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FOREWORD

\

This Proceedings is a collection of papers presented at an "Internationai Conference on
the Structure and Properties of Internal Interfaces", which was held August 20-23, 1984 in Irsee,
West-Germany. The purpose of the conference was to critically examine the current knowledge
in the field of internal interfaces, with particular emphasis on grain boundaries. The conference
was timely since several powerful experimental tools, including high resolution electron
microscopy and X-ray diffraction, have provided new information on the atomic structure of
interfaces. Innovative computer modeling approaches have also been developed to calculate the
atomic structure. The conference offered an opportunity for the comparison of computer
modeling predictions with experimental observations. Discrepancies between theory and
experiment appeared, and these were often the starting point of intensive discussions. Solid State
theoretists also participated in the conference giving ideas for future directions for fundamental
theoretical studies of internal interfaces. The results of those studies may contribute to a better
understanding of the structure of internal interfaces. The final portion of the conference was
dedicated to a detailed examination of the relationship between interface structure and

- properties.

It is hoped that this Proceedings will provide a comprehensive view of current interface
science both for the expert and any persons contemplatiag entering the field. We hope that the
stimulating atmosphere during the conference at the former monastery in Irsee may also
stimulate the reader of this Proceedings. -

All invited and contributed papers published in the Proceedings have been reviewed by at
least one referee. We would like to thank all authors and colleagues who quickly reviewed the
papers so that the Proceedings could be published within a reasonable time after the conference.

The conference was organized by the Max-Planck-Institut fiir Metallforschung, Institut fur
Werkstoffwissenschaften, Stuttgart and it was sponsored by the Deutsche Forschungsgemein-
schaft (DFG), FRG ; National Science Foundation (NSF), USA ; Centre National de Recherches
Scientifiques (CNRS), France ; and the Max-Planck-Society, FRG.

Finally, it is a pleasure to thank Mrs. Susanne Schneeweiss and Mrs. Christa Schreiner
from the Max-Planck-Institut fiir Metallforschung for sustantial assistance before, during and
after the conference. The help of Mrs. Schneeweiss during the preparation of this Proceedings is
gratefully acknowledged.

M. Rihie
R.W. Balluffi
H. Fischmeister
S.L. Sass



ODE TO AN INTERFACE

Oh metal metal when entwined
To volume change though be inclined
The wolf, beheld he this aloft
And gave a sigh so soft
__Oh soothe he did exclaim
From pair potentials I now refrain

-~ .Oh ceramic ceramic when ye doth stick
Nasty muck doth hither ¢ome, so thick - B
Our ruhler, thence he came and he did yell
Ye dislocation, I cannot tell.
A foreign clark he did then appear
And saith, the glass be very thin, O dear

Oh metal, ceramic when thou do join
Be it coincidence thy do seek

Oh no did they exclaim, to win

Close pack thy showed and then lock in

A.G. EVANS
Conference Banquet

Irsee Conferénce
August 23, 1984
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STRUCTURE AND PROPERTIES OF HIGH ANGLE GRAIN BOUNDARIES

H.F. Fischmeister

Max-Planck-Institut fir Metallforschung, D-7000 Stuttgart 1, F.R.G.

Résumé - Dans cet article de revue sont présentés la
crystallographie des bicristaux, les conceptes de
coincidence, les mécanismes de relaxation, les

principes et résultats essentiels de modélisation sur
ordinateur ainsi que 1la description des joints de
grains 4 large angle de désorientation par des séries
periodique de dislocations ou des séquences ordonnées
de certains polyhédres de coordination. Les relations
de structure aux propriétés des joints de grains sont
exposeées a la lumiére des modéles existants en
insistant plus particuliérement sur 1la ségrégation
d'impureteés au niveau des joints ainsi que ses effets
sur leur structure comme observé dans les simulations
sur ordinateur.

Abstract - This is a tutorial review covering the
crystallography of bicrystals, coincidence concepts,
relaxation mechanisms, principles and main results of
computer modelling, and the description of high angle
grain boundaries in terms of periodic arrays of either
dislocations or ordered sequences of coordination
polyhedra in the boundaries. Structure ‘- property
relations in grain boundaries are reviewed in the
light of existing models, with special emphasis on the
segregation of impurities at grain boundaries and its

effects on boundagy structure as indicated by computer
modelling.

1. INTRODUCTION

with few. exceptioﬁé, metals and ceramics are used in polycrystalline
form. ‘Boundaries between graips, or between different phases, often
play a - decisive role ind determining the material's properties. For,
example, the toughness and strength of steels has been dgastically
improved since the 1%50{5, by rigorous control of grain size, of the

chemistry of grain boundaries and of nonmetallic inclusions in the
metal. . .

HOMOPHASE BOUNDARIES are interfaces between regions of identical
crystal structure; they include grain boundaries, twin boundaries, and
domain boundaries. Stacking faults are commonly included in this
category although they can be viewed as thin lamellae Qf‘a,different

(but related) crystal structure.

1
'

HETEROPHASE BOUNDARIES are interfaces between regions of differegt
crystal structure which may, but need not, have different chemical
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composition. Examples of the first kind would be boundaries between
coexisting allotropic modifications, for instance between grains of
the tetragonal and the monoclinic phase of 2r0,. Examples of the
second - kind are virtually omnipresent in technical alloys and
ceramics, for instance the boundaries between austenite and ferrite in
a ‘duplex' stainless steel, or the surfaces of the non-metallic
inclusions mentioned above. In both cases, with compositional
difference and without, the regions adjoining the interface belong to
different phases in the classical thermodynamic sense; therefore the
simpler term PHASE BOUNDARIES is often used for them.

Control of grain boundary chemistry by doping, scavenging, selective
precipitation or suppression of ;second phases has become standard
practice, and so has the manipulation of grain boundary mobility and
shape by pinning, or by directional solidification or annealing. A
highly sophisticated practice of grain boundary engineering is in
common use today for superalloys, certain high-technology ceramics,
but also for such deceptively 'simple' materials as steels, whose
design 1limits would be drastically lower without the benefit of
boundary engineering. - VYet, only part of this engineering knowledge
has a firm ground in science. In particular, understanding in terms of
atomistic structure has lagged far behind the art of engineering
manipulation for most types of internal boundaries.

For 1low -angle grain boundaries, a dislocation model was proposed by
Taylor [/1/ as early as 1934. Its verification by étch pit observations
as well as the prediction of the influence of misorientation upon
interfacial energy /2/ and boundary diffusivity /3/ were early
triumphs of the evolving understanding of real crystal properties in
terms of lattice dislocations. . '

For high-angle boundaries, the development of structural models has
been slower and more tortuous. Theory and experimental techniques for
constructing and testing detailed models have only recently become.
available, triggering a wave of exciting developments which are the
main subject of this review.

Heterophase boundaries are more complicated still. Only quite recently
have the first steps been taken towards ‘an understanding of their
structures, in particular for metal-ceramic boundaries. In contrast to
grain boundaries, engineering control of phase boundaries has'yet to
be developed, and one could still hope that rapid progress-might
enable science to take the lead in this development. '

The present paper will review the state of the subject with emphasis
on recent ideas; experimental results and techniques will be discussed
only in relation to theoretical concepts. For background, and for
comprehensive summaries of experimental results, reviews and
conference books are available /4-13/. The following section will
introduce the special crystallographic ‘nomenclature developed for
boundaries, and discuss the geometry of unrelaxed bicrystals. Sections
3 and 4 deal with relaxétion processes and their study by computer
modelling, and section 5 reviews a priori ideas concerning the
relation between the structure of grain boundaries and. their
properties. Finally, section 6 reviews computer modelling results
concerning grain boundary segregation, where particularly detailed
ideas have been developed very recently. No systematic treatment is
attempted for heterophase boundaries, but important contributions to
this subject are referenced., ”



