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ABSTRACT 

The objective of the present research was a broad investigation of kinetic 

processes at grain boundaries and the relationship between these kinetic pro

cesses and the. boundary structure. The approach was both experimental and 

theoreiical. ·~xtensive use was made of high resolution experimental methods 

of investigating grain boundaries in specimens containing boundaries of con

trolled geometry. Computer simulation was also employed. 

Elements of the following projects were completed: 

(A) a study of intrinsic and extrinsic secondary grain boundary dislocation 

structure in [001] high angle twist boundaries in MgO; 

(B) a study of grain boundary dislocations in plane matching grain boundaries; 

(C) an analysis and review of high angle grain boundaries as sources or sinks 

for point defects; 

(D) an analysis and review of grain boundary structure in metals and ceramic 

oxides; 

(E) simulation of the ::.L.cucture of vacancies in high angle ~r~in boundaries. 

Progress was made in the following areas: 

(F) development of a model for diffusion induced grain boundary migration; 

(G) determination of the mechanism for grain boundary diffusion in metals. 

• I 
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1. INTRODUCTION 

This year marks the second year of the existence of the rresent project 

at !vi.I.T. The present work is an outgrowth of a previous DOE supported pro

ject carried out by the principal investigator during previous years at 

Cornell University under the title, "Structure and Properties of Grain Bound

aries.'' A small portion of the work described below is therefore a completion 

of work started at Cornell. In most cases new projects have been initiated 

and have either been completed or are in progress. A brief account of.the 

work which has been accomplished.during the past year is given in the fol

lowing section. 

The following personnel were involved either at M.I.T., or elsewhere, 

in the case of cooperative work:. 

Professor ~. W. Balluffi, Principal Investigator 

Dr. P. D. Bristowe (M. I .T ~) 

Mr. A. Brokman (M.I.T.) 

Dr. J. W. Cahn (National Bureau of Standards) 

Mr. T. Y. ~wok (M.I.T.) 

Mr. J. D. Pan (M.I.T.) 

Ur. R. Schindler (Cornell) 

Dr. F. Spaepen (Harvard) 

Ms. C. P. Sun (M.I.T.) 

ProfessorS. Yip (M.I.T.). 
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2. DESCRIPTION OF RESEARCH 

(A) A Study of Intrinsic and Extrinsic Secondary Grain Boundary Dislocation · 

Structure in [001] High Angle Twist Boundaries in MgO. 

Preliminary accounts of this work have been given in [1] and [2]. During 
/ I . 

the current contract period we have obtained a considerable_number of new 

results and have essentially completed our study of these structures. A 

final full report is in preparation. 

Numerous studies [3,4] have revealed widespread grain boundary dislocation 

(GBD) structure in high angle grain boundaries in metals. These structures 

have included arrays of "intrinsic GBDs" which have often been observed [3] 

in boundaries possessing crystal misorientations near special misorientations. 

The special orientations correspond to orientations which produce a relatively 

high density of coincidence sites (and a corresponding short wavelength two-

dimensional structure). in the boundary. Such special structures often 

. . 
possess relatively low energies, and the GBD arrays serve to preserve as 

much of t:he luw t:J'tergy boundary structure AS possible when the crystal mis-

orientation deviates from the special misorientation. 

"Extrinsic GBDs" have also been observed [5] in numerous boundaries. 

These GBDs are extra line defects .which do not belong to the equilibrium 

structure of the boundary and which can result, for example, from the inter-

action of extra lattice dislocations with the boundary [6]. 

Despite the frequent observation of such GBDs in metals, no observations 

of su~h defects had been made in common ceramic materials prior to the 

present work. 

In the present work we have carried out a systematic study of GBD struc-

ture in [001] high angle twist boundaries in the ceramic oxide MgO. 

Single crystal MgO tablets with {OOl} faces were pressure welded to-

gether at an elevated temperature to produce an extensive series of 
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bicrystals containing (001] twist boundaries with twist angles covering the 

entire possible range 0° < e < 45°. Thin film electron microscope specimens 

containing sections of the boundaries were then cut out from the \~elded 

bicrystals. The boundary structures were then studied by transmission elec~. 

tron microscopy. 

Square networks of intrinsic screw GBDs were found.in the vicinity of 

a considerable number of spec1al misorientations corresponding to the form

ation of dense coincidence site lattices withE= 5, 13, 17, 25 and 29. 

(Here; E =the reciprocal of the fraction of lattice sites in coincidence.) 

The measured spacings of these grids as a function of misorientation are 

shown in Fig. 1. 

These observations constitute the first observations of such structures 

in ceramic materials even though they have been inferred previously on the 

basis of purely macroscopic observations (7]. No secondary GBD structures 

were observed at a considerable-number of misorientations relatively far 

from any ~p~~ial misorientations corresponding to relatively high density 

coincidence site lattices. The behavior is therefore generally similar to 

that observed (8] in (001] twist boundaries in goid where similar GBD net

works were observed near the E = 5, 13 and 17 special misorientations. 

In one case (the E = 13 case) the secondary GBDs were found to be partial 

dislocations which separated patches of interface which were degenerate forms 

of the same ordered interface. This interesting result therefore proves 

that partial secondary GBD arrays may be stable in certain cases. 

Numerous extrinsic GBDs have also been observed iri many of the MgO 

boundaries. They appear to be present as a result of the interaction of 

lattice dislocations with the boundaries. Many examples have been found of 

the decomposition of lattice dislocations into GBDs and the subsequent 

rearrangement of the product GBDs in the various boundaries. Again, many 



. . 
.· 

L =I :L=25 L=l3 L=l7 .L=5 L=29 

I I I I I 
I I I I I 

500 I I I r I 
I 

I I I I 

I I I I I 
. 400 I . I I ,,, 

,II 
111 ,u til 

,, 
I :II II, Ill ,,, ,,, 
I 

r'l 
. ,, Ill Til II, 

I 'II . 'II 300 I Ill ,,l ,,, 
lll II . 

I I ~I 
,,, 

i I I~ 0 
\ 

lk 
fll ~,, ,,, 

d (.A) ll' l Ill ~,1 II! 
'I' 

I 

Ill ,,, ,,, 
Ill 

~ 

200 \ . I 

Ill "' 'I' 'I' ~I \ II 
\ 

,,, ;,1 Ill J I' 
. ,,, 

\ 
,,, 

'I' .,,, I \ 'II ,,, I I 
\ II \ lj \ I I \ 'I' 100 \ II I I I \ . I I 

I 
.... I \ II \ J I' I I \ /q 

'),· I I \ I j \ . I I \ 
............... I I \ I \ I I \ I I \ I I \ I I \ 

/ ' 
I I I . I I I I 

0 5 10 15 20 25 30 35 40 45 

e (de g) 

Fig. 1. Measured spacing of screw GBDs in arrays formed in (001] twist boundaries in MgO .. The arrays 
form in the vicinity of a number of !?-Pecial misorientations corresponding to dense coincidence 
lattices with L = 5, 13, 17, 25 and 29. (8 = twist angle) 
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of the phenomena appear similar to those previously observed in [001] twist 

boundaries in gold [5,6]. It may therefore be concluded that many aspects 

of grain boundary structure involving secondary GBDs in MgO are similar 

to those found in simple metals such as gold. 

A complete account of this work is under preparation. 

(B) A Study of Grain Boundary Dislocations in Plane Matching Grain. Boundaries. 

For the purposes of this work we have defined a plane matching (PM) 

·boundary as a boundary in which .a single stack of planes of indices (hkl) 

in each crystal adjoining the boundary is either parallel, or nearly parallel, 

and where no other sl.gnificant lattice matching of the two crystals exists. 

When the (hkl) planes are nearly parallel, and the indices are fairly low.· 

(i.e., the planes are fairly dense), there is considerable evidence that the 

boundary energy can often be reduced by introducing secondary relaxations in 

the boundary structure which improve the degree of alignment of these planes 

across the boundary. These secondary relaxations appear in the form of 

secondary grain boundary dislocations (GBDs) which have frequently been 

observed as line defects in such boundaries by electron microscopy. 

A number of purely geometrical descriptions of such relaxations has been 

given by various workers. Pumphrey (9] focused attentjon on the traces in 

the boundary plane made by the nearly matched (hkl) planes in many unrelaxed 

PM boundaries and showed that the pattern of the subsequent secondary relaxa

tion should often resemble the Moire pattern formed by these traces. However, 

Balluffi and Schober (10] pointed out that this approach cannot be applied 

universally and th~t there are cases where the traces do not form Moire 

·patterns, e.g., in symmetric tilt boundaries where the (hkl) planes are al

most parallel to the boundary plane .. Later, Ralph, Howell and Page (11] 
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gave a description of PM boundaries in terms of the disregistry of the (hkl) 

planes across the boundaryand discussed a variety of types of disregistry 

and the types of GBDs which would be produced by secondary relaxations·. 

In our work [12,13] a search was made (by transmission electron micro~ 

scopy) ·for possible intrinsic secondary grain boundary dislocation (GBD) 

arrays which might be present in such boundaries possessing a variety of 

deviations from the exact PM condition. (002), (220) and (420) PM boundaries 

of controlled geometry were prepared in gold thin film bicryst~l specimens . 

. Wide ranges of twist and tilt deviations from the exact PM orientation were 

introduced, and the orientation of the boundary plane was also varied for 

cases of fixed crystal misorientation. Arrays consisting of parallel GBDs 

were found in the (002) and (220) boundaries but not in the (420) boundaries. 

The Burgers vector of the GBDs was parallel to [hkl] with a magnitude given 

by the (hkl) interplanar spacing. Arrays were found in boundaries with twist 

deviations as large as 4° and tilt deviations as large as 14° and with a 

wide range of g;r~in boundary plane ori"entations. The results suggest. that 

discrete GBDs should be present in a variety of (002), (111) and (220) PM 

boundaries over a considerable range of misorientation which in certain cases 

may be as large as 20°. Such boundaries should therefore appear rather 

frequently in general polycrystalline materials in agreement with the esti

mates of Warrington and Boon [14]. If we assume that physically distinguish

able GBDs can form in PM boundaries with (hkl) as high as (220) and with 

deviational misorientations as large as 6a = 14° we may construct the angular 

misorientation space_over which GBDs may form, shown in Fig. 2 1 where a cone 

of angles including all misorientations less than 14° has been constructed 

around each [hkl]. It is seen that the probabil.ity that any <200>, <lll> 

or <220> direction of a randomly oriented crystal will fall into an 
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Fig. 2.. Standard stereographic projection of angular 

misorientation space (within small circles) over 
-+ 

which discrete b · GBDs may be stable in PM 
3 

boundaries. 



-8-

appropriate cone is relatively large;· Of course, if allowed values· of 6B 

exceed 14°, or if the polycrystalline material possesses a favorable tex

ture, the probability wouldbe correspondingly increased. 

Finally, it was concluded that the physical basis for the stability of 

·such qbserved GBD structures is not we 11 understood at present. 

(C) An Analysis and Review of High Angle Grain Boundaries as Sources or Sinks 

for Point Defects. 

In this work [15,16] we first described a plausible secondary grain 

boundary dislocation model for high angle grain boundaries as sources/sinks 

for point defects in the light of recent advances in our knowledge. of grain 

boundary structure. We then went on to review available experimental results 

for source/sink behavior. Available experimental results were then compared 

with the predictions of the proposed model; and, finally, a brief .critical 

discussion was given of the current status of the field. 

All models for high angle grain boundaries as point defect sources/ 

sinks which have been proposed either explicitly or implicitly assume the 

existence of perfect secondary grain boundary dislocations (SGBDs) which 

climb in the boundary plane by creating/annihilating the point defects. Such 

a model has the feature that the atomic structure of the boundary is con

served as the SGBDs climb which is consistent with our expectation that every 

grain boundary possesses a unique atomic structure of mihimum energy. 

Furthermore, the SGBDs provide unique locations where point defects can be 

created/annihilated with a total energy change which is very close to the 

formation energy .of the point defects in the boundary. This mod~l therefore 

bears a close resemblance to models [17] for single crystal growth by con

densation/evaporation. In the crystal growth case atoms are added/removed 

at surface steps which sweep across the surface. There is therefore a direct 
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analogy between the SGBDs .and the surface steps, and the source and sink 

problem may be regarded essentially as a problem of crystal growth at an 

internal surface, i.e., the boundary. 

The model is illustrated in Fig. 3 in a very general representation 
I 

which ·includes the possibilities that the lattice defects may enter or 

leave the boundary and diffuse in both the lattice and the boundary,· and 

.that they maybe created and annihilated at.SGBDs as indicated. As is 

evident from Fig. 3, the operation of a grain boundary as a sink, for 

example, is generally a highly complex process involving a number of 

steps which may include diffusion of the· point defects to the boundary, 

diffusion of the defects in the boundary and ultimate annihilation at 

jogs on the SGBDs. Factor'::i which will be of importance in determining 

the sink efficiency of a boundary, therefore, include at least the fol-

lowing: 

(i) the density of the. SGBDs and associated jogs which. is available; 

(ii) the ease (rate) with which point defects are created/destroyed 

at the SGBDs; 

(iii) the structure, energy and diffusivity of the defects in the 
) 

lattice and the grain botmdary. (For example, if the defects 

are bound to the grain boundary core, and if they diffuse 

rapidly there, the core will act as an efficient collector 

which will deliver the defects to the SGBDs, a.nd, hence, 

increase the overall efficiency.) 

(iv) the nature of the point defect diffusion field .adjoining the 

boundary. (For example, as this field becomes larger. in·extent, 

the efficiency of th~ source/sink. should become greater, i.e., 

less sensitive tq local djfficulties in creating/destroying the 
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defects at the boundary, since more time is then consumed in 

diffusing away from/to the boundary.) 

These factors were then described and analyzed in detail. All. available 

experimental results were then reviewed, and the results allowed us to reach 

the following conclusions: 

i) non-special boundaries operate as highly efficient vacancy 

sources/sinks in a number of situations in the presence 

of chemical potentials as low as !11 I = 10-5 eV; 
v 

ii) however, threshold effects may appear in certain cases with 

generally occurring boundaries (which must include many 

non-special boundaries) when l11vl is in the range 

-5 -4 10 - 10 eV; 

iii) the source/sink efficiency tends to decrease as boundaries 

becoine more special. Special boundaries with 3 ~ L: ~ 15 

are inopP.rl'l:t:tve as vacancy SOt,l:rces when Ill I = 2 x 10-5 eV. v 

All boundaries, including the special L: = 3 coherent twin 

boundary, become operative, at least as vacancy sinks, at. 

very high chemical potentials (i.e.,[Jl I = 0.7). However, v 

the efficiency of at least the special E = 3 coherent twin 

. boundary remains lower than that of non-special boundaries. 

Finally, an analysis of these results relative to the SGBD model indi

cated that they were consistent ,.,ith the expected behavior of the SGBD model· 

within the limits of our present knowledge. 
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(D) An Analysis and Review of Grain. Boundary .Structure·in Metals and 

Ceramic Oxides. 

In this work [18,19] a critical review was givenof the state of our 

current knowledge of the struct~re of high angle grain boundaries in metals 

and in ceramic oxides. Particular attention was given to effects due to 

differences in the bonding and crystal structure in these solid types. The 

results of recent experimental work and efforts to inodel grain boundary 

structure using computer simulation methods were described. Important 

characteristic feafures of boundaries in these materials were discussed. 

Difficulties which are presently being encountered in efforts to determine 

l their structure were pointed out. 

It was concluded that the state of our knowledge of grain boundary 

structure in metals is considerably more advanced than in ceramic oxides. 

In the case of the metals, a relatively large number of·experiments has 

been ·performed \vhich has yielded· critical information about boundary fine 

structure. In addition, the computer simulation of boundary structure has 
; 

produced detailed models which seem to be consistent with experiment in 

many respects. In contrast to this, only a limited number of useful ex-

periments has been performed with relatively pure ceramic oxides, and, 

furthermore, no successful computer modeling has been accomplished. 

The disparity in experimental results may be attributed, at least in 

part, to the fact that it is generally more difficult to produce and 

examine controlled grain boundaries in reasonably pure ceramic oxides than 

in metals. The disparity in the modeling results is undoubtedly due to the 

fact that the relaxation phenomena are more varied and complex in the 

ceramic oxides than in the.metals. 
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Relaxation mechanisms which could _conceivably be of importance in 

.relaxing the core structure of grain-boundaries in pure ceramic oxides 

include some, or all, of the following: 

(a) Ionic reshuffling which might be accomplished by bond stretching· 

·and/or compression, rigid-body translations,. or microfaceting 

of the boundary plane. 

(b) Insertion or removal of self-ions of either polarity. 

(c) Polarization/reduction in ionicity/change in nature of bonding. 

Bond.stretching and/or compression in many cases will undoubtedly be 

coupled to the other atomistic relaxation modes suggested. Thi:. is evident 

from the fact that many of these modes operating by themselves seldom seem 

to produce a more favorable situation with regard to charge mismatch across 

the interface. Complex reshuffling of ions between the two crystals by 

itself, for instance, would cause considerable (and undesirable) charge 

disturbances throughout the bulk. Rigid--body in-piane translation of one 

crystal with respect to the other by itself might significantly lower the 

electrostatic energy for 'layer' structures but not for 'checkerboard' 

structures. In a 'checkerbe>ard' structure, an example of which would be 

a [001] twist boundary, a decrease in the Coulomb repulsion between one 

pair of mismatched ions is generally opposed by a correspondiri~ increase in 

Coulomb energy by another pair of mismatched ions within the CSL periodic 

unit cell of the boundary. In addition, the magnitude, and hence. the im

portance, of t,mique translations tends. to decrease as l: increases. 

Finally, it was concluded that a wide variety o~ modern research tech

niques is currently available which can be profitably applied to the deter

mination of the structure and properties of grai.n boundaries in both 

metals and ceramic oxides. Further progress, particularly with ceramic oxides, 
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will depend upon the completion of further high resolution experiments using 

carefully controlled boundaries in well-characterized specimens and further 

modeling efforts employing more realistic relaxation methods. 

(E) Simulation of the Structure of Vacancies in High Angle Grain Boundaries. 

There is now considerable evidence [20,21] that the atomic arrangement 

in the cores of high angle grain boundaries in metals is relatively densely 

packed and that the atoms tend to arrange themselves as much as possible 

in gToups where nearest-neighbor distances are approximately conserved. 

It has often been assumed [22] that a vacancy can exist as a bona fide point 

defect in such an irregular structure, i.e., as a "inissin:g atom" and that 

it can diffuse in the boundary and also either enter or leave the boundary 

via the adjoining lattice by means of diffusional jumps. It has also been 

.concluded [23] that atomic diffusion in grain.boundaries most probably occurs 

by a vacancy exchange mechanism. However, despite the obvious importance 

of these phenomena, very little effort has· been made to establish a satis

factory understanding of the detailed structure and properties of vacancies 

in grain boundaries. 

It may be anticipated that difficulties should arise in such an under

taking. Firstly, there is an inherent difficulty in describing the structure 

of a point defect in a given boundary, since boundaries do not possess uni

form lattice-like structures, and, in addition, the defect may be spread out 

(i.e., delocalized) in the non-uniform boundary structure. Secondly, the 

defect stn1cture will vary ~ith the position of the defect in the boundary. 

Thirdly, an infinite number of ~rain boundary structures exist depending 

upon the crystal misorientation, i~clination of the boundary plane, etc. 

Fourthly1 the defect structure will depend upon the form of the interatomic 
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potential and will vary from metal to ·meta1. 

In the present work [24] we investigated the structure of vacancies in 

a variety of grain boundary sites in a variety of high angle boundaries in 

a variety of metals using a computer simulation model employing a realistic 

.central fore~ interatomic potential. All calculations were made in the 

static mode (i.e., "at 0° K"). Our major aim was to gain an overall impres-

sion of the range of defect·structures which might exist under various 

conditions. 

The major result of the work to date [24] was a demonstration·that the 

vacancy does indeed exist in the grain boundary as a bona fide point defect. 

In all cases the vacancy could be identified as a missing atom in the grain 

boundary structure. However, the degree of relaxation around the missing 

atom varied widely. 
1
In some cases the vacancy existed as a highly localized 

empty site in a manner generally similar to a missing atom (vacancy) in the. 

perfect lattice. In other cases atomic relaxations around the originally 

missing atom caused the vacancy to "split" and distribute its free volume 

over several atomic distances. In a more extreme case the atomic relaxa

tions around the site of the originally missing atom were distributed over 

an even larger volume, and the vacancy became highly delocalized. 

·These results have important implications with respect to the mechanism 

of grain boundary diffusion (see Section II.G) and the action of a grain 

boundary as a source or sink for vacancies as discussed already in Section 

Ii.C. They imply that vacancies.can indeed enter and leave grain boundaries 

as indicated previously in Fig. 3. There is also reason to believe .that 

relaxed vacancies in the grain boundary of the type just described should 

be able to migrate easily and therefore be responsible for rapid grain 

boundary diffusion (i.e., grain boundary "short-circuit" diffusion). This 
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point is discussed further in Section II.G. 

(F) Development of a Model for Diffusion Induced Grain Boundary Migration. 

There is now clear experimental evidence [25] that grain boundaries can 

be induced to migrate under· certain conditions when solute atoms are diffused 

along them. This process has been termed diffusion induced grain boundary 

migration (hereafter referred to as DIGM). If solute atoms are diffused into 

a boundary in a pure metal from some source under conditions where the lattice 

diffusion length is relatively short, the boundary is observed to migrate 

leaving behind an alloyed zone in its wake. Alternatively, if solute atoms 

are diffused out of a boundary in an alloy to some sink the boundary is again 

observed to m"igrate leaving behind a de-alloyed· zone in its wake. Clearly, 

the overall motivation for such an effect is the change in chemical potential 

of the diffusing atoms when they engage in either solid solution mixing or 

un-mixing as a result of the combined grain boundary diffusion and migration. 

This effect is of considerable interest since it may lead to significant bulk 

alloying, or de-alloying, and grain boundary migration under conditions where 

lattice diffusion is negligible. 

On the basis of a detailed consideration of all of the available experi

mental observations we concluded that DIGM must be associated with the unequal 

diffusion rates of solute and solvent atoms in the grain boundary. It is 

worthwhile noting that at the present time there is no conclusive evidence 

from other experiments reported in the literature for the existence of 

unequal chemical diffusion·rates ~n grain boundaries. The present evidence 

is therefore the first indicating the existence of this effect. The conclusion 

that such an effect exists is a natural extension of the well-established 

observation that solute and solvent ·atoms generally diffuse at different rates 
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in the lattice causing the bulk Kirkendall effect, and it would actually be 

surprising, therefore, if it did not o.ccur in grain boundaries. Furthermore, 

it should be pointed out that the existence of unequal grain boundary dif

fusion rates appears to be consistent with our rather limited current know

ledge of the mechanism (mechanisms) of grain boundary diffusional processes 

[23]. For example, it is known that a net current of atoms can be induced 

to flow in grain boundaries, as during diffusional (Coble) creep, and it has 

been considered likely on the basis of this and additional considerations that 

grain boundary diffusion occurs by a defect mechanism [23]. 

Therefore, basing our model on the existence of unequal diffusion rates 

in the boundary, it was necessary to account for: 

(i) the operation of the grain boundary as a source/sink for atoms which 

is capable of supporting the unequal diffusion; and 

(ii) a coupling between the source/sink action of the boundary with ·che 

migration of the boundary. 

In tho light of recent r~rhrances in OUT 1,mderstanding of ~rain boundary 

structure and kinetics [15], the only plausible model for (i) and (ii) was one 

in which grain boundary dislocations (GBDs),· and their associated steps [15], 

climb in the plane of the boundary. This mechanism involves the motion of 

line defects across the boundary and is closely analogous to the well-known 

surface step mechanism for single crystal growth. In such a mechanism the 

line defect can move without incurring large energy changes in the overall 

system by means of localized fluctuations which involve relatively small num-. 

bcrs. of atoms in their cores .. This is consistent with the current idea that 

all grain boundaries possess a certain degree of unique order in the equili

brium structure which tends to be preserved. 

A detailed model !:lased on these ideas is currently under development \vhich 
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appears to be consistent with the experimental results which are currently 

available. This \vork is being carried out in collaboration with J. W. · Cahn 

of the National Bureau of Standards. 

(G) Determination of the Mechanism for Grain Boundary Diffusion in Metals. 

As described above in Section !I.E., we have currently completed an 

extensive study of the structure of vacancies in grain boundary by computer 

simulation in the static mode. Our goal was to obtain general information 

about the structure of vacancies in a variety of grain boundaries under a 

·variety of conditions. As pointed out previously in Section !I.E., such va

cancy calculations are highly relevant to the question of whether grain bound

ary diffusion occurs by a vacancy exchange mechanism. 

In order to proceed further we have organized a c.ollaborative effort 

with Professor Sidney Yip and Mr. T. Kwok (Dept. of Nuclear Engineering, M.I.T .. ) 

to carry out a full molecular dynamics computer ~imulation of possible grain 

boundary diffusion by a vacancy exchange mechanism. These workers have had 

considerable experience in carrying out molecular dynamics t)~e simulations 

of atomic processes in mani-bodied systems and are interested in the problem 

of the mechanism of grain boundary diffusion. In this work we are first 

carrying out the static computer simulation of a vacancy in a grain boundary 

as already described in Section !I.E. The resulting structure is then fed 

into a molecular dynamics t)~e calculation as an initial state, and vibrational 

(kinetic) energy is added to the _system, i.e., it is "heated up". The dynamics 

of each atom in the grain boundary is then monitored as a function of time. 

Of major interest is the direct observation of possible interchanges of 

grain boundary atoms with the vacancy, i.e., grain boundary diffusion by a 
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vacancy mechanism. It is hoped that we will be able to determine migration 

frequencies and energies by this technique and .to ascertain whether grain 

boundary short-circuit diffusion actually occurs by this mechanism. · If it 

turns out that this is not the case, an attempt will be made to model bound-

ary diffusion by an interstitialcy mechanism. 

3.. COMPLIANCE WITH ORIGINAL PROPOSAL Ai\JD LEVEL OF ACTIVITY 

The research performed and the level of activity of the Principal Invest-

igator are in.compliance with the original proposal. 

R. W. B·ailuffi has spent 40% of his time on the project during the nine-

months academic year and he will spend 100% of his time during 1 summer month 

on the project before the expiration of the current contract year. During the 

same period he will spend 100% of his time for 1 summer month on a second 

project entitled "Structure of Grain Boundaries" which is supported by the 

National Science Fo·undation under Contract 78-1 ?R04 nMR. 

4. LIST OF DOCUMENTS GENERATED DURING CONTRACT PERIOD 

(1) C. P. Sun and R. W. Balluffi, "Observation of Intrinsic and Extrinsic 
Secondary Grain Boundary Dislocations in [001] High Angle Twist Boundaries 
in MgO," C00-5002-6, June 1979. 

(2) R. Schindler, J; E. Clemans and R. W. Balluffi, "On Grain Boundary,Dislo
cations in Plane tvlatching Grain Boundaries," C00-5002-7, August 1979. 

(3) R. W. Balluffi, "High Angle Grain Boundaries as Sources or Sinks for 
Point Defects," C00-5002-8, .September 1979. 

(4) R. W. Balluffi, P. D. Bristowe and C. P .. Sun, ••Grain Boundary Structure 
in Metals and Ceramic Oxides,•• C00-5002-9, December 1979. 

(5) P. D. BristO\<~e, A. Brokman, F. Spaepen and R. W. Balluffi, "Simulation of 
the Structure of Vacancies in High Angle Grain Boundaries,•• C00-5002-10, 
May 1980. 
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(6) ·R. W. Balluffi, '~Kinetic Processes at Grain Boundaries,". Progress Report, 
C00-5002-11, May 1980. 
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