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ABSTRACT

Thevsfructure‘of vacancies in grain boUndariés has beén investigated
by‘computer molecular statics employing pairwise potentials. In order to
gain an impreséion of the vacancy structures which may occurAgenerally, a
Anumbef of variables was investigated including: metal type, boundary type,
degree of iattice coincidence and choice‘of boundary sité.~ In'all cases
the vacancies remaiﬁedAas distinguishable point defects in the relatively
- irregular boundary structures.. However, it was found that the vacancy
often induced relatively large atomic displacements in the core of the
boundary. ‘These displacements often occurred ohly in the direct vicinity
of thg vacancy, but in certain cases they were widely distributed in the
boundary, sometimes at surprisingly large distances. In certain cases
the displacemehts included a large inward relaxation of one, or more, of
the atohs neighboring the vacancy, and the initial vacant site became
effecfively "split'". These results were cléssified and discussed in
relation to the vériables listed above. Several binding energies to the
boundary were also calculated. Finally, the relevancé of the results to

the mechanism of boundary self-diffusion was discussed..



l.l INTRODUCTION
It has often been assumed (or suggested) [1-3] that vacancies exist in
high angle grain boundaries as bona fide point defects, i.e., as distin-
guishable missing atoms in the structure, and that they can diffuse in the
boundary via the adjoining lattice. It has also'béen concludéd £hat_the

relatively rapid atomic diffusion observed in grain boundaries [1,2] most

‘probably occurs by the exchange of atoms with such vacancies in thermal

equilibrium. Despite the importance of these phenomena relatively little

effort has been made in past years to establish a satisfactory understanding

~of the structure and properties of vacancies in grain boundaries. Several

authors [4,5,6] have modeled grain boundary vacancieé-using the computer
simulation approach. However, theirvwork did not focus.on the relaxed
structure of the vacancy, and, moreover, they considered only a small
angle boundary or a coherent twin, both of which are of limited interest. -
Most recently, we héfe présented a preliminarf account [7] of attempts
to study the strﬁcture of vacancies in several grain bogndéries using
computer simulation employing the method of molecular statics and also
;imulatipn employing'bubble raft and dynamic hard sphere models. In all
cascs; and iﬁ all modelg, Lthe vacancies indeed existed as distinguishable
point defects even though they may have been considerably relaxed in
certain cases. Also, in all cases the atomic relaxations around the
vacancies in the grain Eoundaries were greéter than in the corresponding
perfect lattice.  This result was attributed to the more irregular and
lower symmetry structures present in the cores of the boundaries which
allowed a variety of short-range order environments to exist. Also, at

about the same time, Hahn and Gleiter [8,9] obtained some additional results

regarding the relaxation of vacancies in grain boundaries, using a static



computer simulation model employing a Morse potential, which are similar

in some respects to those reported in [7].

- In the ﬁfesent paper we describe the results of a considerably moré
extcﬁsive study of vacancies in grain boundariés using the computer simula-
tion method. As pointed ou£ previously,[7]{ there is a number of inherent
difficulties in carrfing out such a‘program. Firstly, grain boundaries

possess irregular atomic structures making the structure of a vacancy in a

-grain boundary somewhat difficult to define and describe. Secondly, the

vacancy structure varies with its position in the boundary. Thirdly, an
infinite number of different grain boundary structures exists depénding
upon the nine degrees of freedom of the boundary, i.e., crystal misor-

ientation, orientation of the boundary plane, etc.  Fourthly, the results

"depend upon the crystal structure of the adjoining grains and on the specific

metal which is involved. Consequently, it is necessary to study vacancy

structures in boundaries over a wide range of conditions in order to obtain

an overall impression of the structures which may occur generally. We
have attempted to cope with this situation in the present work by calcu-
lating vacancy structures over the rather wide range of variables shown

i

schematically in Fig. 1.

2. COMPUTATIONAL‘PROCEDURES
To deterﬁinelthe relaxed formation energies and displacement fie}ds of
the defects considered in this paper the method of computer molecular
statics has been employed. Many of the advantages and disadvantages of
using this teéhnique have been examined previously [10,11], and only one
particular-aspect, namely, the effect of ignoring temperature and entropy,
will be méntioned further in this work (see Séction 4). Baéically{ the

method involves the creation of a model bicrystal in the appropriate orien-



tation consiéting §f an assembly of atoms which interact via an aséuhed
pairwise central force interatomic potential. The equilibrium grain
boundafy configuration is ;hen found by'minimizing the total potential
energy of the system with respect to the atomic positions. The period-
icity of the Coincidence Site Lattice (CSL)'is usually utilized to

create a computational cell of minihum dimensions which does not constrain

the relaxation.

A vacancy is'then intfoduced in the relaxed and equilibrated bound-
ary by simply removing an atom ffom a preselectéd site in the boundary,
and the stfucturé is again relaxed. In this operation the periodicity
of the structure is lost, and a much larger computational'cell |
is required. Thus, when simulating the iﬁteraction of a vacancy with .a
grain boundary é model containing.a multiple number of unit CSL cells is
used primarily to‘reduce the influence of the bordérs-on'the relaxation.
Also, since’it is still desirable to impose periodic border conditions.in
the ‘plane of the boundary, the model dimensions should also be sufficiently
large to minimize the mutual interacfion'between vacancies in the infinite
vacancy array that is effectively being simulated. In all of the models .
used in the present calculations, with the possible exception of cases
where the vacancy relaxations in the boundary were exceptionally large,
the interfering effect of borders, surfaces aﬁd neighboring cells is thought
to be minimal. .

Four semi-empirical interatomic potentials were used in the calcula-
tions, two rep;esenting bcc iron and tungsten [ 12 ] and two representing
fce copper and nickel'[ 13]. Also, a Lennard-Jones potential with para-

meters appropriate to krypton was used (see Fig. 2). The semi-empirical



potentials consisted of cubic splines fitted'fo various bulk pfopefties‘
of the metals concerned, and in the case of iron the potential was mafched
fo the elastié consténts so as to obey the Cauchy relation. Thus, the
iron‘potential'was an equilibrium potential, whereas the others were non-
equilibrium and predicted non-zero values for the Cauchy pressure.

. The purpose of the present calculations was to determine the spatial
relaxation>field around an isolated stationary vacancy in a graiﬁ boundary
and also compute the vacancy formation (or binding) energy. No attempt
was made to determine the migratioﬁ energy of the vacancies
in the grain boundary by moving them along a preselected path. Although
" such calculations are possible using a static procedure (;ee, e.g.,.[5;14]), it
is undoubtedly more appropfiate to employ molecular dynamics in such cases.
It.should be emphasized that the removal of atoms created genuine extrinsic
point defects and not the so-called ”gtructural vacancies" which in some
studies [ 15 ] have formed part;of the procedure for obtaining the equi-
librium boundary structure. |

The exact calculation of the'formation energy EE‘(or binding enérgy
Eg) of é vacancy in the boundary requifes a knowledge of its formation vol-
ume QE in the boundary. ‘thus, 1n'a manner analogous to the calcﬁlation of
the formation energy of a vacancy in a single crystal [ 16.], the grain

boundary vacancy formation energy is given by

F PP F ' ' ‘ .
Eg = Ep * PY (1)

PP . . . .
where EB is a grain boundary pair potential term, and p is the Cauchy pres-

sure. The binding energy of the vacancy to the boundary is then given



by
B _ _F
EB = EB - E
PP _PP F _F ‘
= - - 2
Eg EL -+ 09 - 19 , A (2)
F PP F . . .
where EL’ EL and QL are the formation energy, pair potential term and

formation volume of the vacancy in the single crystal, réspectively.

The value of Qi has been'calculated most recently [16,17] by evaluating
theldefect stfength tensor which is related to thé forces and positions
of atoms remote from the defect near the borders of the computational
cell. This method would be difficult to épply in the case of a grain
boundary vacancy, especially one that is split as déscribed

below in Section 3. Therefore, two simplifying cases are considered here.

Clearly, if an equilibrium potential i5 used in which the Cauchy pressure

. F . . .
is zero, pQB = in‘= 0 , and it unnecessary to compute the formation vol-
umes. Also, if it is assumed when using a non-equilibrium potential that

Qg'= QF , which is.fairly accurate for a non—split grain boundary

vacancy, then pQg = in ,» and, again, only the pair potential terms con-

tribute to the formation and binding energies. When the vacancy is

split in thé boundary such an'apﬁroximation is lesg valid, and,

therefore, only crude estimates of Eg and Eg may “be méde.

Finally, it should be pointed out that these energy calculations may be -

strongly dependent on various basic assumptions involved in constructing the

interatomic potentials. In particular, it has recently béen argued [18]

that three-body forces are necessary to describe correctly the vacancy

formation energy in a metal such as aluminum. Howeve;,‘the effect of these
/

forces on the vacancy formation energy in more complex systems, such as the

noble and transition metals, although unknown, is thought to be less important.



3. RﬁSULTS

We how present a‘selec£ion of results which is thought to be typical .
of the range of effects that can occur. As indicated in Fig. 1, results for
vacancies in two types (pure tilt and twist) of boundaries with differing
- degrees of coincidence (Z=5, 13, and 25) are given. Boundary configﬁrations
in both’bcc and fcc lattice structures are considered in a nﬁmber of metais,
and in the case of tilt boundaries the effect of boundary asymmetry is also
investigated. Finally, vacancy structures in different sites in several
boundaries are shown.

For simplicity, the.resuifs forvthe relaked structures and the binding
energies are'described separately in Seétions 3.1 and 3.2. -Finally (in
Section 4), the results are discussed together and related to the var-

iables described above.

3.1 Relaxed Structures .

In many cases it was found that the intfoductiqn of a vacancy inddced
relatively large atomic displacements in the core of the grain boundarx.*
These.displacements often occurred only in the direct vicinity of the fa—
‘cancy, but in certain cases they were'widély distributed in the boundary,'
sometimes at surprisingly large distances. Also, in certain cases the dis-
plécement included a large inward relaxation of one, or mbre,.of the
neighboring atoms surrounding the vacant site. In such cases the initial

vacant site became effectively ''split". In the following discussion we -

therefore pay particular attention to the following questions. Did the.

* It is emphasized that these displacements were very much larger than the
usual elastic displacements expected of a point center of dilation in
a perfect lattice and are a result of the fact that atoms in the rela-
tively disordered structure in the boundary core may be more easily dis-
placed than perfect lattice atoms.



vacancyiinducé large atomic displaéements in the grain boun&ary? Were
the displacements widely distributed or were'the} localized very near the
vacancy? Did the displacements split the vacancy? The following cri-
teria were adopted in order to classify objectively the answers to these
questions: |
ti) a '""large" displacemenf is one which is larger than 20% of the
nearest-neighbor distance in the perfect lattice;
(ii) the displacements are '"widely distriButed” if large displacements
" are induced at distances beyond the atoms neighboring the
vacant site;
(iii) a vacancy is '"split' if a neighboring atom is displaced into
the vacancy site by a “large” displaéeﬁent (i.e.; one larger

than 20% of the nearest-neighbor distance).
" The results for all of the vacancies examined are summarized in Table 1.

=5 (36.9°) [100] tilt boundaries: Figures 3(a,b) show the relaxed

displacement field before and after the insertion of a vacancy (at the
encircled atomic site labéled 1) into a bcec £=5 (36.9°) [100] tilt boundary
with the boundary plane parallel to (310)1,2. The empirical potehtial
represepting iron was used, and the atomic relaxations caused by the
removal of an atom are shown as vector displacements projected onto the
plaﬁe of the paper which is an edge-on view. down thé tilt .axis. It may be
seen that the vacancy induced boundary displacements are relatively small
and that the vacancy remains non-split as indicated in Table 1. Figures
3(c,d) show the corresponding struétures using tﬁé potential represeﬁting
fungsten. In this case one neighbbring atom experiences a large displace-
ment into the vacancy. Therefore, one large displacement occurs, the

displacements are not widely distributed, and the vacancy is split.
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In order to investigate the effect of changing the vacancy site inva'
tilt boundéry of given structure a vacancy was introduced into the atomic
site labeled 2vin Fig. 3(a) which is very close to an O-Lattice point [19]*'in
the boundary which is shown by the X. Again, the boundary displacements
are small, and the vacancy remains non-split.

éigures 4(a,b)Ashow the relaxed displaéement field produced bf the
insertion of a vacancy into a féc z=5 (36.9°) [100] tilt-boundary Qith
the boundary plane parallel to (310)152. The empirical potential repre-
éenting nickel wasvused in this case, and the same illustration'conven-
tions are used as in Fig. 3. Eigures 4(6,&) show the corre%ponding strué-

" tures using the potential for:copper. As in the results for the tilt bound-
ary in béc iron, fhe displacements in the nickel boundary are small and the
vacancy reﬁains non-split. However, in the éopper boundary one large in;
ward displacement of a neighboring atom occuré.causing the vacancy to be-
come split. | |

The calculations for the fcc tilt boundary were repeated using the
Lennard-Jones potential for krypton, and it was found that tﬁe vacéncy
induced boundary displacements were exceedingly smélf, In fact, on the
scale of the figures présented here, the displacement vectors were not
visible. .

Figufes S(a;b) show.the relaxed displacement field before and after
the insertion of a vacancy into a bcc I=5 (36.§°) [100] asymmetric bound-
ary where the average boundary plane is parallei to (430)1. Tbe potential
‘representing tungsten was ﬁsed in this example, and’it ‘is seen that all
displacements are small. A comparison of Figs. 5(a,b) with Figs. 3(c,d)
'shows that the introductioh of asyﬁmétry does not greatly affect the natﬁre

of the vacancy displacement field, since the only significant difference is

* All O-lattices employed in the present paper correspond to rotational trans-
formations around [100] which relate nearest-neighboring atoms of Lattices
1 and 2.



the existence of one displaéement of an atom neighboring the vacancy in
;the latter case which is barely in the ”lérge" category. A vacancy in
the same type of asymmetric tilt boundary in bcc iron was also examined,
and all displacements wefe found to be small.:'This is the same result as:
that obtained for the symmetric boundary [Figs. 3(a,b)] in agreement with
the above conclusion. The reason for this .behavior is most likely that
the equilibrium structure of the asymmetric boundary actually consi;ts of
segments‘(or facets) which possess structures corresponding to symmetric
boundaries of the same coincidence system. This local atomistic faceting
-of asymmetric boundaries is thought to be quité general [20]. Since the
local vacancy environments are similaf in both the symmetric and non-sym-
metric cases, we may expect generally similar vacancy induced displacements

as observed.

I=5 (36.9°) [100] twist boundaries: Figures 6(a-d) show the relaxed

displacement field before‘and after the insertion of a vacancy (at the
encircled atomic site) into a becc I=5 (36.9°) [100] tQist boundary using
the ﬁotential representing iron. Figures 6(a,b) give the plan and edge-
on views of the equilibrium boundary structure without the vacancy, and
Figs. 6(c,d) show the atomic:relaxations, represented by vector displace-
ments projected on the piane‘of the paper, after the removai of the atom.
It should be noted that the plan view, which is a view down the [100] twist
axis, contains nine =5 CLS unit cells and that only four (100) planes

(two above and below the twist boundary) are included for clarity. The
vector displaéements shown in Figs. 6(c,d) illustrate that the displacements
are small and that the vaéahcy js non-split. |

Figures 7(a-d) show the corresponding structures using the tungsten
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potential. This time the atomic displacements caused by>the~presence of the
vacancy are large and spread over several CSL unit cells. In addition, a
significant inward relaxation of atoms neighboring the vacant site has
océdrred causing the vacancy to become split. This figure, which‘contrasts
sharply with Fig. 6, is an example of a vacancy which is spiit and has

also induced large and widely distributed displacements.

Figures 8(a-d) show the relaxed displacement field before and after
the insertion of a vacancy into a fcc I=5 (36.9°) [100] twist boundary
using fhe copper potential. The illuStration conventions are the same
as before, énd it is seen that tﬁe equilibrium structure of the boundary |
.before the removal of the atom involves an in-plane translation of‘Lattice
1 with respect to Lattice 2 away from the CSL position [Fig. 8(a)].

Upon relaxation of the b&undary vacancy, large displacemenﬁs occur iq
the general vicinity of the defect but they are not as extensive as in
the case‘of tungsten. Also, the vacancy is split. Quite a different
result was obtainéd when the nickel potential'was employed with this bound-
ary [Figs. 9(a-d)]. Once more the Boundary structure involves an in-plane
translation, but, upon introducing a vacancy, only one neighﬁoring atom
is essentially involved in the relaxation [shown by the large arrow in
Fig. 9(d)]}. The vacaﬁcy splits in order to share two adjacent atomic sites,
and an atom sits in the boundary piane midway between Lattices 1 and 2.
Thus; this defect induces a large displacement which is localized and causes
it to be split in a manner similar to the vacancy described earlier in
connection with the copper tilt boundary in Fig. 4(c,d).

In order to investigate the effect of changing the vacancy site

in a twist boundary a vacancy was introduced in an O-Lattice site in a
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I=5 twist boundary in‘copper under conditions Qhere no in-plane transla-
tion of Lattice 1 with respect to Lattice 2 was allowed [seeAFig. 10(a)]. This
condition preserved occupied O-Lattice sites while making the boundary slighfly
metastable to the presumably equilibrium‘structure possessingA;he in-plahe
translation shown pfeviously in Fig. 8(a). The structure is shown in

Figs. 10(c,d), and it is seen that the vacancy in this site is non-split
rather than split [as in Figs. 8(c¢,d)] and its displacement fieid is
localized. It is intéresting to note that all of the small displacements

of the atoms neighboring the'vécancy are tangential with respect to the
center of the vacant site (taken as a center of rotation), and, hence, do
nét tend to splitAthe vacant site. Furthermore, the introduction of the
vacancy induced small displacéments elsewhere in thé boundary which were
mainly tangential to other O-Lattice points in the boundary [Fig. lb(c)].
The structure of an O-Lattice vacant site in another boundary was calculated
for the case of the =5 twist boundary in tungsten shown previously inv

Fig. 7(a). The vacancy in this case [Figs. ll(é,b)] has again induced large
displacements which are widely distributed in théAboundary. However, the
displacements are mainly tangential around the O-Lattice points, and the
vacancy remains non-split. The results are generally similar to those
obtained for copper except that the displacements are considerably larger
and more widely disfributed. We note that the strﬁcture3in Figs. 11(a,b)
was not completely equilibrated inAthe computer due to the long computa-
tional time required. However, this feature of the calculation should not

" have affected the qualitative aspects of the above results.

When the Lennard-Jones potential for krypton was employed to relax

the I=5 twist boundary the atomic displacements were all very small, and



-12-

the vacancy in a non O-Lattice site remained non-split, as was the case

with the tilt boundary. -

=13 (22.6°) [100] twist boundary: A vacancy was introduced at an

O-Lattice site in a Z=13 twist boundary using the potential for copper,
and all displacements were found to be small. Again, the observable
displacements were mainly tangential around O-Lattice points, and the
displacement field was'generally similar in that respect to the one shown

in Fig. 10(c,d) for the I=5 twist boundary.

=25 (16.3°) [100] tilt boundaries: Figures 12(a,b) show the relaxed

displacement field before and after the insertion of a vacancy (at the
encircledlatomic site).into a bcé =25 (16.3°) [100] tilt boundary-with
the boundary plane parallel to (710)1’2. The potential representing iron
was used, and, as before, edge-on views are giveﬁ with the atomic relaxa-
tions due to the vacancy being represented by vector displacements pro-
jected on the plane of the paper. As with the Z=5 tilt boundary, all

relaxations are seen to be small, and the vacancy is therefore non-split.

=25 (16.3°) [100] twist boundaries: Figureé 13(a-d) show the re-

laxed displacement field before and after the insertion of a vacancy into
a fcc Z=2$ (16.3°) [100] twist boundary using the copper potential. Using
the same illustration conventions,»it is seen that only one CSL-unit cell
has been employed, and that the equilibrium boundary structure dbes not
involve an in-plane translation (these trénslations become less important

as T increases for twist boundaries). The vector displacement diagrams

7
7
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show that the vacancy has induced large displacements which are widely
distributed but that if remains non-split. The vacéncy shown is in a;

non O-Lattice site (shéwn by the X). In this case the displacements,

which are largely tangential around the O-Lattice site acting as .a center,
do not split the vacancy but produce an extensive displacement figld.

It may also be seen that most of the displacements are confined to the’
.two.planes directly adjacent to the boundarf. A siﬁilar effect occurred
when using the potential represeﬁting nickel with this boundary, and fur-

ther discussion of this pattern of relaxation is given in Section 4.

3.2 Binding Energies
Followiﬁg the procedure prescyibed in Sectién 2 the formation and
binding energies of the vacancies in the boundaries were calculated. As
noted in that séction, the calcﬁlation could be done "exactly" only for
cases where the equilibrium potential for iron was employed. How- -

ever, even here the calculation should be considered approximate, since

the potential'has been constructed efroneously from elastic constants that
satisfy the Cauchy relation. Iﬁ adaition, the neglect of long-range
oscillatioﬁs and the assumption of two-body forces may also affect the
calculations [18]. In the calculations using the other potentials, except
the Lennard-Jones one, the~éssumption fhat Qg = Qi has been made which

will lead to inaccuracies when‘the vacancy is split and has induced widely
distributed displacements. The results for the binding energy of a vacancy
.to the various boundaries cbnsideredvin detail here are given in Table 1.
It is seen that a considerable range of bindiﬁg énergie§ is found which is

not surprising in view of the approximations which have been used. The
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most reliable values; which are those for the vacancies in iron, indicate
an attractive binding energy of = 0.5 eV for non O-Lattice sites in this

metal. Further aspects of these results are discussed below.

4. DISCUSSION AND CONCLUSIONS

The more extensive results described in the present paper (summarized
in Table.l) confirm our earlier conclusion [7] that vacancies generally
remain in grain boundaries as distinguishable point defects. ‘However, their
structures may vary considerably (Table 1) depending upon the variables
lisfed in Fig. 1. Several trends were observéd which may be summarized as
‘follows:

(i) The vacancy induced boundary,displacémehts in all of tﬁe tilt

| boundaries were localized. Also, the displacements were small
in all boundaries with the exception of the Z=5(310) boundaries
in copper and tungsten where the vacancy is split.

(ii) The vacancies in the non O-Lattice sites in twist boundaries
tended to split and induce more widely distributed displacements
as the "hardness" of the interatomic potential increased. An
approximate measure of thé hardness of the potential is the space
derivative of the interatomic potential at nearest-neighbor
and second nearest-neighbor positions in the perfect lattice
expfeésed as a force (see Table 1). Since these atom-atom dis-
tances appear frequently in perfect grain boundaries, the
"hardness" defined in thisAway is a crude measure of the ability

of the boundary to accommodate local distortion.
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(iii) The'vacancies in the O-Lattice sites in the twist boundaries were
always non-split even though their displacements may have been

large and widely distributed. -

‘ Obsefvation (i) seems related to the faét that local mirror symmetry
was'preserved to a large extent in all of the tilt boundaries investigated.
This was the case even when small translations from the CSL position were
presént and whgn the boundaries were asymmetric. In the latter case, as
desqribed earlier, the boundaries were found to undergo atomistic faceting
in which the boundary breaks up into small facets eachAcorreSponding to a
symmetric‘tilt boundary segment [20]! The immediate environment for a
vacancy therefore consists of a symmetric boundary element possessing approx—
imate local mirror‘symmetfy. The tendency of fhe displacement field to
remain localized may then'be understood in a general qualitative way on
the basis,qf the higher degree of local symmetry and therefore '"order" in
these boundariés. | | |

| Observation (ii) may be explained on the basis of the effect ot the
hardness of the potential on the ability of the boundary to accommodate
local distortion.. With'a hard potential, such as for tungsfen, the atoms
act approximately‘as hard spheres and are therefore unable to '"absorb"
distorfions locally. The rearrangements associated with the introduction
of a vacancy into the boundary therefore tend to propagate (sometimes over
relatively large distances), and-the vacancy tends to become split and to
induce widely distributed displacements; On the'othér hand, with a softer
potential as in krypton, any rearrangements can be accommodated locally
by theAsofter atoms and the vacancy remains localized and non-split.

Observation (iii) must be related to the high degfee of symmetry

around O-Lattice points in [100] twist boundaries and the general form



-16-

of the displacement fields presen# in suéh boundaries. In this respéct it
is recalled that an occupied OfLattice point is also-a CSL point and that
atoms on CSL points are "correctly" located with respect to both adjoining
laftices. Brokman and Balluffi [22] have recently demonstrated that |
perfect [100] twist and tilt boundaries exhibit charactéristic primary
relaxationé in each patch of boundary centered on an O—Lattice‘element.
In these relaxations each O-Lattice point écts as a center of rotation
where the atoms of Lattices 1.and 2 in its vicinity relax in a tangen-
tial direction so as to cause a local reduction in the crystal misorien-
tation (i.e., tilt or twist rotation) to cause better lattice matching
across the boundary. There is therefore no (or‘véry little) tendency for
atoms very near O-Lattice sites to change their positions due to primary
relaxations in the perfect boundary. It is therefpre not surprising that
a vacancy.on an O-Lattice site remains non-split. However, the introduction
of a: vacancy at either an O-Lattice or a non O-Lattice'site'may induce
relaxations elsewhere jﬁ the houndary which tend to either increase or
decrease the tangential relaxations described above [see Figs. 7(a), 10(c),
411(aj, and 13(c)], énd the displacement:field associated with the vacancy
tends to becpme widely distributed. | |
No significént information about the efféct of the dégree of coincid-
ence (L) could be gleaned from the present results. Large displacements
" were induced in both I=5 and 25 tQist bouhﬁaries in 60pper'and nickel
whiie,'on the other hand, the vacancies were split with Z=5 and not with
L=25. However, this was probably a result of the choice of sites, since
the vacancies in the I=25 boundaries were very close to O-Lattice points
as seen in Fig. 13, ‘In théﬁe boundaries the primary relaxatién around the

O-Lattice point produces a local patch of boundary centered on the O-Lattice
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point which has a stfuctdre approacﬁing that of the perfect lattice:

(We note that this structure approximates the structure of lower éngle
[100] twist boundaries where these patches are better defined, and the
structure consists of a grid of discrete lattice screw dislocations run-
ning between the patches of perfect lattice [21]). Since the vacancies
are located io these relatively perfect patches, it is not surprising
that. they are non-split while at the same time oapable of induoing dis-
placements elsewhere in the inhomogeneous boundary. |

The binding energies which were calculated are listed in Table 1 and
show that the binoing energies at, or very near, O-Lattice sites are rela-
tively small. (Two of the energies are actually small and positivo, i.e.,
slightly repulsive. However, this aspect of these results should probably
not be taken seriously in view of the exoectéd accuracy.of the calculationé.)
Also, the vacancy in the highly relaxed patch of nearly perfect lattice
structure whicﬁ is associated with the O-Lattice point in the =25 twist
boundary in copper possesses a small binding energy. All of these vacan-
cies are non-split, and ;he relatively low binding energies for these de-
fects seems consistent with this result.. Evidently, the relaxations at
larger distances which were occasionally induced by these defects caused
only small changes in the energy.

We note that the most reliable binding energy calculations, i.e.,
those for iron, indicate attractive bindiﬁg energies at non O-Lattice
sites which are = 0.5 eV. These correspond to vacancy formation energies
in the grain boundary at these sioes which are = 0.6 that of the formation
energy in the latfice. These results are not inconsistent with a mechanism

for fast grain boundary self-diffusion which involves the exchange of atoms
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with grain boundary vacancies present in tﬁermal equilibrium as discussed

. elsewhere [1-3]. The present results indicate that a'variety of differenf
_types of vacancy jumps between different types of sites will‘exisf as ﬁas
beén postulated elsewhere [1,2,23,24]. Grain boundary diffusion by this
mechanism should therefore consist of a spectrum of thermally activated
jumping processes. Many of these jumps should be relatively easy, partic- -
ularly for split vacancies where atomic shuffles involving relatively small
energy barriers to thermal activation would be required.

Further calculations over an even wider range of boundary types and
.sites than covered in the present work would have been interesting in order
to establish more firmly some of the trends suggestéd by the results
achieved to date. However, limitations on available computer time made
such an effort impractical. However, further studies of'point defects in
boundaries are in progress. We are currently making a comparable study of
the structure and energy of self-intefstial atoms in grain boundaries in
6rder to invgstigate the properties of these defecfs and to evaluate their
possible role in-the grain boundary self-diffusion process. In addition,
we afé studying the structure of boundaries and their vacancy point defects
at finite temperatures using fhe method of molecular d}namics in collabora-
tion with T. Kwok and S. Yip at M.I.T. In this work we are searching for
conceivable changes in structure due to temperature (entropy) effects as the
bicrystal is heated to elevated temperatures [25] and are also observing
directly the migration of grain boundary vacancies and the relationéhip of

this to grain boundary self-diffusion.
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Table 1. Daﬁa for Grain Boundary Vacancies.

Force (eV &%)

_OZ-

Lattice Boundary Vacancy Induced Boundary Displacements
_| Second Vacancy Vacancy ’
g:?rgggr Nearest~ Formation Bo;:g:ry Binding Large? Widely Vacancy
9 Neighbor Energy (eV) - Energy (eV) Distributed? Split?
A, _

Kr  -0.003  0.003 0.1 tilt, £5(310) no no no,
twist, I5 0.3 no no no
tilt, I5(310) -1.49 yes no yes.
“twist, L5 ~0.5 . yes yes yes

ccel Cu - -0.359 0.018 1.4 twist, £58 0.3 no : no no

N 4 twist, 132 0.2 no no no
twist, £25€ 0.0 yes yes ' no

' tilt, I5(310) -0.7 " no no ' no

Ni -0.382 0.321 1.4 twist, L5 -0.7 yes no . yes

: ' twist, £25¢ - yes : yes S no
tilt, I5(310}) -0.4 " no no . no
tilt, o5(310)P 0.0 no no . no

Fe -0.305 0.352 1.4 tilt, 25(430) - no no . no
tilt ,225(710) -0.6 no no ‘ no

BCC ] - twist, L5 -0.6 . no no no
~ tilt, £5(310) - yes no yes

W -1.155  0.695 5.5 eilt, £5(430) - no no ne
twist, IS . - yes yes yes
twist, ©52 - yes yes no

aVacancy on O-Lattice site (all other vacancies listed in Table are on non O-Lattice sites).
bVery close to C-Lattice site [on site labeled 2, Fig. 3(a)].
cva'cancy in patch of almost single crystal centered on O-Lattice point.

dBinding energy particularly uncertain (see Seztion 2 in text).
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FIGURE CAPTIONS

A schematic diagram showing the range of variables studied in the

calculation of the boundary vacancy stfuctures.

The interaﬁomic potential ¢(r) for copper and nickel (see Ref.
13) and for iron and tungsten (see Ref. 12) which were used in
the calculations. Also used was a Lennard-Jones "6-12" potential
with'parameters approbriaté to krypton. The vertical strokes on
the curves indicate the location of the first and second nearest-

neighbor diStances, and a is the lattice parameter.

Displacement fields around a vacancy in a [100] bcc symmetric
tilt boundary (i=5, 8 = 36.87°, boundaryvplane parallel to (310)1 2)-

(a) and (c) Edge—on views of relaxed structure‘in iron and tungs-
ten,. respectively, before insertion of vacancy '

at encircled atom. . O-Lattice point at X.

(b) and (d) Corresponding edge-on views of atomic relaxations
arouﬁd the vacancy. Each atomic relaxation i$ represented by -

a vector displacement projected on the plane of the paper.

Displacement fields around a vacancy in a [100] fcc symmetric tilt
boundary (Z=5, 8 =36.87°, boundary plane parallel to (310)1,2)}
(a) and (é).Edge—on views of relaxed structure in nickel and
cupper, respcctively, before insertion oflyacancy at encircled
alom. (b) and (d) Correspnnding edge-on views of atomic relaxa-
tions around the Qacancy. Each atomic relaxation is repfesented

by a vector displacement projected on the pléne of the paper.

Displacement field around a vacancy in a [100] bcc asymmetric tilt

boundary in tungsten (Z=5, ® = 36.87°, boundary plane parallel to



. Fig. 6
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(430)1). (a)_Edge—on view of relaxed structure before insertion
of vacancy at encircled atom. '(b) Edge-on view of atomic relaxa-, .
tions around the vacancy. Each atomic relaxation is represented

by a vector displacement projected on the planeiof the paper.

Displacemerit field around a vacancy in a [100] twist boundary (=5,
8 = 36.87°) in bcc iron. (a) and (b) Plén and edge-on views of -
relaxed structure before insertion of vacancy at_encirciéd atom.
(c) and (d) Plan and edge-on views of atomic relaxafions aroun&
the Vaqaﬁcy. Eacﬁ atomic relaxation is<represen£ed by a vettgr

displacement projected on the plane of the paper.

Displacemeht field around a vacancy in é [100] twist boundary (Z=5,
Q = 36.87°)Ain bce tungsten; (a) and (bj Plan and e€dge-on views.
of relaxed structure before insertion of vacancy ét encircled atom.
{(c) and (d) Plan and edge-on views of atomic relaxations around
the vacancy. Each atomic relaxation is repfesented by a vector

displacement projected on the plane of the paper.

Displacement field ground'a vacaﬁcy ihAa [100] twist boundary (Z=5,
8 = 36.87°) in fcc copper. (a) and (b) Plan and edge-on views of
relaxed structure before insertion of vacancy at -encircled atom.
(c) and (d) Plan and edge-on views of atomic relaxations- around

the vacancy. Each atomic relaxation is represented by a vector

~displacement projected on the plané of the paper.

Displacement field around a vacancy in a [100] twist boundary (I=5,
® = 36.87°) in fcc nickel. (a) and (b) Plan and edge-on views of

relaxed structure before insertion of vacancy at encircled atom.
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(c) and (d) Plan and edge-on views of atomic relaxations around -
the'vacancy. Each atomic reiaxation is represented by a vector

displacement projectéd on the plane of the paper.

Same as Fig. 8 except that an in-plane translation of Lattice 1

with respect to_Léttice 2 has not been imposed on the relaxed
boundary structure, and the vacancy is in an O-Lattice site.

O-Lattice sites indicated by X's. ..

Same as Fig. 7(c) and (d) for tungsten except that the vacancy

'is in an O-Lattice site. O-Lattice points indicated by X's.

Displacement field around a vacancy in a [100] symmetric tilt

‘boundary (Z=25, 8 = 16.3°, boundary plane parallel to (710)1 2)

in bee iron. (a) Edge-on view of relaxed structure before inser-
tion of vacancy at the encircled’atom.- {b) Edge-on view of
atomic relaxations around the vacancy. Each atomic relaxation

is represented‘by a vector displacement projected un Lhe plane

of the paper.

Displacement field around a vacancy in a[100] twist boundary
(Z=253V0 = 16.3°) in fcc copper. (a) aqd (b) Plan and edge-on
views of relaxed structure before insertion of vacancf'at
encircled atom. (c) and'(d) Plan and edge;on'views of atomic

relaxations around. the vacancy. Each atomic relaxation is repres-

-ented by a vector displacement projected on the plane of the paper.

O-Lattice points indicated by X's.
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