. 31, which contains many oxide cry-

stals with parallel or twin orientation relationships. Comparing this enlargement with 

Fig. 31 shows that the top and bottom oxide crystals in Fig. 55 have a parallel orien-

tation relationship, whereas the middle oxide crystal has a twin orientation relation-
0 

ship with the matrix. The middle oxide crystal is about 30 A thick with 6 {111} 
0 

planes as indicated by the 4.6 A marker which represents a {111} spacing of the oxide. 
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By sighting along the (111) oxide planes parallel to the oxide boundary, it is 

easily seen that there are two boundaries, which are the common {111} planes of two 

oxide crystals. The other {111} planes of each oxide which are not parallel to the 

boundary are indicated by the dashed lines in the middle of Fig. 55. By a 70 o 321 

rotation of the upper oxide images about <110> axis, or by a mirror reflection with 

respect to a (111) interfacial plane, the {111} planes of the upper oxide are macroscop

ically coincident with those of the lower oxide. 

Thus, it is possible to conclude that there is {111} twinning between the oxide 

crystals, which can be described macroscopically as a mirror reflection or microscopi

cally as a glide plane with respect to a (111) interfacial plane. Using the terminology of 

the coincidence site lattice theory, such a boundary is referred to macroscopically as a 

E = 3, {111} boundary. 

7 .6.2 Construction of Atomic Model and Image Simulations 

The main objective of this section is to examine simulated HRTEM images of a 

twin boundary in order to determine the atomic model of this boundary. A possible 

atomic model for a (111) twin boundary in the oxide is shown in Fig. 56. Two oxide 

crystals in the top and bottom in Fig. 56 form a coherent (111) twin boundary as indi

cated by the dashed lines in the middle of this figure. The choice of the atom positions 

at the boundary was not totally arbitrary since the positions of the white dots in 

experimental HRTEM images of Fig. 55 suggest that there is a glide symmetry rather 

than the mirror reflection symmetry, that is, there may be a glide symmetry for a sub

lattice between two crystals. 

One major assumption made in constructing this model in Fig. 56 is that there is 

a mirror reflection with respect to the (111) boundary, indicated by the dashed lines, 
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for the oxygen sublattice, whereas there is a glide symmetry for the aluminum sublat-

tice between two crystals. In addition, all oxygen ions have four aluminum ion neigh-

bors and there are no aluminum ions very close to one another in polyhedra with one 

face common, in order to obey Pauling's rule.1851 Notice that this atomic model in Fig. 

56 is also described as a twin boundary with a stacking fault of type III[l07j,[lOSj as dis

cussed in section 3.2.4. Hornstra11071 predicted that this boundary with a stacking fault 

of type III will be most favorable energetically in the spinel oxide. 

The projected. potential, which contains 3 unit cells of the atomic model of Fig. 

56 in the x -axis, is shown in Fig. 57. Figure 58 is a series of simulated images of a 

twin boundary showing the image contrast changes as a function of specimen thick-

ness and objective lens defocus. The actual atomic positions are superimposed in the 

top-left corner of this figure. 

There is one additional variant of this atomic model as shown in Fig. 59, which is 

obtained from the atomic model in Fig. 56 by operating the mirror reflection with 

respect to the (111) boundary indicated by the dashed lines in Fig. 56, or by rotating 

by 180 o about [112] axis such that that the top and bottom of the model are inverted. 

The projected potential is shown in Fig. 60. This additional series of simulated images 

of a twin boundary in the oxide as a function of specimen thickness is shown in Fig. 
0 

61, for objective lens defocus values of -500 and -850 A. Again, the atomic positions 

are superimposed in the top-left corner of this figure. 

Note that if any of the images in Fig. 58 are rotated by 180 o such that the tops 

and bottoms of the images are inverted, these new images are not the same as those in 

Fig. 61. Thus, the exact structure of the boundary cannot be determined by the exam-

ination of its simulated image alone in Fig. 58. However, it can be uniquely determined 
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if the experimental image in Fig. 55 is compared with the simulated images in Figs. 58 

and 61. 

Comparison of the contrast and periodicities of bright spots at the boundary and 

in both crystals in the experimental image in Fig. 55 with the simulated images in Fig. 
0 

58 shows that good agreement is obtained for a specimen thickness of about 200 A at 

0 

-850 A defocus from Fig. 58. However, good agreement cannot be obtained from Fig. 

61 by comparing the periodicities of bright spots of the experimental image in Fig. 55 

with those of the simulated images in Fig. 61. This fact is clearly illustrated by the 
0 0 

inset simulated image of the boundary, at -850 A defocus and 200 A thickness from 

Fig. 58, as shown superimposed on the middle-right of the image in Fig. 62. Notice the 

matching of the spot periodicities in both crystals between the experimental and simu-

lated images. Thus, it is possible to conclude that the correct model for a twin boun-

dary in the oxide is illustrated by Fig. 56 rather than by Fig. 59. Furthermore, this 

defect shown in Fig. 56 is a twin boundary with a stacking fault of type 111.11071·11081 

However, this conclusion does not exclude the possibility that there might be a twin 

boundary with a stacking fault of other types. 
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7 .6.3 Atomic Mechanism for Twin Boundary Formation in Oxide 

Figure 63 shows the proposed mechanism for twin boundary formation m the 

oxide. Figure 63 (a) shows the aluminum crystal, whereas Fig. 63 (d) shows the oxide 

crystal containing a twin boundary with a stacking fault of type III, projected in a 

<110> orientation, as indicated in the accompanying legends at the bottoms of these 

figures. The twin plane is indicated by the dashed lines in the middle of these figures. 

The lower half represents the aluminum transformation to oxide with a parallel 

orientation relationship. The major chemical change occurs by absorbing vacancies for 

one third of AI sites and diffusion of oxygen into the octahedral sites of the aluminum, 

whereas the structural change occurs by a small volume contraction due to the ioniza-

tion process of the aluminum and oxygen atoms and by shuffling one quarter of AI 

sites to the tetrahedral site, with reference to the unit cell of the E = 1 coincidence 

site lattice, just as described in section 7.4.4. 

The upper half represents the aluminum transformation to oxide with a twin 

orientation relationship. The major structural change occurs by the ~[112] twinning 
6 

shear of the aluminum atoms, indicated by arrows in Fig. 63 (a), by a small volume 

contraction, and by shuffling one quarter of AI sites to the tetrahedral site to have the 

required atomic arrangement for the oxide structure with a twin orientation, whereas 

the major chemical change occurs by absorbing vacancies for one third of AI sites, and 

diffusion of oxygen into the octahedral sites of the aluminum, with reference to the 

unit cell of the E = 3 coincidence site lattice, as described previously in section 7.5.3. 

Thus, this results in a twin boundary with a stacking fault of type III in the oxide. 
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7.7 Multiple Twinning in the Oxide 

7.7 .1 High-Resolution TEM Images of Parallel Multiple Twinning 

With increasing oxidation time, the oxide grows by increasing the number of the 

grains. At the late stages of oxidation, all of the polycrystalline oxide islands are com

posed of twin related grains. Figure 64 shows a high-resolution lattice image of 

')'-Al20 3 with a parallel multiple twinning, produced by the 4 week oxidation treat

ment of aluminum at 600 o C. This image was taken in a < 110> oxide orientation. 

Each oxide crystal is indicated by the dashed lines, in the middle of this figure, 

which represent a {111} plane of each oxide. The boundary plane is a common {111} 

plane of the oxides. In this image, a first twinning from the top layer produced the 7 

{111} planes thick oxide layer with a twin orientation. A second twinning on an 

octahedral plane parallel to the first restored the original orientation and produce a 

parallel-sided twin band. This subsequent growth twinning on an octahedral plane of 

the same set, that is, parallel to the existent twin plane leads to successive parallel 

twin bands in the whole oxide as shown in Fig. 64. 

As indicated by the marker, which represents a {111} spacing of the oxide, the 

oxide plates are about 4 to 45 {111} oxide planes thick, indicating that thickening of 

the oxide occurs by the passage of the growth ledge, with such thicknesses, along the 

broad {111} oxide faces as shown in sections 7.4.4 and 7.5.1. 

Figure 65 shows a high-resolution image of ')'-Al20 3 containing tips of twin 

bands, obtained from the oxidation of aluminum for 2 weeks at 600 o C. There are two 

twin bands on the left side of the crystal as indicated by the dashed { 111} planes 

whereas there is no twin band on the right side. This indicates that, on the left side, a 

first twinning produced the 4 {111} planes thick twin band, a second twinning on an 



-112-

octahedral plane parallel to the first restored the original orientation, a third twinning 

produced the twin band again and a fourth twinning restored the original orientation, 

whereas, on the right side, there was no twinning. There is a stacking fault on the 

{111} plane as indicated by the arrow. 

Figure 66 shows an enlargement of the middle of Fig. 31. In this figure, there are 

many stacking faults in the oxide, showing that the twinning or faulting on the {111} 

planes can occur with one or several { 111} plane thickness during the oxide growth 

process. 

7.7 .2 High-Resolution TEM Images of Nonparallel Multiple Twinning 

However, the twin plane is not always parallel only to an octahedral plane as 

shown in Fig. 67. This figure shows a low magnification lattice image of an oxide with 

a nonparallel multiple twinning,l1871-11921 produced by the 4 week oxidation at 600 • C . 

. 
As indicated by the marker in the top-left corner, the oxide is about 1000 A thick, 

whereas the aluminum matrix without revealing the lattice fringes is shown in the 

bottom-right corner of this figure. 

The size of a twin is increased with the depth from the surface, i.e. with the 

decrease of the growth rate, since the oxide growth rate depends on the the protective 

oxide thickness. This fact suggests that the formation of twinned nuclei is promoted 

when driving force for the oxidation is high. Furthermore, the growth twin formation 

might be due to a growth accident11901 since a twinning accident will be increased with 

the growth rate. Notice that this polycrystalline oxide is composed entirely of 

multiply-twinned crystals. 

The presence of twinned oxides in this area can be verified by taking a dark-field 

image using a twin oxide reflection if the density of spots in reciprocal space is low. 
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However, the interfacial areas contain two phases. In addition, the oxide phase occa

sionally exhibited three or more variants of twinning. Therefore, in the worst case, 

four or more complicated diffraction patterns overlapped and make spot selection for 

dark-field imaging extremely difficult. Furthermore, the size of the individual twins are 

so small in this area that there is no convenient examination by conventional 

transmission electron microscopy methods, even when the dark field imaging technique 

is used. Thus, high-resolution electron microscopy reveals much more information 

about the multiple twinning in the oxide. 

An enlargement of the left region of Fig. 67 as shown in greater detail on the left 

of Fig. 68 clearly shows that there are extensive twin relationships with more than two 

oxide orientations. The schematic diagram on the right of Fig. 68 shows the regions 

which correspond to the oxide grains in the high-resolution image on the left of Fig. 

68. In the image the prominent lattice fringes are seen as (111) and (lli) intersecting 

at 70.5 ° . The orientations of the regions designated with letters on the right of Fig. 68 

were determined by comparing the angles of the {Ill} fringes in the high-resolution 

images with the values calculated in octahedral multiple twinning11911 in face-centered 

cubic crystals. 

A face-centered cubic structure crystal, I, twins and the resultant individual, II, 

twins again (nonparallel) and the resultant individual, III, twins again to generate a 

third crystal, IV. First-order11911 twinning between I and II in the fcc structure can be 

interpreted geometrically as a rotation about [110] of 70 o 321 • Further, second-order 

twinning between I and Ill, and third-order twinning between I and IV can be con

sidered as rotations about [110] of 38 o 571 and 31 o 351 , respectively.11931 

The thick and thin lines in each grain in Fig. 68 represent the {Ill} and {001) 
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planes of each oxide gram, which are projected in a [110] oxide orientation, as indi

cated in the accompanying legend in the bottom-left corner of this diagram. It is evi

dent that the rotations generating lib and Illb from 1Ia, and IVa from Illb, can all be 

taken to be 70 • 321 each about the common pole [110]. Thus, it becomes evident that 

the [110] direction is the zone axis to the five (111) planes. It clearly shows that the 

twinning plane is a {111} plane in this figure. All crystals are connected by the first-

order {111} octahedral twins, and thus no twin can grow unless one face coincides 

with an adjacent crystal. 

All orientations found could be ascribed to multiple twinning, as if the orienta

tions in this figure originated in the oxide growth from a single nucleus. The orienta

tion relationships may be represented: 

Illb --II a --Ilia --IV a 

with boundary contacts between the second-order twins lib Illb , and IIa IVa, as well as 

the remaining first-order twins. Of the four possible first order twins of 1Ia , two were 

present in this image and designated by III with subscripts. One second order twin of 

IIa is designated by IV with subscript. Four crystals, designated by III with subscripts 

are first order twins of IIa and 110 is a second order twin of lib . The second-order 

twin join, which is termed the boundary between individuals related by two nonparal

lel stages of twinning,i193
1 is not clear in this image, but it is generally straight close to 

a {221} plane, i.e. one of the mirror planes of two crystals. The region of high-order 

twin, IV, is small compared to those of II or III, probably, because its orientation with 

respect to the matrix orientation or the growth direction was not favorable for growth. 

As shown in the electron diffraction pattern in Fig. 70, a 70 • 321 rotation of the 

electron diffraction pattern of Illb about < 110> axis, generates 11
0

, and a further 
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70o 321 rotation of IIa about <110> axis, generates Ilia. Also, notice that a {111} 

reflection from a crystal is coincident with that from the neighboring crystals, indicat-

ing that the {111} planes are the twin planes. These facts further confirm the twin-

ning relations of the oxide as shown in the high-resolution images. 

An enlargement of the right region of Fig. 67 as shown on the top of Fig. 69 

shows that the oxide has the {111} multiple twinning just as for the oxide in Fig. 68. 

The orientations of the crystals designated with letters are also· shown in the 

schematic diagram on the bottom of Fig. 69. The orientation relationships may be 

represented: 

Figure 71 shows a high-resolution lattice image of a similar oxide with a multiple 

twinning, produced by the 2 week oxidation at 600 o C, taken in a < 110> oxide orien-

tation. The amorphous oxide on the top surface, off to the top side of the micrograph, 

is ion-milled away during specimen preparation and the specimen around the bottom 

region in this figure is so thick for high-resolution imaging that the image does not 

reveal the fringes around the aluminum/oxide interface, that is, the sample thickness 

is increasing from the top to the bottom in the micrograph. However, it clearly shows 
0 

that there is the multiple twinning in the oxide. The oxide is about 600 A thick, as 

indicated by the marker which represents a {111} oxide spacing on the right of this 

figure. The orientations of the crystals which were determined by measuring the angles 

of the {111} fringes in the high-resolution images, are designated with letters on each 

crystal as shown in Fig. 71. It is evident that the rotations generating 11 6 and III 6 

from IIa , and IVa from Illb , can all be taken to be 70 o 321 each about the common 

pole [110]. Thus, the orientation relationships may be represented: 
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1116 --11 a --III a --IV a • 

It clearly shows that there is {Ill} multiple twinning in the oxide in this figure. All 

the twinned crystals are connected by the first-order { 111} octahedral twins, and thus 

no twin can grow unless one face coincides with an adjacent crystal, just as for the 

oxide in the previous figures. This further indicates that the growing oxide nucleated 

new grains by twinning at the {111} faces of the oxide, as if the orientations in this 

figure originated in the oxide growth from a single nucleus. 

When the two second-order twins intersect, as shown as Ilia and III6 on the left 

side of Fig. 71, the new twin, IIa, is nucleated beneath the second-order twin join, i.e. 

the boundary between the nonparallel second-order twins, instead of continuing the 

growth of the second-order twin join. The nucleated crystal is the first-order twin of 

the two neighboring intersecting grains, thus, this leads to two coherent {111} boun

daries rather than one higher energy boundary between the second-order twins in the 

oxide to minimize the boundary energy. 

An additional example is shown on the right side of this figure. When the two 

third-order twins intersect, as Illb and IV a, two new twins, IIa and lila, are 

nucleated beneath the third-order twin join with growing the oxide. One new grain 

IIa is the first-order twin of III6 and another new grain, Ilia , is the first-order twin of 

IVa, respectively. Thus, the two third-order twins, 1116 and IVa, are connected by the 

three first-order {Ill} boundaries as shown in this figure. That is, during the oxide 

growth, three coherent {Ill} twin boundaries are formed instead of the third-order 

twin join, i.e. the boundary between individuals is related by two nonparallel third-

order twinning. 

These indicate that there 1s a strong driving force for nucleation of new first-
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order twin at the higher-order twin intersection, in order to form the coherent {Ill} 

twin boundary instead of the high-order twin join to minimize the boundary energy. 

Note that first-order {Ill} twinning has associated with it a specific coincidence 

superlattice, which differs from those accompanying second- and third-order twinning, 

this leads to the lowest boundary energy with a sharp cusp in the surface energy /

plot. With fourth- and higher-order twinning of a face-centered structure, there are no 

lattice points common to both individuals and therefore no coincidence site superlat

tice exists. 

Since most boundaries in the oxide are {111} coherent twin boundaries, the twin 

boundaries at least in this oxide cannot act as a path of easy diffusion as 

thought,l1g4J,[tgs] except that the oxide layer is very thin at the initial stages of oxida

tion. Cathcart et al. ltgs] proposed that the twin boundaries in the mosaic spread of 

twinning in Ni011g51 and copper oxidel1041 act as paths of easy diffusion to relate the 

oxidation rate anisotropy to the twin density. 

For the images in Figs. 68, 69 and 71, notice that two {111} planes of all the 

orientations in the twinned oxide have a common [110] zone axis, whereas the orienta

tions, the {Ill} planes of which are not edge-on in this < 110> orientation, are not 

observed. 

The results clearly show that all the grains in the oxide share their {Ill} planes 

with neighboring grains, indicating that the growing oxide nucleates new grains by 

twinning at the {Ill} faces of the oxide. Furthermore, the morphologies of the oxide 

are determined by the different combinations of the twin related grains. 
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7.7.3 Atomic Mechanism for Multiple Twinning in Oxide 

Figure 72 shows a proposed multiple twinning model in the oxide. Each 

tetrahedron represents the Thompson tetrahedron corresponding to each spinel oxide 

orientation. Thus, the faces of the tetrahedron represent the {111} octahedral planes 

of the fcc spinel oxide and the edges represent the lattice translation of the oxide, 

_!_<110>. A face-centered cubic structure crystal, I, twins and the resultant indivi-
2 

dual, II, twins again (nonparallel) and the resultant individual, III, twins again to gen-

erate a third crystal, IV. Note that the next twinned crystals are obtained by the sue-

cessive rotation about a < 110> axis of 70 o 321 , with sharing of their {111} 

octahedral planes with the neighboring crystals. Also, there are four possible first-order 

twins, which share the four {111} planes of each tetrahedron. However, of the four 

possible first order-twin variants of each tetrahedron, only one variant, II, III and IV is 

shown in Fig. 72. The various combinations of these Thompson tetrahedra including 

all variants would produce a multiple twinning in the oxide. 

However, among these many possible orientations, only four orientations, IIa, 

lila , III6 and IVa, are observed in a high-resolution image from Figs. 68, 69 and 71, 

since two {111} planes of only these four orientations in the twinned oxide are edge-on 

in a <110> orientation, whereas those of the other variants are inclined to the elec-

tron beam, in Fig. 72. 

Figure 73 shows a proposed atomic mechanism for new grain nucleation by multi-

ple twinning, projected in a < 110> orientation. A close-packed layer of atoms can be 

added to the octahedral planes of a face-centered cubic spinel oxide in two possible 

positions, the right position continues the original orientation, the wrong one forms 

the first layer of a twin. Oxygen ions have attached in a position that continues the 
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correct stacking order of the {Ill} planes of the spinel oxide in Fig. 73 (a). The 

Thompson tetrahedra, which correspond to the oxide crystals, are shown in the 

bottom-right corners of these figures. But in Fig. 73 (b), oxygen ions have attached in 

a twin position that begins a twinning with a stacking fault of type III. 

These wrong positions are identical as far as the distance to nearest neighbors is 

concerned, although the distance to second nearest neighbors is slightly changed. Simi

lar stacking mistakes on the {100} and {110} planes require first nearest neighbor mis

takes and are thus unlikely to occur. One concludes from this as well as from 

numerous other observations that the energy associated with such a twin interface is 

small, and thus that it would not be difficult to form. 

Thus, if during the oxide growth a few oxygen atoms were to fall into the wrong 

set of positions, the first layer of a twin would be formed, and if conditions were 

favorable to its growth the twinned orientation would propagate itself to give a twin 

of detectable width. A second error in positioning on an octahedral plane parallel to 

the first would restore the original orientation and produce a parallel-sided twin band. 

Another second error in positioning on an octahedral plane nonparallel to the first 

would create an additional orientation and produce a multiple twinning in the oxide. 

This mechanism indicates that twins can form whenever the oxide grows, and that the 

number and width of twins formed would be controlled solely by the frequency of 

accidents. 

It is reasonable to conclude that the high-order twins are the result of progressive 

octahedral twinning through several generations in the oxide growth. The nucleus for 

a twinned orientation could have its origin in a stacking fault on the close-packed 

octahedral plane. Thus, all the grains in the oxide share their {111} planes with neigh-
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boring grams and the growing oxide nucleates new grains by twinning at the { 111} 

faces of the oxide. 

However, twins with the orientation most favorable to the growth direction 

(maximum chemical potential gradient of the oxygen atoms), or favorable to the boun-

dary energy minimization in the oxide as shown in section 7.7.2 will grow relatively 

fast and be dominant in the further growth. The extensive twinning is probably pro-

moted during oxidation by the constraint imposed by the volume decrease, and to an 

irregular growth front. 

The proposed mechanism is consistent with the observation and the conclusion of 

Tabata and lshii.11g61 They observed many parallel or nonparallel twins in the spinel 

oxide grown from the melt, and concluded that the mechanism of the twin formation 

is due to the introduction of stacking disorder between the oxygen close-packed layers. 

7.8 Al/Oxide Interface which is not a {111} AI Plane 

7 .8.1 High-Resolution Transmission Electron Microscopy Images 

The aluminum/oxide interface is no longer a {111} aluminum plane, when either 

the original oxide nucleus does not have a parallel or a twin orientation, or the oxide 

crystal grows with nonparallel multiple twinning even if the original nucleus has a 

parallel or a twin orientation relationship. 

Figure 74 shows a low magnification high-resolution Image of the 

aluminum/oxide interface, produced by the 2 week oxidation at 600 o C. As indicated 

0 

by the marker in this figure, the oxide in the middle is about 450 A thick. In this 

image, taken in a < 110> oxide orientation, the oxide reveals the two dimensional !at-

tice image, whereas the aluminum matrix reveals only the one dimensional {111} 
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fringes, indicating that there is a misorientation between the two crystals. 

The fringes along the 4 o'clock direction around the aluminum/oxide interface 

are identified as the Moire fringes by calculating the spacing and the angle of these 

lines using the well-known Moire formula:11761 

where d 1 and d 2 are the spacings of the lattice planes misoriented by () at the inter-

face. The angle (p) between the structural Moire lines and the trace of lattice 1 is 

given by: 

This is due to the fact that there are some overlapping oxides around the interface, 

which leads to light/dark Moire fringes through the thickness of the aluminum matrix. 

The presence of this overlapping oxide is due to the fact that the growing oxide exists 

through the thickness of the foil, causing an overlap of the oxide around the interface. 

The region covered with the Moire fringes is much broader at the edge of the 450 
0 

A thick growth ledge on the right side of Fig. 74 than around the atomically flat {111} 

oxide interfacial plane, implying that the main growth of this oxide occurs by the 

movement of this large growth ledge, further by atomic attachment at the edge of this 

ledge. 

The structural character of a growth ledge and twins of Fig. 7 4 is shown in 

greater detail in the enlargement in Fig. 75. Two important {111} crystallographic 

planes in the oxide are superimposed on the oxide in the top-right corner. The twin-

ning in the oxide is indicated by superimposing the white dashed lines on the left side 
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of the oxide in this figure. By sighting along the (111) oxide planes parallel to the 

oxide face in this figure, it is possible to conclude that the aluminum/oxide interface is 

comprised of a {111} octahedral plane of the oxide and a random plane of the alumi-

num. 

0 

Furthermore, a 39 A thick growth ledge grows parallel to the {111} planes of the 

oxide, indicating that the thickening of the oxide occurs by the movement of such a 

growth ledge. Notice that there are four {111} twin boundaries in the oxide, and the 

aluminum/oxide interface on the right side in the figure coincides with a twin boun-

dary in the oxide, indicating that the growing oxide nucleates a new growth ledge by 

twinning, confirming the proposed mechanism of the nucleation of the new grain by 

twinning in section 7.7.3. The edge of this growth ledge does not show the atomic 

detail due to the complexity of the atomic structure of the growing edge and the over-

lapping matrix. 

Figure 76 shows an additional example of the high-resolution image with the 

growth ledges, obtained from the same oxidation treatment as that of Fig. 74. One 70 
0 

A thick growth ledge grows parallel to the {111} oxide planes from the right side and 
0 

another 20 A thick ledge grows parallel to the same planes from the left side in this 

figure. 

In Fig. 77, the structural character of the edge of a large growth ledge is shown 

in greater detail in the enlargement of the ledge on the right side of Fig. 74. Several 

important crystallographic planes, {111} and {002}, in the oxide are superimposed on 

the oxide in the middle of this figure. The angle between { 111} planes of the oxide and 

the aluminum, as indicated by 63 o, shows the misorientation between the oxide and 

the aluminum. There are several regions of hexagonal contrast bounded by the loVI 
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index {111} and {002} planes around the tip of the oxide as indicated by the curved 

arrow. 

Figure 78 shows an enlargement of the bottom-right corner of Fig. 31. Three low 

index planes are superimposed on the oxide image in the bottom-left corner of this 

figure. Comparing these planes with the oxide/vacuum interface shows that the cry-

stalline oxide surface, is faceted with {111} and {002} faces of the oxide at the near 

atomic level. There are some hexagonal shapes in the oxide image, which are also 
0 

bounded by {111} and {002} faces with 20 to 40 A width. This is due to the fact that 

the oxide is preferentially etched on these {111}, {002} planes during the ion-milling 

for the specimen preparation, indicating that the surface energy of these surfaces is 

relatively low compared with the other high index planes in this oxide. 

The aluminum/oxide interfaces in Figs. 79 and 80 clearly show the structural 

character of the atomically flat {111} habit planes of the oxide, indicating that atomic 

attachment is not occurring at this atomically flat interface. The 20 {111} oxide planes 

are matched by the 37 {111} aluminum planes, indicated by arrows in the aluminum 

and the oxide, and the images indicate that there is no strain field associated with the 

interface. 

Figure 81 shows a high-resolution image of the aluminum/oxide interface, 
0 

obtained from the oxidation for 2 weeks at 600 o C. A 550 A wide edge is not faceted 

with { 111} oxide planes and there are the Moire fringes in the broad region around 

this edge, indicating that the main growth process is occurring around this edge. Com-

paring the superimposed {111} oxide planes on the oxide image with the oxide faces 

shows that the oxide faces are the {111} oxide planes except at the growth front, 

implying that this oxide in the figure starts to form the {111} facets with the growth. 
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Although the heights and structures of the growth ledges have enabled a variety 

factors to be deduced about the growth process, the images do not show atomic detail 

at the edges of the growth ledges. Hence, an effort was made to obtain better images 

which might resolve atomic detail at the growth ledges. In order to gain more informa

tion about the atomic structure of the edges of the growth ledge, additional attempts 

were made to find an oxide whose edge was in a very thin region near the the edge of 

the specimen, thereby increasing the possibility for the growth edge to lie along an 

exact < 110> oxide orientation through the thickness of the foil. 

Figure 82 shows a high-resolution image of one such oxide with the aluminum, 

oxidized for 2 weeks at 600 • C, taken in a < 110> oxide orientation. Two important 

{111} crystallographic planes in the oxide are superimposed on the oxide of this figure. 

The oxide edge lies along a near {110} oxide plane on a macroscopic level, but it is 

faceted along {111} oxide planes down to the near atomic level on a microscopic level. 

The interface is resolved into {111} facets with one to ten {111} oxide plane width. 

Most of these microscopic ledges are one {111} oxide plane thick. Such microscopic 

ledges are not revealed by the previous ledges. This faceting at the near atomic level 

at the edge demonstrates that the oxide is highly crystallographic on both macroscopic 

and microscopic levels and therefore, there is an extreme tendency for all 

aluminum/oxide interfaces to lie along the {111} octahedral planes of the oxide even 

on a very fine scale, presumably due to the kinetic contribution to the atomic mechan

ism of aluminum oxidation as follows in the next section. 
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7.8.2 Atomic Mechanism of Oxide Growth Leading to {111} Facets 

Results of all the previous high-resolution electron microscopy images in this 

study show that the habit planes of the crystalline oxide are always the {111} 

octahedral planes of the oxide and the oxide grows parallel to these planes, by a ledge 

mechanism. 

One question that arises at this point is why the habit planes of the crystalline 

oxide are always the { 111} octahedral planes of the oxide. The proposed atomic 

mechanisms in sections 7.4.4 and 7.5.3 explain well the transformation of aluminum to 

the oxide structures, but these mechanisms do not forecast the position of the inter

face between the aluminum and the oxide. 

Interfacial energy effects appear to be exerting a rather large influence in deter

mining the overall shape of the oxide. That is, there is a tendency for all the interfaces 

of the precipitate in the matrix to lie along the low-energy close-packed planes, 

presumably because this minimizes both the chemical and structural contributions to 

the interfacial energy, as discussed in the section 4.1.3. The surface energy values of 

aluminum1201 and spinel oxidesl1971 are shown in Tables 4 and 5. These tables show 

that surfaces parallel to {111} planes are of lowest energy for MgAl20 4 spinel as well 

as some spinel ferrites with large differences, and these surfaces are also of lowest 

energy for aluminum. This surface energy contribution to the boundary energy will be 

favorable for the Aljoxide interface to lie along the {111} octahedral planes. 

But one cannot discuss oxide/metal interfaces on the assumption that the form

mg oxide may freely choose its lowest energy plane. To some extent, the interface 

orientation of the growing oxide is determined by the mechanism of transfer of oxygen 

atoms from the oxide to the metal or by the kinetically favored interfaces.11221 In gen-
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eral, it is to be expected that the interface orientation is subject to the restrictions 

imposed by the growth mechanism. Thus, the growth mechanism based on the kinetic 

considerations will be discussed in the following paragraphs. 

The results of all the previous high-resolution electron miCroscopy studies can 

thus be summarized at this point as showing that the edges of the ledges are often 

indistinct and inclined from a <110> oxide orientation, and thus the growth of both 

the faces and edges of the oxide does not occur by the attachment of individual atoms 

randomly on the broad {111} oxide face as illustrated in Fig. 83 (a), but instead by 

the attachment of atoms at edge of the growth ledge as illustrated in Fig. 83 (b). 

Assuming that the oxygen atoms must attach to the oxide by completing the 

coordination of the aluminum atom, this leads to the prediction that the habit planes 

of the crystalline oxide should be the {111} octahedral planes of the oxide. For the 

aluminum/oxide to advance during oxidation, single oxygen atoms or small groups of 

oxygen atoms cross the interface so as to add to the oxide face and then to be con

sidered part of the oxide. 

The exact growth mechanism will depend on the orientation of the crystallo

graphic face involved. The atomic arrangement on {100}, {110} and {111} faces for 

the spinel oxide structure, projected in a <110> orientation, is shown in Fig. 84. 

Solid and dashed lines represent a <110> projection of the {111} planes and the 

<110> edges of oxygen octahedra or tetrahedra, respectively. The nucleated octahe

dra and tetrahedra are indicated by thick lines in this figure. For the sake of simpli

city, the atoms in the aluminum matrix are not shown in this figure. 

The atomic structure on the smooth faces of these three orientations IS very 

different with respect to addition of new oxygen atoms to the oxide. The requirement 
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that adding oxygen atoms must complete the coordination of the aluminum atom for a 

successful nucleation of oxygen polyhedra, poses no problem on the {100} or {110} 

faces. For {100} faces, a single oxygen atom for the aluminum atom in the octahedral 

sites or simultaneous jumps of two oxygen atoms for the aluminum atom in the 

tetrahedral sites, can add to a {100} face to satisfy the coordination. For {110} faces, 

nucleation of a new polyhedra requires simultaneous jumps of two oxygen atoms for 

the aluminum atoms in the octahedral sites or a single atom jump for that in the 

tetrahedral sites. 

However, on {111} faces, nucleation of a new polyhedra is more difficult since it 

requires simultaneous jumps of three oxygen atoms in Fig. 84 (c). Thus, it is extremely 

difficult to grow normal to a {111} oxide plane. Further growth can take place more 

easily by expanding on the established nucleus rather than by producing new nuclei. 

On {100}, {110} and {111} faces the nuclei may expand by a single jump of one oxy

gen atom or simultaneous jumps of two oxygen atoms. This process limits how fast 

growth of the oxide can occur along a crystallographic plane if the overall oxidation 

process is controlled by the interface reaction. Rapid growth parallel to the {111} faces 

leads to the { 111} habit planes of the oxide. 

On the {111} surface, further growth for the next mixed layer, which contains 

the octahedral and tetrahedral sites, is not difficult since a single jump of oxygen atom 

for nucleation of a tetrahedron 'can complete the coordination of the aluminum atom 

in the tetrahedral sites. Since the {111} cation layers consist of two types of layer, 

namely, a mixed layer and a kagome layer alternatively, this leads to the ledge with 

the two oxygen layers corresponding to a {111} oxide layer. This prediction is in 

agreement with the fact that most of the microscopic ledges in Fig. 82 are one { 111} 
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oxide plane thick. 

When the nucleus has attached in a position that begins the twinning, the twin is 

nucleated at the interface as described in section 7.7.3. No first nearest neighbor mis

takes have been made by the twin cluster and hence, the excess energy of this defect is 

small. Similar stacking mistakes on the {100} and {110} faces require first nearest 

neighbor mistakes and are thus unlikely to occur. In this study, twins are only 

observed on the {111} faces. 

Figure 85 shows the face of the spinel oxide with the growth ledges, projected in 

a <110> orientation. The growth ledges always show corners, as shown in this figure, 

where a single jump of a oxygen atom or simultaneous jumps of two oxygen atoms can 

complete the coordination of the aluminum ion. This growth process is easier to com

pare with that normal to the {111} faces of the oxide. Thus, the oxide grows easily by 

the movement of the growth ledges, as observed by previous high-resolution images in 

this study. 

From this point, this proposed atomic mechanism is analogous to the standard 

terrace-ledge-kink mechanism of growth which was originally proposed for the growth 

of close-packed interfaces of a solid into a vapor or liquid,fHlSj as illustrated in Fig. 83. 

Furthermore, this proposed mechanism appears to be valid for describing the growth 

of the spinel oxide from melted oxide. Tabata and lshii11961 have shown that all the 

spinel MgAl20 4 crystal grown from the melt had octahedral habit with {111} planes. 
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CHAPTER 8 

SUMMARY OF RESULTS 

A transmission electron microscopy study of the aluminum/oxide interface was 

carried out at high-resolution in order to perform highly detailed analyses of the crys-

tallographic aspects required for nucleation and growth of the aluminum oxide, so that 

the mechanisms of nucleation and growth could be modelled on an atomic level. In 

conjunction with computer simulation comparisons, the images reveal directly the 

atomic structure of the oxide, the base metal, and all internal interfaces. The following 

results have been obtained: 

1. In the early stages of oxidation, crystalline ')'-Al20 3 forms in two major crystallo-

graphic relationships with the aluminum matrix: (a) parallel and (b) twinned. In 

addition, the crystalline ')'-Al20 3 grows with faceted interfaces into the aluminum 

matrix from the aluminum/amorphous oxide interface. 

2. The aluminum/amorphous oxide interface structure is dependent on the surface 

orientation of aluminum. This interface is faceted on a macroscopic {110} alumi-

num surface, whereas it is diffuse on a {111} aluminum surface. 

0 

3. The hemispherical crystalline oxide nuclei, less than 25 A thick, protrude into the 

amorphous oxide from the macroscopically flat aluminum/crystalline oxide inter-

face, indicating that the crystalline oxide nucleates by the structural rearrange-

ment of atoms within the amorphous oxide into the structure of the crystalline 

phase at the aluminum/amorphous oxide interface. 

4. The parallel orientation interface is a coherent {111} plane of the aluminum and 

the oxide. Comparison between experimental high-resolution electron microscopy 
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1mages and simulated images leads to a complete model of the interface. From 

this model, a complete model for this transformation has been proposed as fol

lows. Aluminum transforms to the oxide structure by shuffling one quarter of the 

AI sites, by absorbing vacancies for one third of the AI sites, and by diffusion of 

oxygen into the octahedral sites of the aluminum, with reference to the :E = 1 

coincidence site lattice. 

5. The twin orientation interface is a coherent {111} plane of the aluminum and the 

oxide. A complete model for this transformation has also been proposed as fol

lows. Aluminum transforms to the oxide structure by a twinning shear, followed 

by shuffling one quarter of the AI sites, by absorbing vacancies for one third of 

the AI sites, and by diffusion of oxygen into the octahedral sites of the aluminum, 

with reference to the :E = 3 coincidence site lattice. 

6. Comparison between experimental and simulated high-resolution images of a twin 

boundary in the oxide shows that it is a macroscopic :E = 3 twin boundary with 

a stacking fault of type III. A complete model for this twin boundary formation 

has also been proposed. 

7. In the later stages of oxidation, the crystalline oxide itself is characterized by 

parallel or nonparallel multiple internal twins which comprise the polycrystalline 

nature of the oxide. A complete model for this multiple twin formation has been 

proposed. 

8. When the aluminum/oxide interface is neither a parallel nor a twin orientation, 

the aluminum/oxide interface comprises a {111} plane of the oxide and a random 

plane of the aluminum. A complete model for this transformation has also been 

proposed as follows. Assuming that the oxygen atoms must attach to the oxide 
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by completing the coordination of the aluminum atom, this leads to the predic

tion that the habit planes of the crystalline oxide should be the { 111} octahedral 

planes of the oxide. 
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CHAPTERO 

CONCLUSIONS 

1. Crystalline ')'-Al20 3 nucleates by the structural rearrangement of the atoms 

within the amorphous oxide into the structure of the crystalline phase at the 

aluminum/amorphous oxide interface. 

2. The crystalline ')'-Al20 3 grows parallel to the { 111} octahedral planes of the 

oxide, often by a ledge mechanism. 

3. The growing oxide nucleates new grains by twinning. 

4. For the parallel orientation interface, aluminum transforms to the oxide structure 

by shuffling one quarter of the AI sites, by absorbing vacancies for one third of 

the AI sites, and by diffusion of oxygen, with reference to the E = 1 coincidence 

site lattice. 

5. For the twin orientation interface, aluminum transforms to the oxide structure 

by a twinning shear, followed by shuffling one quarter of the AI sites, by absorb

ing vacancies for one third of the AI sites, and by diffusion of oxygen, with refer

ence to the E = 3 coincidence site lattice. 

6. For the random orientation interface, based on the assumption that the oxygen 

atoms must attach to the oxide by completing the coordination of the aluminum 

atom, the {111} habit growth of the oxide can be predicted. 
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APPENDIX 

CALCULATIONAL UNIT CELL ATOM POSITIONS 

The atom species and the atomic numbers of species are listed in the first and 

second columns. In the next three columns, atom coordinates are given in terms of 

the A, B and C dimensions of the calculational cell. The origin of the cell is at the 

lower left corner. 

')'-Al
2 
0 

3 
Model 

0 

A= 7.900 B = 5.590 C = 5.590 A 

28 Atoms 

AI 13 .25000000 .00000000 .00 AI 13 .75000000 .00000000 .50 
AI 13 .50000000 .25000000 .25 AI 13 .50000000 .25000000 .75 
AI 13 .25000000 .50000000 .00 AI 13 .75000000 .50000000 .50 
AI 13 .00000000 .75000000 .25 AI 13 .00000000 .75000000 .75 
AI 13 .12500000 .25000000 .50 AI 13 .87500000 .25000000 .00 
AI 13 .37500000 .75000000 .50 AI 13 .62500000 .75000000 .50 
0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .25000000 .25000000 .25 0 8 .25000000 .25000000 .75 
0 8 .75000000 .25000000 .25 0 8 .75000000 .25000000 .75 
0 8 .00000000 .50000000 .00 0 8 .00000000 .50000000 .50 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 .25000000 .75000000 .25 0 8 .25000000 .75000000 .75 
0 8 .75000000 .75000000 .25 0 8 . 7 5000000 . 7 5000000 .75 

Al/Oxide Interface Model with Parallel Orientation 

Starting with a Kagome Layer 
0 

A =9.6754845 B = 27.366403 C = 5.5861436 A 

146 Atoms 
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0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .000()0000 .25 0 8 .25000000 .00000000 .75 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .25000000 .00 0 8 .00000000 .25000000 .50 
0 8 .25000000 .25000000 .25 0 8 .25000000 .25000000 .75 
0 8 .50000000 .25000000 .00 0 8 .50000000 .25000000 .50 
0 8 .75000000 .25000000 .25 0 8 .75000000 .25000000 .75 
0 8 .16666667 .08333333 .00 0 8 .16666667 .08333333 .50 
0 8 .41666667 .08333333 .25 0 8 .41666667 .08333333 .75 
0 8 .66666667 .08333333 .00 0 8 .66666667 .08333333 .50 
0 8 .91666667 .08333333 .25 0 8 .91666667 .08333333 .75 
0 8 .16666667 .33333333 .00 0 8 .16666667 .33333333 .50 
0 8 .41666667 .33333333 .25 0 8 .41666667 .33333333 .75 
0 8 .66666667 .33333333 .00 0 8 .66666667 .33333333 .50 
0 8 .91666667 .33333333 .25 0 8 .91666667 .33333333 .75 
0 8 .08333333 .16666667 .25 0 8 .08333333 .16666667 .75 
0 8 .33333333 .16666667 .00 0 8 .33333333 .16666667 .50 
0 8 .58333333 .16666667 .25 0 8 .58333333 .16666667 .75 
0 8 .83333333 .16666667 .00 0 8 .83333333 .16666667 .50 
0 8 .08333333 .41666667 .25 0 8 .08333333 .41666667 .75 
0 8 .33333333 .41666667 .00 0 8 .33333333 .41666667 .50 
0 8 .58333333 .41666667 .25 0 8 .58333333 .41666667 .75 
0 8 .83333333•• .41666667 .00 0 8 .83333333 .41666667 .50 
0 8 .00000000 .50000000 .00 0 8 .00000000 .50000000 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 ;50 
0 8 .75000000 .50000000 .25 0 8 .75000000 .50000000 .75 

AI 13 .08333333 .04166667 .25 AI 13 .08333333 .04166667 .75 
AI 13 .33333333 .04166667 .50 AI 13 .58333333 .04166667 .25 
AI 13 .58333333 .04166667 .75 AI 13 .83333333 .04166667 .00 
AI 13 .33333333 .10416667 .00 AI 13 .83333333 .10416667 .50 
AI 13 .00000000 .12500000 .00 AI 13 .50000000 .12500000 .50 
AI 13 .16666667 .14583333 .50 AI 13 .66666667 .14583333 .00 
AI 13 .16666667 .20833333 .00 AI 13 .41666667 .20833333 .25 
AI 13 .41666667 .20833333 .75 AI 13 .66666667 .20833333 .50 
AI 13 .91666667 .20833333 .25 AI 13 .91666667 .20833333 .75 
AI 13 .16666667 .27083333 .50 AI 13 .66666667 .27083333 .00 
AI 13 .33333333 .29166667 .00 AI 13 .83333333 .29166667 .50 
AI 13 .00000000 .31250000 .00 AI 13 .50000000 .31250000 .50 
AI 13 .00000000 .37500000 .50 AI 13 .25000000 .37500000 .25 
AI 13 .25000000 .37500000 .75 AI 13 .50000000 .37500000 .00 
AI 13 .75000000 .37500000 .25 AI 13 .75000000 .37500000 .75 
AI 13 .00000000 .43750000 .00 AI 13 .50000000 .43750000 .50 
AI 13 .16666667 .45833333 .50 AI 13 .66666667 .45833333 .00 
AI 13 .33333333 .47916667 .00 AI 13 .83333333 .47916667 .50 
AI 13 .08333333 .54166667 .25 AI 13 .08333333 .54166667 .75 
AI 13 .33333333 .54166667 .50 AI 13 .58333333 .54166667 .25 
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AI 13 .58333333 .54166667 .75 AI 13 .83333333 .54166667 .00 
0 8 .16666667 .58333333 .00 0 8 .16666667 .58333333 .50 
0 8 .41666667 .58333333 .25 0 8 .41666667 .58333333 .75 
0 8 .66666667 .58333333 .00 0 8 .66666667 .58333333 .50 
0 8 .91666667 .58333333 .25 0 8 .91666667 .58333333 . 7 5 

AI 13 .00000000 .62500000 .00 AI 13 .00000000 .62500000 .50 
AI 13 .25000000 .62500000 .25 AI 13 .25000000 .62500000 .75 
AI 13 .50000000 .62500000 .00 AI 13 .50000000 .62500000 .50 
AI- 13 .75000000 .62500000 .25 AI 13 .75000000 .62500000 .75 
AI 13 .16666667 . 70833333 .00 AI 13 .16666667 .70833333 .50 
AI 13 .41666667 .70833333 .25 AI 13 .41666667 .70833333 .75 
AI 13 .66666667 . 70833333 .00 AI 13 .66666667 .70833333 .50 
AI 13 .91666667 .70833333 .25 AI 13 .91666667 .70833333 .75 
AI 13 .08333333 .79166667 .25 AI 13 .08333333 .79166667 .75 
AI 13 .33333333 .79166667 .00 AI 13 .33333333 .79166667 .50 
AI 13 .58333333 .79166667 .25 AI 13 .58333333 .79166667 .75 
AI 13 .83333333 .79166667 .00 AI 13 .83333333 .79166667 .50 
AI 13 .00000000 .87500000 .00 AI 13 .00000000 .87500000 .50 
AI 13 .25000000 .87500000 .25 AI 13 .25000000 .87500000 .75 
AI 13 .50000000 .87500000 .00 AI 13 .50000000 .87500000 .50 
AI 13 .75000000 .87500000 .25 AI 13 .75000000 .87500000 .75 
AI 13 .16666667 .95833333 .00 AI 13 .16666667 .95833333 .50 
AI 13 .41666667 .95833333 .25 AI 13 .41666667 .95833333 .75 
AI 13 .66666667 .95833333 .00 AI 13 .66666667 .95833333 .50 
AI 13 .91666667 .95833333 .25 Al 13 .91666667 .95833333 .75 

AI/Oxide Interface Model with Parallel Orientation 

Starting with a Mixed Layer 

0 

A= 9.6754845 B = 27.366403 C = 5.5861436 A 

140 Atoms 

0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .00000000 .25 0 8 .25000000 .00000000 .75 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .25000000 .00 0 8 .00000000 .25000000 .50 
0 8 .25000000 .25000000 .25 0 8 .25000000 .25000000 .75 
0 8 .50000000 .25000000 .00 0 8 .50000000 .25000000 .50 
0 8 .75000000 .25000000 .25 0 8 .75000000 .25000000 .75 
0 8 .16666667 .08333333 .00 0 8 .16666667 .08333333 .50 
0 8 .41666667 .08333333 .25 0 8 .41666667 .08333333 .75 
0 8 .66666667 .08333333 .00 0 8 .66666667 .08333333 .50 
0 8 .91666667 .08333333 .25 0 8 .91666667 .08333333 .75 
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0 8 .16666667 .33333333 .00 0 8 .16666667 .33333333 .50 
0 8 .41666667 .33333333 .25 0 8 .41666667 .33333333 .75 
0 8 .66666667 .33333333 .00 0 8 .66666667 .33333333 .50 
0 8 .91666667 .33333333 .25 0 8 .91666667 .33333333 .75 
0 8 .08333333 .16666667 .25 0 8 .08333333 .16666667 .75 
0 8 .33333333 .16666667 .00 0 8 .33333333 .16666667 .50 
0 8 .58333333 .16666667 .25 0 8 .58333333 .16666667 .75 
0 8 .83333333 .16666667 .00 0 8 .83333333 .16666667 .50 
0 8 .08333333 .41666667 .25 0 8 .08333333 .41666667 .75 
0 8 .33333333 .41666667 .00 0 8 .33333333 .41666667 .50 
0 8 .58333333 .41666667 .25 0 8 .58333333 .41666667 .75 
0 8 .83333333 .41666667 .00 0 8 .83333333 .41666667 .50 
0 8 .00000000 .50000000 .00 0 8 .00000000 .50000000 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 . 7 5000000 .. 50000000 .25 0 8 .75000000 .50000000 .75 

Al 13 .08333333 .04166667 .25 Al 13 .08333333 .04166667 .75 
Al 13 .33333333 .04166667 .50 Al 13 .58333333 .04166667 .25 
Al 13 .58333333 .04166667 .75 Al 13 .83333333 .04166667 .00 
Al 13 .33333333 .10416667 .00 AI 13 .83333333 .10416667 .50 
AI 13 .00000000 .12500000 .00 AI 13 .50000000 .12500000 .50 
AI 13 .16666667 .14583333 .50 AI 13 .66666667 .14583333 .00 
AI 13 .16666667 .20833333 .00 AI 13 .41666667 .20833333 .25 
AI 13 .41666667 .20833333 .75 AI 13 .66666667 .20833333 .50 
Al 13 .91666667 .20833333 .25 Al 13 .91666667 .20833333 .75 
AI 13 .16666667 .27083333 .50 AI 13 .66666667 .27083333 .00 
AI 13 .33333333 .29166667 .00 AI 13 .83333333 .29166667 .50 
AI 13 .00000000 .31250000 .00 Al 13 .50000000 .31250000 .50 
AI 13 .00000000 .37500000 .50 AI 13 .25000000 .37500000 .25 
AI 13 .25000000 .37500000 .75 AI 13 .50000000 .37500000 .00 
AI 13 .75000000 .37500000 .25 AI 13 .75000000 .37500000 .75 
AI 13 .00000000 .43750000 .00 AI 13 .50000000 .43750000 .50 
AI 13 .16666667 .45833333 .50 AI 13 .66666667 .45833333 .00 
AI 13 .33333333 .47916667 .00 AI 13 .83333333 .47916667 .50 
AI 13 .08333333 .54166667 .25 AI 13 .08333333 .54166667 .75 
AI 13 .33333333 .54166667 .00 AI 13 .33333333 .54166667 .50 
AI 13 .58333333 .54166667 .25 AI 13 .58333333 .54166667 .75 
AI 13 .83333333 .54166667 .00 AI 13 .83333333 .54166667 .50 
AI 13 .00000000 .62500000 .00 AI 13 .00000000 .62500000 .50 
AI 13 .25000000 .62500000 .25 AI 13 .25000000 .62500000 .75 
AI 13 .50000000 .62500000 .00 AI 13 .50000000 .62500000 .50 
AI 13 .75000000 .62500000 .25 AI 13 .75000000 .62500000 .75 
AI 13 .16666667 .70833333 .00 AI 13 .16666667 .70833333 .50 
AI 13 .41666667 .70833333 .25 AI 13 .41666667 .70833333 .75 
AI 13 .66666667 .70833333 .00 AI 13 .66666667 .70833333 .50 
AI 13 .91666667 .70833333 .25 AI 13 .91666667 .70833333 .75 
AI 13 .08333333 .79166667 .25 AI 13 .08333333 .79166667 .75 
AI 13 .33333333 .79166667 .00 AI 13 .33333333 .79166667 .50 
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Al 13 .58333333 .79166667 .25 Al 13 .58333333 .79166667 .75 
Al 13 .83333333 .79166667 .00 Al 13 .83333333 .79166667 .50 
Al 13 .00000000 .87500000 .00 Al 13 .00000000 .87500000 .50 
Al 13 .25000000 .87500000 .25 Al 13 .25000000 .87500000 .75 
Al 13 .50000000 .87500000 .00 Al 13 .50000000 .87500000 .50 
Al 13 .75000000 .87500000 .25 Al 13 .75000000 .87500000 .75 
Al 13 .16666667 .95833333 .00 Al 13 .16666667 .95833333 .50 
Al 13 .41666667 .95833333 .25 Al 13 .41666667 .95833333 .75 
Al 13 .66666667 .95833333 .00 Al 13 .66666667 .95833333 .50 
Al 13 .91666667 .95833333 .25 Al 13 .91666667 .95833333 .75 

Al/Oxide Interface Model with Parallel Orientation 

Based on Lock-In Model 
0 

A= 9.675484 B = 27.366403 C = 5.586144 A 

132 Atoms 

0 8 .0000000 .0000000 .00 0 8 .0000000 .0000000 .50 
0 8 .2500000 .0000000 .75 0 8 .5000000 .0000000 .50 
0 8 .7500000 .0000000 .75 0 8 .0000000 .2500000 .50 
0 8 .2500000 .2500000 .75 0 8 .5000000 .2500000 .50 
0 8 .7500000 .2500000 .75 0 8 .1666667 .0833333 .50 
0 8 .4166667 .0833333 .75 0 8 .6666667 .0833333 .50 
0 8 .9166667 .0833333 .75 0 8 .1666667 .3333333 .50 
0 8 .4166667 .3333333 .75 0 8 .6666667 .3333333 .50 
0 8 .9166667 .3333333 .75 0 8 .0833333 .1666667 .75 
0 8 .3333333 .1666667 .50 0 8 .2500000 .0000000 .25 
0 8 .5000000 .0000000 .00 0 8 .7500000 .0000000 .25 
0 8 .0000000 .2500000 .00 0 8 .2500000 .2500000 .25 
0 8 .5000000 .2500000 .00 0 8 .7500000 .2500000 .25 
0 8 .1666667 .0833333 .00 0 8 .4166667 .0833333 .25 
0 8 .6666667 .0833333 .00 0 8 .9166667 .0833333 .25 
0 8 .1666667 .3333333 .00 0 8 .4166667 .3333333 .25 
0 8 .6666667 .3333333 .00 0 8 .9166667 .3333333 .25 
0 8 .0833333 .1666667 .25 0 8 .3333333 .1666667 .00 
0 8 .5833333 .1666667 .25 0 8 .5833333 .1666667 .75 
0 8 .8333333 .1666667 .50 0 8 .8333333 .1666667 .00 
0 8 .0833333 .4166667 .75 0 8 .3333333 .4166667 .50 
0 8 .0833333 .4166667 .25 0 8 .3333333 .4166667 .00 
0 8 .5833333 .4166667 .25 0 8 .5833333 .4166667 .75 
0 8 .8333333 .4166667 .00 0 8 .8333333 .4166667 .50 

Al 13 .0833333 .0416667 .25 Al 13 .0833333 .0416667 .75 
Al 13 .5833333 .0416667 .25 Al 13 .5833333 .0416667 .75 
Al 13 .. 3333333 .0416667 .50 Al 13 .8333333 .0416667 .00 
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Al 13 .3333333 .1041667 .00 Al 13 .8333333 .1041667 .50 
Al 13 .0000000 .1250000 .00 Al 13 .5000000 .1250000 .50 
Al 13 .1666667 .1458333 .50 Al 13 .6666667 .1458333 .00 
Al 13 .1666667 .2083333 .00 AI 13 .4166667 .2083333 .25 
AI 13 .4166667 .2083333 .75 AI 13 .6666667 .2083333 .50 
AI 13 .9166667 .2083333 .25 AI 13 .9166667 .2083333 .75 
AI 13 .1666667 .2708333 .50 AI 13 .6666667 .2708333 .00 
Al 13 .3333333 .2916667 .00 AI 13 .8333333 .2916667 .50 
Al 13 .0000000 .3125000 .00 AI 13 .5000000 .3125000 .50 
Al 13 .0000000 .3750000 .50 AI 13 .2500000 .3750000 .25 
Al 13 .2500000 .3750000 .75 Al 13 .5000000 .3750000 .00 
Al 13 .7500000 .3750000 .25 AI 13 .7500000 .3750000 .75 
Al 13 .0000000 .4375000 .00 AI 13 .5000000 .4375000 .50 
Al 13 .1666667 .4583333 .50 AI 13 .6666667 .4583333 .00 
AI 13 .3333333 .4791667 .00 AI 13 .8333333 .4791667 .50 
0 8 .0000000 .5000000 .00 0 8 .0000000 .5000000 .50 
0 8 .2500000 .5000000 .75 0 8 .5000000 .5000000 .50 
0 8 .7500000 .5000000 .75 AI 13 .0000000 .7500000 .50 

AI 13 .2500000 .7500000 .75 AI 13 .5000000 .7500000 .50 
AI 13 .7500000 .7500000 .75 AI 13 .1666667 .5833333 .50 
AI 13 .4166667 .5833333 .75 AI 13 .6666667 .5833333 .50 
Al 13 .9166667 .5833333 .75 Al 13 .1666667 .8333333 .50 
Al 13 .4166667 .8333333 .75 AI 13 .6666667 .8333333 .50 
AI 13 .9166667 .8333333 .75 AI 13 .0833333 .6666667 .75 
AI 13 .3333333 .6666667 .50 AI 13 .5833333 .6666667 .75 
AI 13 .8333333 .6666667 .25 AI 13 .0833333 .9166667 .75 
AI 13 .3333333 .9166667 .50 AI 13 .5833333 .9166667 .75 
AI 13 .8333333 .9166667 .50 0 8 .2500000 .5000000 .25 
0 8 .5000000 .5000000 .00 0 8 .7500000 .5000000 .25 

AI 13 .0000000 .7500000 .00 AI 13 .2500000 .7500000 .25 
AI 13 .5000000 .7500000 .00 AI 13 .7500000 .7500000 .25 
AI 13 .1666667 .5833333 .00 AI 13 .4166667 .5833333 .25 
AI 13 .6666667 .5833333 .00 AI 13 .9166667 .5833333 .25 
AI 13 .1666667 .8333333 .00 AI 13 .4166667 .8333333 .25 
AI 13 .6666667 .8333333 .00 AI 13 .9166667 .8333333 .25 
AI 13 .0833333 .6666667 .25 AI 13 .3333333 .6666667 .00 
Al 13 .5833333 .6666667 .25 AI 13 .8333333 .6666667 .00 
AI 13 .0833333 .9166667 .25 AI 13 .3333333 .9166667 .00 
AI 13 .5833333 .9166667 .25 AI 13 .8333333 .9166667 .00 

Al/Oxide Interface Model with Twin Orientation 

Starting with a Mixed Layer 
0 

A= 9.6754845 B = 27.366403 C = 5.5861436 A 



-141-

140 Atoms 

0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .00000000 .25 0 8 .25000000 .00000000 .25 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .75000000 .00 0 8 .00000000 .75000000 .50 
0 8 .25000000 .75000000 .25 0 8 .25000000 .75000000 .75 
0 8 .50000000 .75000000 .00 0 8 .50000000 .75000000 .50 
0 8 .75000000 .75000000 .25 0 8 .75000000 .75000000 .75 
0 8 .16666667 .91666667 .00 0 8 .16666667 .91666667 .50 
0 8 .41666667 .91666667 .25 0 8 .41666667 .91666667 .75 
0 8 .66666667 .91666667 .00 0 8 .66666667 .91666667 .50 
0 8 .91666667 .91666667 .25 0 8 .91666667 .91666667 .75 
0 8 .16666667 .66666667 .00 0 8 .16666667 .66666667 .50 
0 8 .41666667 .66666667 .25 0 8 .41666667 .66666667 .75 
0 8 .66666667 .66666667 .00 0 8 .66666667 .66666667 .50 
0 8 .91666667 .66666667 .25 0 8 .91666667 .66666667 .75 
0 8 .08333333 .83333333 .25 0 8 .08333333 .83333333 .75 
0 8 .33333333 .83333333 .00 0 8 .33333333 .83333333 .50 
0 8 .58333333 .83333333 .25 0 8 .58333333 .83333333 .75 
0 8 .83333333 .83333333 .00 0 8 .83333333 .83333333 .50 
0 8 .08333333 .58333333 .25 0 8 .08333333 .58333333 .75 
0 8 .33333333 .58333333 .00 0 8 .33333333 .58333333 .50 
0 8 .58333333 .58333333 .25 0 8 .58333333 .58333333 .75 
0 8 .83333333 .58333333 .00 0 8 .83333333 .58333333 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 .75000000 .50000000 .25 0 8 .75000000 .50000000 .75 

AI 13 .08333333 .95833333 .25 AI 13 .08333333 .95833333 .75 
AI 13 .33333333 .95833333 .50 AI 13 .58333333 .95833333 .25 
AI 13 .58333333 .95833333 .75 AI 13 .83333333 .95833333 .00 
AI 13 .33333333 .89583333 .00 AI 13 .83333333 .89583333 .50 
AI 13 .00000000 .87500000 .00 AI 13 .50000000 .87500000 .50 
AI 13 .16666667 .85416667 .50 AI 13 .66666667 .85416667 .00 
AI 13 .16666667 .79166667 .00 AI 13 .41666667 .79166667 .25 
AI 13 .41666667 .79166667 .75 AI 13 .66666667 .79166667 .50 
AI 13 .91666667 .79166667 .25 AI 13 .91666667 .79166667 .75 
AI 13 .16666667 .72916667 .50 AI 13 .66666667 .72916667 .00 
AI 13 .33333333 .70833333 .00 AI 13 .83333333 .70833333 .50 
AI 13 .00000000 .68750000 .00 AI 13 .50000000 .68750000 .50 
AI 13 .00000000 .62500000 .50 AI 13 .25000000 .62500000 .25 
AI 13 .25000000 .62500000 .75 AI 13 .50000000 .62500000 .00 
AI 13 .75000000 .62500000 .25 AI 13 .75000000 .62500000 .75 
AI 13 .00000000 .56250000 .00 AI 13 .50000000 .56250000 .50 
AI 13 .16666667 .54166667 .50 AI 13 .66666667 .54166667 .00 
AI 13 .33333333 .52083333 .00 AI 13 .83333333 .52083333 .50 
AI 13 .08333333 .04166667 .25 AI 13 .08333333 .04166667 .75 
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AI 13 .33333333 .04166667 .50 AI 13 .58333333 .04166667 .25 
AI 13 .58333333 .04166667 .75 AI 13 .83333333 .04166667 .00 
AI 13 .33333333 .04166667 .00 AI 13 .83333333 .04166667 .50 
AI 13 .00000000 .12500000 .00 AI 13 .50000000 .12500000 .50 
AI 13 .00000000 .12500000 .50 AI 13 .25000000 .12500000 .25 
AI 13 .25000000 .12500000 .75 AI 13 .50000000 .12500000 .00 
AI 13 .75000000 .12500000 .25 AI 13 .75000000 .12500000 .75 
AI 13 .16666667 .20833333 .00 AI 13 .41666667 .20833333 .25 
AI 13 .41666667 .20833333 .75 AI 13 .66666667 .20833333 .50 
AI 13 .91666667 .20833333 .25 AI 13 .91666667 .20833333 .75 
AI 13 .16666667 .20833333 .50 AI 13 .66666667 .20833333 .00 
AI 13 .33333333 .29166667 .00 AI 13 .83333333 .29166667 .50 
AI 13 .08333333 .29166667 .25 AI 13 .08333333 .29166667 .75 
AI 13 .33333333 .29166667 .50 AI 13 .58333333 .29166667 .25 
AI 13 .58333333 .29166667 .75 AI 13 .83333333 .29166667 .00 
AI 13 .00000000 .37500000 .50 AI 13 .25000000 .37500000 .25 
AI 13 .25000000 .37500000 .75 AI 13 .50000000 .37500000 .00 
AI 13 .75000000 .37500000 .25 AI 13 .75000000 .37500000 .75 
AI 13 .00000000 .37500000 .00 AI 13 .50000000 .37500000 .50 
AI 13 .16666667 .45833333 .50 AI 13 .66666667 .45833333 .00 
AI 13 .16666667 .45833333 .00 AI 13 .41666667 .45833333 .25 
AI 13 .41666667 .45833333 .75 AI 13 .66666667 .45833333 .50 
AI 13 .91666667 .45833333 .25 AI 13 .91666667 .45833333 .75 

AI/ Oxide Interface Model with Twin Orientation 

Starting with a Kagome Layer 

0 

A= 9.6754845 B = 27.366403 C = 5.5861436 A 

140 Atoms 

0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .00000000 .25 0 8 .25000000 .00000000 .25 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .50000000 .00 0 8 . . 00000000 .50000000 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 .75000000 .50000000 .25 0 8 .75000000 .50000000 .75 

AI 13 .08333333 .04166667 .25 AI 13 .08333333 .04166667 .75 
AI 13 .33333333 .04166667 .50 AI 13 .58333333 .04166667 .25 
AI 13 .58333333 .04166667 .75 AI 13 .83333333 .04166667 .00 
AI 13 .33333333 .04166667 .00 AI 13 .83333333 .04166667 .50 
AI 13 .00000000 .12500000 .00 AI 13 .50000000 .12500000 .50 
AI 13 .00000000 .12500000 .50 AI 13 .25000000 .12500000 .25 



-143-

AI 13 .25000000 .12500000 .75 AI 13 .50000000 .12500000 .00 
AI 13 .75000000 .12500000 .25 AI 13 .75000000 .12500000 .75 
AI 13 .16666667 .20833333 .00 AI 13 .41666667 .20833333 .25 
AI 13 .41666667 .20833333 .75 AI 13 .66666667 .20833333 .50 
AI 13 .91666667 .20833333 .25 AI 13 .91666667 .20833333 .75 
AI 13 .16666667 .20833333 .50 AI 13 .66666667 .20833333 .00 
AI 13 .33333333 .29166667 .00 AI 13 .83333333 .29166667 .50 
AI 13 .08333333 .29166667 .25 AI 13 .08333333 .29166667 .75 
AI 13 .33333333 .29i66667 .50 AI 13 .58333333 .29166667 .25 
Al 13 .58333333 .29166667 .75 Al 13 .83333333 .29166667 .00 
Al 13 .00000000 .75000000 .50 Al 13 .25000000 .75000000 .25 
Al 13 .25000000 .75000000 .75 AI 13 .50000000 .75000000 .00 
Al 13 .75000000 .75000000 .25 Al 13 .75000000 .75000000 .75 
AI 13 .00000000 .75000000 .00 AI 13 .50000000 .75000000 .50 
AI 13 .16666667 .45833333 .50 AI 13 .66666667 .45833333 .00 
AI 13 .16666667 .45833333 .00 AI 13 .41666667 .45833333 .25 
AI 13 .41666667 .45833333 .75 AI 13 .66666667 .45833333 .50 
AI 13 .91666667 .45833333 .25 AI 13 .91666667 .45833333 .75 
0 8 .00000000 .75000000 .00 0 8 .00000000 .75000000 .50 
0 8 .25000000 .75000000 .25 0 8 .25000000 .75000000 .75 
0 8 .50000000 .75000000 .00 0 8 .50000000 .75000000 .50 
0 8 .75000000 .75000000 .25 0 8 .75000000 .75000000 .75 
0 8 .08333333 .58333333 .25 0 8 .08333333 .58333333 .75 
0 8 .33333333 .58333333 .00 0 8 .33333333 .58333333 .50 
0 8 .58333333 .58333333 .25 0 8 .58333333 .58333333 .75 
0 8 .83333333 .58333333 .00 0 8 .83333333 .58333333 .50 
0 8 .16666667 .66666667 .00 0 8 .16666667 .66666667 .50 
0 8 .41666667 .66666667 .25 0 8 .41666667 .66666667 .75 
0 8 .66666667 .66666667 .00 0 8 .66666667 .66666667 .50 
0 8 .91666667 .66666667 .25 0 8 .91666667 .66666667 .75 
0 8 .08333333 .83333333 .25 0 8 .08333333 .83333333 .75 
0 8 .33333333 .83333333 .00 0 8 .33333333 .83333333 .50 
0 8 .58333333 .83333333 .25 0 8 .58333333 .83333333 .75 
0 8 .83333333 .83333333 .00 0 8 .83333333 .83333333 .50 
0 8 .16666667 .91666667 .00 0 8 .16666667 .91666667 .00 
0 8 .41666667 .91666667 .25 0 8 .41666667 .91666667 .75 
0 8 .66666667 .91666667 .00 0 8 .66666667 .91666667 .50 
0 8 .91666667 .91666667 .25 0 8 .91666667 .91666667 .75 

AI 13 .16666667 .54166667 .00 Al 13 .41666667 .54166667 .25 
AI 13 .41666667 .54166667 .75 AI 13 .66666667 .54166667 .50 
AI 13 .91666667 .54166667 .25 AI 13 .91666667 .54166667 .75 
AI 13 .16666667 .60416667 .50 AI 13 .66666667 .60416667 .00 
AI 13 .00000000 .62500000 .00 AI 13 .50000000 .62500000 .50 
AI 13 .33333333 .64583333 .00 AI 13 .83333333 .64583333 .50 
AI 13 .08333333 .70833333 .25 AI 13 .08333333 .70833333 .75 
AI 13 .33333333 .70833333 .50 AI 13 .58333333 .70833333 .25 
AI 13 .58333333 .70833333 .75 AI 13 .83333333 .70833333 .00 
AI 13 .33333333 .77083333 .00 AI 13 .83333333 .77083333 .50 
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AI 13 .16666667 .79166667 .50 AI 13 .66666667 .79166667 .00 
AI 13 .00000000 .81250000 .00 AI 13 .50000000 .81250000 .50 
AI 13 .00000000 .87500000 .50 AI 13 .25000000 .87500000 .25 
AI 13 .25000000 .87500000 .75 AI 13 .50000000 .87500000 .00 
AI 13 .75000000 .87500000 .25 AI 13 .75000000 .87500000 .75 
AI 13 .00000000 .93750000 .00 AI 13 .50000000 .93750000 .50 
AI 13 .33333333 .95833333 .00 AI 13 .83333333 .95833333 .50 
AI 13 .16666667 .97916667 .50 AI 13 .66666667 .97916667 .00 

A Twin Boundary Model in the Oxide 
0 

A= 9.6754845 B = 27.366403 C = 5.5861436 A 

168 Atoms 

0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .00000000 .25 0 8 .25000000 .00000000 .25 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .. 75000000 .00 0 8 .00000000 .75000000 .50 
0 8 .25000000 .75000000 .25 0 8 .25000000 .75000000 .75 
0 8 .50000000 .75000000 .00 0 8 .50000000 .75000000 .50 
0 8 .75000000 .75000000 .25 0 8 .75000000 .75000000 .75 
0 8 .16666667 .91666667 .00 0 8 .16666667 .91666667 .50 
0 8 .41666667 .91666667 .25 0 8 .41666667 .91666667 .75 
0 8 .66666667 .91666667 .00 0 8 .66666667 .91666667 .50 
0 8 .91666667 .91666667 .25 0 8 .91666667 .91666667 .75 
0 8 .16666667 .66666667 .00 0 8 .16666667 .66666667 .50 
0 8 .41666667 .66666667 .25 0 8 .41666667 .66666667 .75 
0 8 .66666667 .66666667 .00 0 8 .66666667 .66666667 .50 
0 8 .91666667 .66666667 .25 0 8 .91666667 .66666667 .75 
0 8 .08333333 .83333333 .25 0 8 .08333333 .83333333 .75 
0 8 .33333333 .83333333 .00 0 8 .33333333 .83333333 .50 
0 8 .58333333 .83333333 .25 0 8 .58333333 .83333333 .75 
0 8 .83333333 .83333333 .00 0 8 .83333333 .83333333 .50 
0 8 .08333333 .58333333 .25 0 8 .08333333 .58333333 .75 
0 8 .33333333 .58333333 .00 0 8 .33333333 .58333333 .50 
0 8 .58333333 .58333333 .25 0 8 .58333333 .58333333 .75 
0 8 .83333333 .58333333 .00 0 8 .83333333 .58333333 .50 
0 8 .00000000 .50000000 .00 0 8 .00000000 .50000000 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 .75000000 .50000000 .25 0 8 .75000000 .50000000 .75 

AI 13 .08333333 .95833333 .25 AI 13 .08333333 .95833333 .75 
AI 13 .33333333 .95833333 .50 AI 13 .58333333 .95833333 .25 
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Al 13 .58333333 . 95833333 .75 . Al 13 .83333333 .95833333 .00 
Al 13 .33333333 .89583333 .00 Al 13 .83333333 .89583333 .50 
Al 13 .00000000 .87500000 .00 Al 13 .50000000 .87500000 .50 
Al 13 .16666667 .85416667 .50 Al 13 .66666667 .85416667 .00 
Al 13 .16666667 .79166667 .00 Al 13 .41666667 .79166667 .25 
Al 13 .41666667 .79166667 .75 Al 13 .66666667 .79166667 .50 

·, Al 13 .91666667 .79166667 .25 Al 13 .91666667 .79166667 .75 
Al 13 .16666667 .72916667 .50 Al 13 .66666667 .72916667 .00 
Al 13 .33333333 .70833333 .00 Al 13 .83333333 .70833333 .50 
Al 13 .00000000 .68750000 .00 Al 13 .50000000 .68750000 .50 
Al 13 .00000000 .62500000 .50 Al 13 .25000000 .62500000 .25 
Al 13 .25000000 .62500000 .75 Al 13 .50000000 .62500000 .00 
Al 13 .75000000 .62500000 .25 Al 13 .75000000 .62500000 .75 
Al 13 .00000000 .56250000 .00 Al 13 .50000000 .56250000 .50 
Al 13 .16666667 .54166667 .50 Al 13 .66666667 .54166667 .00 
Al 13 .33333333 .52083333 .00 Al 13 .83333333 .52083333 .50 
0 8 .00000000 .25000000 .00 0 8 .00000000 .25000000 .50 
0 8 .25000000 .25000000 .25 0 8 .25000000 .25000000 .75 
0 8 .50000000 .25000000 .00 0 8 .50000000 .25000000 .50 
0 8 .75000000 .25000000 .25 0 8 .75000000 .25000000 .75 
0 8 .08333333 .41666667 .25 0 8 .08333333 .41666667 .75 
0 8 .33333333 .41666667 .00 0 8 .33333333 .41666667 .50 
0 8 .58333333 .41666667 .25 0 8 .58333333 .41666667 .75 
0 8 .83333333 .41666667 .00 0 8 .83333333 .41666667 .50 
0 8 .16666667 .33333333 .00 0 8 .16666667 .33333333 .50 
0 8 .41666667 .33333333 .25 0 8 .41666667 .33333333 .75 
0 8 .66666667 .33333333 .00 0 8 .66666667 .33333333 .50 
0 8 .91666667 .33333333 .25 0 8 .91666667 .33333333 .75 
0 8 .08333333 .16666667 .25 0 8 .08333333 .16666667 .75 
0 8 .33333333 .16666667 .00 0 8 .33333333 .16666667 .50 
0 8 .58333333 .16666667 .25 0 8 .58333333 .16666667 .75 
0 8 .83333333 .16666667 .00 0 8 .83333333 .16666667 .50 
0 8 .16666667 .08333333 .00 0 8 .16666667 .08333333 .00 
0 8 .41666667 .08333333 .25 0 8 .41666667 .08333333 .75 
0 8 .66666667 .08333333 .00 0 8 .66666667 .08333333 .50 
0 8 .91666667 .08333333 .25 0 8 .91666667 .08333333 .75 

Al 13 .16666667 .45833333 .00 Al 13 .41666667 .45833333 .25 
Al 13 .41666667 .45833333 .75 Al 13 .66666667 .45833333 .50 
Al 13 .91666667 .45833333 .25 Al 13 .91666667 .45833333 .75 
Al 13 .16666667 .39583333 .50 Al 13 .66666667 .39583333 .00 
Al 13 .00000000 .37500000 .00 Al 13 .50000000 .37500000 .50 
Al 13 .33333333 .35416667 .00 Al 13 .83333333 .35416667 .50 
Al 13 .08333333 .29166667 .25 Al 13 .08333333 .29166667 .75 
Al 13 .33333333 .29166667 .50 Al 13 .58333333 .29166667 .25 
Al 13 .58333333 .29166667 .75 AI 13 .83333333 .29166667 .00 
Al 13 .33333333 .22916667 .00 AI 13 .83333333 .22916667 .50 
AI 13 .16666667 .20833333 .50 Al 13 .66666667 .20833333 .00 
Al 13 .00000000 .18750000 .00 Al 13 .50000000 .18750000 .50 
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AI 13 .00000000 .12500000 .50 AI 13 .25000000 .12500000 .25 
AI 13 .25000000 .12500000 .75 AI 13 .50000000 .12500000 .00 
AI 13 .75000000 .12500000 .25 AI 13 .75000000 .12500000 .75 
AI 13 .00000000 .06250000 .00 AI 13 .50000000 .06250000 .50 
AI 13 .33333333 .04166667 .00 AI 13 .83333333 .04166667 .50 
AI 13 .16666667 .02083333 .50 AI 13 .66666667 .02083333 .00 

Additional Twin Boundary Model in the Oxide 
0 

A = 9.6754845 B = 27.366403 C = 5.5861436 A 

168 Atoms 

0 8 .00000000 .00000000 .00 0 8 .00000000 .00000000 .50 
0 8 .25000000 .00000000 .25 0 8 .25000000 .00000000 .25 
0 8 .50000000 .00000000 .00 0 8 .50000000 .00000000 .50 
0 8 .75000000 .00000000 .25 0 8 .75000000 .00000000 .75 
0 8 .00000000 .25000000 .00 0 8 .00000000 .25000000 .50 
0 8 .25000000 .25000000 .25 0 8 .25000000 .25000000 .75 
0 8 .50000000 .25000000 .00 0 8 .50000000 .25000000 .50 
0 8 .75000000 .25000000 .25 0 8 .75000000 .25000000 .75 
0 8 .16666667 .08333333 .00 0 8 .16666667 .08333333 .50 
0 8 .41666667 .08333333 .25 0 8 .41666667 .08333333 .75 
0 8 .66666667 .08333333 .00 0 8 .66666667 .08333333 .50 
0 8 .91666667 .08333333 .25 0 8 .91666667 .08333333 .75 
0 8 .16666667 .33333333 .00 0 8 .16666667 .33333333 .50 
0 8 .41666667 .33333333 .25 0 8 .41666667 .33333333 .75 
0 8 .66666667 .33333333 .00 0 8 .66666667 .33333333 .50 
0 8 .91666667 .33333333 .25 0 8 .91666667 .33333333 .75 
0 8 .08333333 .16666667 .25 0 8 .08333333 .16666667 .75 
0 8 .33333333 .16666667 .00 0 8 .33333333 .16666667 .50 
0 8 .58333333 .16666667 .25 0 8 .58333333 .16666667 .75 
0 8 .83333333 .16666667 .00 0 8 .83333333 .16666667 .50 
0 8 .08333333 .41666667 .25 0 8 .08333333 .41666667 .75 
0 8 .33333333 .41666667 .00 0 8 .33333333 .41666667 .50 
0 8 .58333333 .41666667 .25 0 8 .58333333 .41666667 .75 
0 8 .83333333 .41666667 .00 0 8 .83333333 .41666667 .50 
0 8 .00000000 .50000000 .00 0 8 .00000000 .50000000 .50 
0 8 .25000000 .50000000 .25 0 8 .25000000 .50000000 .75 
0 8 .50000000 .50000000 .00 0 8 .50000000 .50000000 .50 
0 8 .75000000 .50000000 .25 0 8 .75000000 .50000000 .75 

AI -13 .08333333 .04166667 .25 AI 13 .08333333 .04166667 .75 
AI l3 .33333333 .04166667 .50 AI 13 .58333333 .04166667 .25 
AI 13 .58333333 .04166667 .75 AI 13 .83333333 .04166667 .00 
AI 13 .33333333 .10416667 .00 AI 13 .83333333 .10416667 .50 
AI 13 .00000000 .12500000 .00 AI 13 .50000000 .12500000 .50 
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AI 13 .16666667 .14583333 .50 AI 13 .66666667 .14583333 .00 
AI 13 .16666667 .20833333 .00 AI 13 .41666667 .20833333 .25 
AI 13 .41666667 .20833333 .75 AI 13 .66666667 .20833333 .50 
AI 13 .91666667 .20833333 .25 AI 13 .91666667 .20833333 .75 
AI 13 .16666667 .27083333 .50 AI 13 .66666667 .27083333 .00 
AI 13 .33333333 .29166667 .00 AI 13 .83333333 .29166667 .50 
AI 13 .00000000 .31250000 .00 AI 13 .50000000 .31250000 .50 
AI 13 .00000000 .37500000 .50 AI 13 .25000000 .37500000 .25 
AI 13 .25000000 .37500000 .75 AI 13 .50000000 .37500000 .00 
AI 13 .75000000 .37500000 .25 AI 13 .75000000 .37500000 .75 
AI 13 .00000000 .43750000 .00 AI 13 .50000000 .43750000 .50 
AI 13 .16666667 .45833333 .50 AI 13 .66666667 .45833333 .00 
AI 13 .33333333 .47916667 .00 AI 13 .83333333 .47916667 .50 
0 8 .00000000 .75000000 .00 0 8 .00000000 .75000000 .50 
0 8 .25000000 .75000000 .25 0 8 .25000000 .75000000 .75 
0 8 .50000000 .75000000 .00 0 8 .50000000 .75000000 .50 
0 8 .75000000 .75000000 .25 0 8 .75000000 .75000000 .75 
0 8 .08333333 .58333333 .25 0 8 .08333333 .58333333 .75 
0 8 .33333333 .58333333 .00 0 8 .33333333 .58333333 .50 
0 8 .58333333 .58333333 .25 0 8 .58333333 .58333333 .75 
0 8 .83333333 .58333333 .00 0 8 .83333333 .58333333 .50 
0 8 .16666667 .66666667 .00 0 8 .16666667 .66666667 .50 
0 8 .41666667 .66666667 .25 0 8 .41666667 .66666667 .75 
0 8 .66666667 .66666667 .00 0 8 .66666667 .66666667 .50 
0 8 .91666667 .66666667 .25 0 8 .91666667 .66666667 .75 
0 8 .08333333 .83333333 .25 0 8 .08333333 .83333333 .75 
0 8 .33333333 .83333333 .00 0 8 .33333333 .83333333 .50 
0 8 .58333333 .83333333 .25 0 8 .58333333 .83333333 .75 
0 8 .83333333 .83333333 .00 0 8 .83333333 .83333333 .50 
0 8 .16666667 .91666667 .00 0 8 .16666667 .91666667 .00 
0 8 .41666667 .91666667 .25 0 8 .41666667 .91666667 .75 
0 8 .66666667 .91666667 .00 0 8 .66666667 .91666667 .50 
0 8 .91666667 .91666667 .25 0 8 .91666667 .91666667 .75 

AI 13 .16666667 .54166667 .00 AI 13 .41666667 .54166667 .25 
AI 13 .41666667 .54166667 .75 AI 13 .66666667 .54166667 .50 
AI 13 .91666667 .54166667 .25 AI 13 .91666667 .54166667 .75 
AI 13 .16666667 .60416667 .50 AI 13 .66666667 .60416667 .00 
AI 13 .00000000 .62500000 .00 AI 13 .50000000 .62500000 .50 
AI 13 .33333333 .64583333 .00 AI 13 .83333333 .64583333 .50 
AI 13 .08333333 .70833333 .25 AI 13 .08333333 .70833333 .75 
AI 13 .33333333 .70833333 .50 AI 13 .58333333 . 70833333 .25 
AI 13 .58333333 .70833333 .75 AI 13 .83333333 . 70833333 .. 00 
AI 13 .33333333 .77083333 .00 AI 13 .83333333 .77083333 .50 
AI 13 .16666667 .79166667 .50 AI 13 .66666667 .79166667 .00 
AI 13 .00000000 .81250000 .00 AI 13 .50000000 .81250000 .50 
AI 13 .00000000 .87500000 .50 . AI 13 .25000000 .87500000 .25 
AI 13 .25000000 .87500000 .75 AI 13 .50000000 .87500000 .00 
AI 13 .75000000 .87500000 .25 AI 13 .75000000 .87500000 .75 



AI 13 .00000000 .93750000 .00 
AI 13 .33333333 .95833333 .00 
AI 13 .16666667 .97916667 .50 
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AI 13 .50000000 .93750000 .50 
AI 13 .83333333 .95833333 .50 
AI 13 .66666667 .97916667 .00 
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TABLES 

Table 1. Structural ·properties of the Al-0 phases (25 o C, 0.1 MPa). 

Space Lattice parameters, nm 
Phase Prototype Comment Ref. 

group a b c 

Al Fm3m Cu 0.40496 [199] 

0.51272 a=55.28' [200] 
a-Al20 3 R3c a-Al20 3 

0.47589 1.2991 [200] 

0.7911 [201] 

')'-AlzOs Fd3m MgA120 4 0.790 [202] 

0.7859 [200] 

0.796 1.170 [201] 

6-Alz03 6-Al203 
0.795 0.779 [200] 

1.183 0.292 0.564 ,8=104' [201] 
O-Alz03 02/m ,B-Gaz03 

1.124 0.572 1.174 ,8=103.33' [200] 

~~:-Al203 0.971 1.786 [200] 

P63jmcm or 0.556 1.344 [200] 

x-Aiz03 P6/mmm or [200] 

P63jmmc [200] 
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Table 2. Fugacities of 0 2 in equilibrium 

with a-Al20 3 and solid AI.I731 

Temperature, 0 2 fugacity, 

oc Pa 

25 1.6 X 10-180 

226.8 1.7 X 10-101 

660.5 2.5 X 10-47 
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Table 3. The spinel structure in extended abc-notation. 

z' Occupied position Kind of ion 

10 b 1,2,3,4 Oxygen ion 

g C1 Cation in the tetrahedral interstice 

8 a1 Cation in the octahedral interstice 

7 b1 Cation in the tetrahedral interstice 

6 c1,2,3,4 Oxygen ion 

5 

4 b2,3,! Cation in the octahedral interstice 

3 

2 a1,2,3,4 Oxygen ion 

1 b1 Cation in the tetrahedral interstice 

0 C1 Cation in the octahedral interstice 

-1 a1 Cation in the tetrahedral interstice 

-2 b 1,2,3,4 Oxygen ion 
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Table 4. Surface energy for aluminum. 

Surface energy 
Orientation dependence of 1 to /111 

Temperature Reference 
erg/cm2 {111} {110} {100} 

1 = 1140 ... . .. ... 175 ° c [203] 

... 1 1.05 1.03 550° c [204] 

... 1 ... 1.11 400°0 [205] 
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Table 5. Values of surface energies for spinel oxide.l1971 

{111} {110} {100} 
Material Surface Surface Surface 

(erg_Lcm2
) (ergLcm2

) (ergLcm2
) 

LiFe50 8 222 2122 1331 

NiFe20 4 207 1837 1161 

Fe30 4 223 2164 1451 

MgAl20 4 298 2702 1446 
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FIGURE CAPTIONS 

Fig. 1. AI-N-O phase stability diagram at 600 • C showing the range of the solid AI, 

Al20 3 and AIN phase fields. The full circle in the upper-right corner indicates 

the location of the partial pressures of 0 2 and N2 in air. 

Fig. 2. Schematic illustration showing defect and electron flows associated with oxida-

tion of aluminum to form the crystalline ')'-Al20 3. V 0 represents the doubly 

charged vacancy on oxygen site and MJ represents the atom at the normal 

site. 

Fig. 3. Partial aluminum-oxygen equilibrium phase diagram showing the range of the 

aluminum and the a-Al20 3 phase fields {after [69]). 

Fig. 4. Crystal structures and lattice parameters of the face-centered cubic AI and the 

spinel oxide, ')'-Al20 3 at room temperature. 

Fig. 5. The Thompson tetrahedron, which aids interpretation of dislocation reactions 

in the face-centered cubic crystal. 

Fig. 6. Spinel structure in [ITO] projection. The oxygen atoms are represented by 

large circles, and the aluminum atoms at the octahedral or tetrahedral sites 

are represented by small single or triple circles, respectively. Numbers in the 

circles show the relative heights of atoms in multiples of ~[lTOJoxide· Ions are 
8 

drawn in thick lines when the height is an even number and in thin lines 

when the height is an odd number. The {111} stacking sequence is shown on 

the right side. 

Fig. 7. Projection of two consecutive { 111} layers of the ideal normal spinel struc-

ture. The large open circles represent oxygen ions. The small closed circles 
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represent cations. 

Fig. 8. Atom model of a twin boundary with a stacking fault of type I. The tw.in 

plane is indicated by the dashed lines. 

Fig. 9. A pictorial guide for the discussion of the various steps in the calculation of a 

HRTEM image (after [156]). 

Fig. 10. Preparation of aluminum/oxide cross-section transmission electron microscopy 

specimens. 

Fig. 11. Experimental aluminum/oxide selected-area diffraction pattern in a [1IO]AI II 

[1 IOJoxide orientation and corresponding indexed diffraction pattern showing 

the positions of the aluminum and oxide spots. Note the additional oxide 

reflections at ! positions along the <Ill> directions and {002} oxide 

reflections. 

Fig. 12. Bright-field TEM images of the aluminum/oxide interfaces showing the 

growth of the oxide, produced by (a) the 5 hr oxidation treatment of alumi-

num at 500oC, (b) the 10 hr oxidation at 500oC, and (c) the 4 week oxida-

tion at 600 ° C. 

0 

Fig. 13. (a) Contrast transfer function at -660 A the initial undamped form and the 

damping functions due to both the energy spread (~) and divergence (a) of 
0 

the electron beam, and (b) the same for -750 A defocus. 

Fig. 14. (a)-(d) Contrast transfer function for the JEOL JEM 200CX microscope over 

a range of objective lens defocus values, where accelerating voltage V = 200 

keY, spherical aberration coefficient 0 8 = 1.2 mm, half-width of Gaussian 

0 

spread of defocus ~ = 50 A, semi-angle of illumination a = 0.3 mrad, and 
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0 

!::..J Scherzer = -660 A. 

Fig. IS. High-resolution transmission electron microscopy 1mage of [ITO] aluminum 

showing the brightness change of the atoms. 

Fig. I6. High-resolution transmission electron microscopy 1mage of [ITO] 1-Al203 

which was oxidized for 2 weeks at 600 o C. 

Fig. I7. (a)-(d) Enlargements from ')'-Al20 3 in Fig. I6. 

Fig. I8. Calculational unit cell for computer image simulations of the crystalline oxide 

assuming that the aluminum ions are disordered in the octahedral sites and 

the tetrahedral sites. Th~ accompanying legends show the lattice point at the 

height h = I and h = 3 in the bottom-left corner, and the atom positions in 

the bottom-right corner, respectively. 

Fig. I9. (a) Unit cell used for a 3 X 3 periodic array of the unit cells in Fig. I8. (b) Pro-

jected potential for the atomic model in Fig. I8. The atom positions are super-

imposed on the figure in the top-left corner. The potential contains 3X3 unit 

cells of the unit cell (a). 

Fig. 20. (a)-( d) A series of simulated high-resolution transmission electron microscopy 

images of the ')'-Al20 3 atomic model in Fig. I8 shown as a function of objec-

0 

tive lens defocus, from IOO to -3000 A, and specimen thickness, from 50 to 
0 

250 A. The atom position are superimposed in the top-left corner at each 

defocus setting. 

Fig. 21. Experimental and simulated HRTEM images of ')'-Al20 3 in a <110> oxide 

orientation. Note the matching between the experimental image and the inset 
0 0 

superimposed simulated image of the oxide at -660 A defocus and 250 A 

thickness from Fig. 20. 
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Fig. 22. Experimental HRTEM image of the aluminum/amorphous oxide interface in a 

<llO> aluminum orientation. The superimposed arrows indicate the {lll} 

micro-facets at the interface. 

Fig. 23. Experimental HRTEM image of the aluminum/amorphous oxide interface in a 

< llO> aluminum orientation showing the roughness on the macroscopic 

{lll} aluminum face .. 

Fig. 24. Low magnification HRTEM image of an aluminum/amorphous oxide interface 

in a <l10> aluminum orientation showing the nucleation of the crystalline 

oxide at the aluminum/amorphous oxide interface. 

Fig. 25. Enlargement of an oxide nucleus at the interface in Fig. 24 showing the details 

of the oxide and the interfaces. 

Fig. 26. Optical diffraction pattern corresponding to Fig. 25 showing the orientation 

relationship and {220} oxide reflections as indicated by the arrow heads. 

Fig. 27. High-resolution image of the crystalline oxide nuclei at the 

aluminum/amorphous oxide interface showing the connection of two nuclei. 

Fig. 28. High-resolution electron microscopy image of the crystalline oxide nucleus at 

the aluminum/amorphous oxide interface showing the details of the structure 

of the oxide nucleus and interfaces. 

Fig. 29. Low magnification lattice image showing the amorphous/crystalline oxide and 

the aluminum/ crystalline oxide interface with a parallel orientation relation

ship: (lll)Al II (lll)oxide• [lTO]Al II [lTO]oxide• produced by 1 hr oxidation at 

500 ° C. 

Fig. 30. Experimental HRTEM image of an amorphous/crystalline oxide interface in a 

<llO> oxide orientation showing the {lll} interfacial plane of the 
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crystalline oxide. 

Fig. 31. Low magnification lattice image of the aluminum/oxide interface with a paral-

lei orientation relationship: {111)Al II {111)oxide• [1IO]Al II [liO]oxide• produced 

by 0.5 hr oxidation at 600 o C. There are many stacking faults and twins in 

the oxide. 

Fig. 32. Selected area diffraction pattern corresponding to Fig. 31. 

Fig. 33. Enlargement of the aluminum/oxide interface in Fig. 31 showing that the 

interfacial planes are coherent {111} oxide planes with a parallel orientation 

relationship: {lll)Al II (111)oxide• [1IO]Al II [liO]oxide· 

Fig. 34. Experimental HRTEM image of the interface in Fig. 33 with a slightly 

different defocus setting showing more clearly the interfacial planes. 

Fig. 35. (a)-(c) A through-focus series of HRTEM of the interface in Fig. 33. Note the 

contrast change in the oxide and at the interface with the objective lens 

defocus. 

Fig. 36. Proposed atomic model of the aluminum/oxide (111) interface with a parallel 

orientation relationship projected in a [110] orientation showing that the 

aluminum sublattice of the oxide can preserve the aluminum lattice of the 

alum in urn metal and the cation stacking of the { 111} planes in the oxide 

starts with a kagome layer. In this model, the oxygen atoms are represented 

by large circles. The aluminum atoms at the octahedral or tetrahedral sites 

are represented by small single or triple circles, respectively, and alumin urn 

atoms in the metal are represented by double circles. N urn hers in the circles 

show the relative heights of atoms in multiples of ~[1IO]oxide• or ~[1IO]Al· 
8 4 
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Fig. 37. (a) Same a.s Fig. 36, and (b) projected potential for the interface containing 3 

unit cells of (a) in the x-axis. 

Fig. 38. (a) and (b) A series of simulated high-resolution transmission electron micros-

copy images of the proposed aluminum/oxide interface model with a parallel 

orientatjon relationship in Fig. 37 shown a.s a function of objective lens 
0 0 

defocus, from 360 to -I850 A, and specimen thickness, from 50 to 300 A. 

Fig. 39. Additional atomic model of the aluminum/oxide (lli) interface with a parallel 

orientation, projected in a [ITO] orientation, showing that the aluminum sub-

lattice of the oxide can preserve the aluminum lattice of the aluminum metal 

and the cation stacking of the {lli} planes in the oxide starts with a mixed 

layer and projected potential for the interface containing 3 unit cells of atomic 

model on the left in the x -axis. 

Fig. 40. Simulated HRTEM images for the aluminum/oxide interface in Fig. 39, where 

the cation stacking starts with a mixed layer to be compared with Fig. 38. 

Fig. 41. Atomic model of the aluminum/oxide (lli) interface based on the lock-in 

model showing that the oxygen sublattice of the oxide can preserve the alumi-

num lattice of the aluminum metal, and projected potential for the interface 

containing 3 unit cells of atomic model on the left in the x -axis. 

Fig. 42. Simulated high-resolution transmission electron microscopy images of the 

aluminum/oxide interface model in Fig. 4I shown a.s a function of objective 

lens defocus and specimen thickness. 

Fig. 43. Experimental and simulated HRTEM Images of the aluminum/oxide (Ill) 

interface with a parallel orientation relationship. Note the match between the 

experimental image and the inset superimposed simulated image of the oxide 
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0 0 

at -730 A defocus and 100 A thickness from Fig. 38. 

Fig. 44. Proposed transformation mechanism of aluminum to the oxide structure with 

a parallel orientation relationship projected in a [110] orientation. (a) Unit cell 

of the aluminum,· and (d) a corresponding unit cell of the oxide, in the coin-

cidence site cell for the E = 1 : E = 1 aluminum/oxide interface. In this 

. 
model, aluminum atoms in the metal are represented by double circles, the 

oxygen atoms by large circles, and the aluminum atoms at the octahedral or 

tetrahedral sites by small single or triple circles, respectively. Numbers in the 

circles show the relative heights of atoms in multiples of : [1IO]oxide' or 

Fig. 45. High-resolution image of the aluminum/oxide interface with a twin orientation 

relationship: (111) AI II (111)oxide' [1IO]Al II [1IOJoxide' produced by 0.5 hr oxida-

tion at 600 o C. 

Fig. 46. High-resolution image of the aluminum/oxide interface with a twin orientation 

relationship showing a ledge which is three { 111} alum in urn planes thick. 

Fig. 47. Proposed atomic model of the aluminum/oxide {111) interface with a twin 

orientation relationship projected in a [110] orientation showing that the 

aluminum sublattice of the oxide can preserve the aluminum lattice of the 

aluminum metal with a twin relationship and the cation stacking of the {111} 

planes in the oxide starts with a mixed layer. In this model, the oxygen atoms 

are represented by large circles. The aluminum atoms at the octahedral or 

tetrahedral sites are represented by small single or triple circles, respectively, 

and aluminum atoms in the metal are represented by double circles. Numbers 
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in the circles show the relative heights of atoms in multiples of ; [110]oxide• or 

Fig. 48. Projected potential for the interface containing 3 unit cells of Fig. 47 m the 

X -aXIS. 

Fig. 49. Series of simulated high-resolution transmission electron microscopy images of 

the proposed aluminum/oxide interface model with a twin orientation rela-

tionship in Fig. 45 shown as a function of objective lens defocus, -400, -800 

0 

and -980 A, and specimen thickness from 50 to 300 A. 

Fig. 50. Proposed atomic model of the aluminum/oxide (111) interface with a twin 

orientation relationship projected in a [110] orientation showing that the 

cation stacking of the {111} planes in the oxide starts with a kagome layer, 

and projected potential for the interface containing 3 unit cells of atomic 

model on the left in the x -axis. 

Fig. 51. Series of simulated high-resolution transmission electron microscopy images of 

the proposed aluminum/oxide interface model with a twin orientation rela-

tionship in Fig. 50 shown as a function of objective lens defocus and specimen 

thickness to be compared with Fig. 49. 

Fig. 52. Experimental and simulated HRTEM Images of the aluminum/oxide (111) 

interface with a twin orientation relationship. Note the match between the 

experimental image and the inset superimposed simulated image of the oxide 

at -980 A defocus and 100 A thickness from Fig. 49. 

Fig. 53. Proposed transformation mechanism of aluminum to the oxide structure with 

a twin orientation relationship projected in a [110] orientation. (a) Unit cell of 
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the aluminum, and (d) unit cell of the spinel oxide, in the coincidence site cell 

for the E = 3 : E = 3 aluminum/oxide interface. In this model, aluminum 

atoms in the metal are represented by double circles, the oxygen atoms by 

large circles, and the aluminum atoms at the octahedral or tetrahedral sites by 

small single or triple circles, respectively. Numbers in the circles show the rela-

tive heights of atoms in multiples of ; [1IO]oxide' or : [1IO]AJ· 

Fig. 54. Illustration of four different ways of transforming face-centered cubic (111) 

planes into twinned planes: (a) using a coupled shearing movement, (b) using 

the rotational movement, (c) using equal numbers of all three types of Shock-

ley partial dislocations, and (d) using the same Shockley partial dislocation. 

Each block represents one (111) plane. 

Fig. 55. Experimental HRTEM image of twin boundaries in the oxide showing { 111} 

twins as indicated by the dashed lines. 

Fig. 56. Atomic model of a twin boundary with a stacking fault of type III projected 

along < 110> direction. The twinning plane is indicated by the dashed lines 

in the middle. The oxygen atoms are represented by large circles, and the 

aluminum atoms at the octahedral or tetrahedral sites are represented by 

small single or triple circles, respectively. Numbers in the circles show the rela-

tive heights of atoms in multiples of ~[1f0Joxide· Ions are drawn in thick lines 
8 

when the height is an even number and in thin lines when the height is an 

odd number. 

Fig. 57. Projected potential for the interface containing 3 unit cells of Fig. 56 in the 

X -aXIS. 
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Fig. 58. Series of simulated HRTEM images for a twin boundary with a stacking fault 

of type III as a function of objective lens defocus and specimen thickness. The 

atom positions are superimposed in the top-left corner. 

Fig. 59. Additional atomic model of a twin boundary with a stacking fault of type III 

obtained by the (111) mirror reflection of model, Fig. 56. Explanation as in 

Fig. 56. The twinning plane is indicated by the dashed lines in the middle. 

Fig. 60. Projected potential for the interface containing 3 unit cells of model, Fig. 59, 

in the x -axis. 

Fig. 61. Simulated HRTEM images for a twin boundary in Fig. 59 over a range of cry-
0 

stal thicknesses for objective lens defocus of -500 and -850 A. The atom posi-

tions are superimposed in the top-left corner. 

Fig. 62. Experimental and simulated HRTEM images of a twin boundary with a stack-

ing fault of type III. There is matching in their periodicities between the 

experimental image and the inset superimposed simulated image of the oxide 
0 0 

at -850 A defocus and 200 A thickness from Fig. 58. 

Fig. 63. Proposed mechanism for twin boundary formation in the oxide showing that 

the lower half represents the aluminum transformation to oxide with a parallel 

orientation relationship and the upper half represents the aluminum transfor-

mation to oxide with a twin orientation relationship, which results in a twin 

boundary with a stacking fault of type III in the oxide. Explanation as in Figs. 

44 and 53. 

Fig. 64. Experimental HRTEM image of Al20 3 in a <110> orientation showing the 

parallel multiple twinning as indicated by the dashed {111} planes. 
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Fig. 65. Experimental HRTEM image of Al20 3 in a < 110> orientation containing tips 

of two twin bands. 

Fig. 66. Enlargement of the middle of Fig. 31 showing a number of stacking faults in 

the oxide. 

Fig. 67. Low magnification lattice image of the oxide m a < 110> oxide orientation 

showing the nonparallel multiple twinning. 

Fig. 68. Enlargement of the left region of Fig. 67 and schematic diagram showing the 

multiple twinning in the oxide. The superimposed legend shows some impor

tant crystallographic planes in the oxide. 

Fig. 69. Enlargement of the right region of Fig. 67 and schematic diagram showing the 

multiple twinning in the oxide. 

Fig. 70. Electron diffraction pattern showing the twins in the oxide. 

Fig. 71. Experimental HRTEM image of an aluminum/oxide interface m a <110> 

oxide orientation showing the multiple twinning in the oxide. 

Fig. 72. Proposed multiple twinning model showing four Thompson tetrahedra indi

cated by I, II, III and IV. 

Fig. 73. Proposed mechanism for new grain nucleation by twinning, where the oxygen 

atoms are represented by large circles, and the aluminum atoms at the 

octahedral or tetrahedral sites are represented by small single or triple circles, 

respectively. Numbers in the circles show the relative heights of atoms in mul-

tiples of ; [1 TO]oxide· Solid lines and dashed lines represent projection of the 

{111} planes and the < 110> edges of octahedra or tetrahedra. (a) Growth of 

the oxide with the correct stacking order, and (b) growth of the oxide with a 
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stacking fault that begins a twinning. 

Fig. 74. Low magnification lattice image of the aluminum/oxide interface which is not 

a {111} aluminum plane, in a <110> oxide orientation, showing the several 

growth ledges. 

Fig. 75. Enlargement of the aluminum/oxide interface in Fig. 74 showing the {111} 

oxide interfacial plane and the multiple twinning in the oxide. 

Fig. 76. Experimental high-resolution image of the aluminum/oxide interface showing 

two ledges growing from the right and left side, respectively. 

Fig. 77. Enlargement of the edge of the large growth ledge in Fig. 74 showing the 

Moire fringes. 

Fig. 78. Enlargement of the crystalline oxide/vacuum interface in Fig. 31 showing that 

the oxide surface is bounded by {002} and {111} planes. 

Fig. 79. Experiment~} high-resolution image of the aluminum/oxide interface showing 

that the interfacial plane is an atomically flat {111} oxide plane. 

Fig. 80. Additional experimental high-resolution image of the aluminum/oxide inter

face showing that the interfacial plane is an atomically flat {111} oxide plane. 

Fig. 81. Experimental high-resolution images of the aluminum/oxide interface, taken 

in a <110> oxide orientation, showing a large growth edge. 

Fig. 82. Experimental high-resolution image of the edge of the growth ledge in a 

<110> oxide orientation showing the {111} facets at the atomic level. Two 

{111} oxide planes are superimposed on the oxide image. 

Fig. 83. Atomically smooth aluminum/oxide interfaces with atoms represented by 

cubes, showing by analogy with a solid/liquid interface that: (a) addition of a 
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single atoms onto a fiat {111} surface, and (b) addition to a ledge or a kink. 

Fig. 84. Proposed mechanism of oxide growth leading to the { 111} facets. Models are 

projected in a [110] orientation, where the oxygen atoms are represented by 

large circles, and the aluminum atoms at the octahedral or tetrahedral sites 

are represented by small single or triple circles, respectively. N urn hers in the 

circles show the relative heights of atoms in multiples of ~ [liOJoxide· Solid 
8 

lines and dashed lines represent projection of the { 111} planes and the 

<110> edges of octahedra or tetrahedra. (a) (Q01) oxide face, (b) (110) oxide 

face and (c) (111) oxide face. 

Fig. 85. Proposed ledge mechanism of oxide growth. Explanation as in Fig. 84. 
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Thompson Tetrahedron 
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Fig. 5 
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ELECTRON MICROSCOPE IMAGE CALCULATION 

PLANE RAY DIAGRAM 

Incident Beam 
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2. back focal plane- objective aperture-------
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1. Etch and clean AI 

2. 
Oxidation 

3. 

Epoxy and slice 

4. 

Mechanically thin and mount 

5. 

lon mill 
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Fig. 10 
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Diffraction pattern of AI and oxide with parallel 
orientation relationship 
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Experimental and simulated images of oxide 
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Proposed transformation mechanism of AI to oxide 
structure with parallel orientation relationship 
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Experimental and simulated images of Aljoxide 
interface with twin orientation relationship 
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Experimental and simulated images 
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Proposed Mechanism for New Grain Nucleation by Twinning 
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