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ABSTRACT

Faceting_of high éngle'grain bnundaries:h12=3 and

' %=5 coincidence ‘lattices of the fcc structure was studied
using thin-film bicrystal specinens of controliea geometry.
A number of relatively high index boundaries in tne coinci-
‘dence lattices (containing relatively'low planar densities
of coincidence sites) was found to break up into low energy
facets corresponding-to lon index planes of'the coincidence
lattices (containing high densities of coincidence lattice
sites). These results . are consistent with our general
expectation that the grain bdundary energy decreases as the
pianér density of coincidence sites in;reases, i.e., the
‘two-dimensional periodicity of theAboundafy becomes shorter,

and long-ranged distortions aré reduced.



1. INTRODUCTION -

In the coincidénce lattice model for ‘high angle grain
boundaries'(Bfandon 1966, Bollmann 1970, Hirth and Balluffi
1973) a coincidence 1attic¢ is defined which consists of the
infinite 3-dimensional array 6f points in space where a frac-
tion, 1/%, of the atoms of the two crystals which adjoin the
grain boundary coincide, it it is imagined that both crystal
lattices extend indefinitely in all directions. The'S-dimeh-
sional periodicity of the overall distributioh of the atoms
of the two interpenetrating crystals is therefore identical
to that of the coincidence lattice. However, it has been
pointed out that in the actual bicrystal relaxations may
occur at the grain boundary which cause one crystal'to
translate rigidly (withoﬁt rotation) with respect to the
other crystal in a manner to eliminate the actual coinci-
dence of atoms on the coincidence latticé points (Chalmers
and Gleiter 1971, Bruggeman#and Bishop 1973). 1If this happens
it can be easily verified that fhe basic periodicity of the
distribution 6f the atoms of the two crystals remains unchanged.
A coincidence 1attice;'which is geometrically identical to that
described above, can then be constructed in whiéh,equivalént
unit cell positions (not necessarily occupied By atoms) in the
first crystal lattice then coincide with a'second-and generally
different set of equivalent unit cell positions in the second
crystal lattice. The coincidence lattice; generalized in

this way, therefore, depends only upon the relative orientations



of the‘two adjoining crystals and is independent of their
relative translational positioning.*
There is considerable evidence (Aust 1967, Balluffi,
Komen and Schober 1972, Gleiter and Chalmers 1972) that the
energy of a high angle grain boundary is relatively low when-
ever the orientation of the two grains is such that a coinci-
dence lattice of rather smali spacing is formed and when the
" boundary orientation is such that if passes through a high
density plane of the coincidence lattice.' The aiomic struc-
ture in the boundary is fhen 2-dimensionally periodic and
possesses the same periodicity as the coincidence site lattice
plane. Apparently, the relatively low energy in such cases
is mainly the result of;the short wave length periodicity of
the boundary and the absence of long range distortions:
(Bruggeman and Bishop 1973). When the misorientation of the
" two adjoining crystals deviates somewhat from the high density
coincidence lattice orientation‘it has been' shown (Ballﬁffi,
- Komen and Schober 1972) that secondary grain boundary dislo-
cations (GBD's) are formed in order to produce a fit-misfit
boundary structuré in which a large fraﬁtion of the boundary
area is restored to the short wave length periodic interface
of low energy which 1is charécteristic of the nearby exact

high density coincidence lattice orientation.

* Alternatively, we may state that it is always possible to
find a 3-dimensional point lattice (i.e., the generalized
coincidence lattice) for which each lattice point is sur-
rounded by an identical arrangement of atoms of the two
interpenetrating real lattices. This result is independent
'of any relative translations of the two lattices. :

T An extreme example is the well known case of the low energy.

coherent {111} twin in the fcc structure (see ABEF in Fig. 1)
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On the basis of these considerations we w0ula expect faceting
to occur in many boundaries when the crystal orientation is near
a high‘density coincidence lattice orientation but when the
average grain boundary plane does not lie parallel to a ﬁigh
density plane of the coincidence lattice. In such cases the
boundary should presumably be able to reduce its energy by
breaking up into low energy facets which lie parallel to suitable
high density planes of the coincidence 1éttice. Under these
conditions the increase in grain boundary area is more than
compensated for by the low energy per unit area of the facets.'

A number of observations df grain boundary faceting have
been reported (Weinberg 1969: Bishop, Hart and Bruggeman 1971:
Weins and Weins 1972: also, see references in Gieiter and
Chalmers 1972). 1In several of the above investigations the
results can be understood on the basis of facetsVWhich are
composed of short peridd coincidence sfructUral'units corres-
ponding to near-coincidence conditions (Bruggeman, Bishop and

Hartt 1972). The classic example of faceting in .a coincidence

lattice consists of boundaries between crystals in the twinned

orientation in the fcc étructure which often contain facets
lying parallel to {111} which is the highest density plane in
the'coincidence lattice in this system (see Fig. 49 in Amelinckx
and Dekeyser 1959). However, no systematic studies of faceting
in coincidence lattices have yet been performed.

In the preéeﬁt work we have carried out a systematic study
of the faceting of grain boundaries in two high density coinci-

dence site lattices in the fcc system. Gold specimens containing



graiﬁ'boundaries lying in a number of predetermined orientations
in the desired coincidence lattices were prepared in the form of
thin-film bicrystals, and any faceting ‘during subsequent‘

annealing was then observed by transmiséion electron microscopy.
2.  EXPERIMENTAL

Single crystal thin-films of gold of the réqﬁired orienta-
tions were first grown on oriented single crystal rocksalt
substrates using a vapor deposition method described elsewhere
(Wagner 1973a). Thin-film bicrystals of the desired geometry
were then obtained by pressure welding these films, while still
on their substrates, together face-to-face at the réquired
misorientafion at 200°cC. The misorientation between crystals
and the orientation of the grain boundary plane copld be con-
trolled to within approximafely £0.5°, (for details, see
Wagner 1973b.) The sﬁbstrates were fheh'diséolvgd a&ay, and
the thin-film bicrystals were annealed at moderate temperatures
in order to equilibrate the grain boundary structure as much as

possible. Extensive annealihg at temperatures near the melting

point could not be employed, -sd¢nce such treatments caused the

grain boundary to migrate out of the midplane of the specimen,
The resulting grain boundaries:were then examined by transmission

electron microscopy at normal incidence and at various oblique

rangles.

3. SPECIMEN GEOMETRY

Faceting was studied in two coincidences lattices, i.e.,

*
the <110>/70.5° lattice in which £=3 (Fig. 1) and the

*®

Here we give the rotation.axis and angle required to generate
the coincidence:lattice. I . : L o

- ]
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1<100>/36.9° lattice in which I=5 (Fig. 2). We note that we have
conétructed these coincidence lattices in Figures 1 and 2 with
the léttice atoms coincident on the_coinéidence,lattice sites
(see discussion in Section 1). The boundaries which were pre-
pared are listed in the‘Table and are illustrated in Figs. 1

and 2. Also listed in,thé Table is the corresponding planar
.coincidence site density parameter, T, which is taken as the
nuﬁber of coincidence sites per area a2 of the boundary’given
by

I' = pa?

where p = planar density of coincidence sites, and a = lattice

parameter.
4. RESULTS

The relatively low coincidence site density boundaries ACGE,
AIJE and ABCD in the £=3 lattice were found to facet readily

according to the reactions

ACGE » ABEF + BCGF (1)

AIJE - ABEF + BCGF @)
ABCD » EBCH + AFGD ' (3):

The faceted structure in each case consisted of a corrugated struc-
ture (Fig. 3, top) with the facet width lying in the range
100 - 300 2 (Figs. 3 and 4). The results are summarized in the

Table along with the annealing treatments which were employed.
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The geometry of the faceted structure in each case was confirmed
by stereomicrbsc0py and also by observing vériations in the.
projected widths of.the different facets as the specimen was
rotated between +35° around an axis parallel to the line of
intersectioﬁ of two adjacent facets. -

In every case in reactions (1) - (3) a relatively low coin-
" cidence site density boundary decomposed into facets composed of
-higher coincidence site density boundaries thué confirming our:
ekpectation that the energy of a coincidence'site type boundary
tends to decrease with an increase in the coincidence site
density, i.é., a decrease in the wave length of theAperiodic
structure.

No faceting of the ABEF or BCGF boundarles was observed
The boundary ABEF is, of course, the classic {111} annealing
twin in the fcc structure which is completely coherent and is
known to have an exceedingly 10w'energy. Numerous other elec-
tron microscopy observations have shown that this boundary
Temains planar as expected. The boundary .BCGF is the {112}
twin which also has low energy and presumébly is also highly
stable {see discussion to Hasson, Boos, Herbeuval, Biscondi and
Goux 1972).

In the case of the I=5 lattice the‘MXYS boundary was

observed to facet according to the reaction
MXYS - KLRP + KMSP (4)

as seen in Fig. 3 (bottom). However, none of the remaining bound-
aries which were studied (see Table) faceted even though these

boundaries were subjected to more drastic annealing treatments.
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than were the £=3 boundaries (see Table). In order to reduce
the probability ofAlosing the entire boundary during'the more-
extensive annealing treatments which were employed for these
latter boundaries relatively thick bicrystal specimens were
ﬁrepared-(up to 1 u thiékness), and the annealed specimens were
_éxamined.in the 1 MeV electron microscope at the U.S.S. Corp.
Laboratory at Monroeville, Pa. We note that the faceting of
the MXYS bqundary was only observed in patches under conditions
where large portions of the initial boundary had annealed
completely out of the specimen. This result proved that the.
‘faceting reaction for this boundary was relatively sluggish

and occured at a rate only slightly greater than the large
scale migration of the boundary.‘ |

In many cases a third set of ''cross facets' was present in

the faceted structures (see Figs. 3 and 4) in order to compensate
- for imperfect alignment of the grain boundary plane in‘the
coincidence lattice. A schématic drawing of a possibie set

of cross facets in the I=3 system corresponding to reaction
(1)_is shown in Fig. 5 for the case where the grain boundary
plane has a component in the coincidence lattice plane EBCH.

In this case cross facets composed of grain boundary segments
-running parallel to EBCH are reqdired which produce traces
which are perpendicular to the lines of intersection of'the
main facets.

The faceted grain boundary structure was also complicated

in many cases by the presence of secondary GBD's which were

present in order to compensate for deviations of the two crystals



-8-

from the exact coincidence lattice misorientation. (Sée, for
example, Fig. 4, top).
’ ™~

The diffraction contrast obtained from the faceted bound-
aries was due primarily'to the formation of thickness fringes.
In every observation oné crystal in the bicrystal specimen was
strongiy excited, and thickness fringes were formed due to.the
periodic variation in crystal thickness due to thé presence of
the facets (Fig. 3, top). When both crystals were excited
simuitaneously with the same E vector the contrast from the
facets nearly disappeared. For example, when specimens con-
taining ACGE boundaries were tilted 35°>so thaf the common |
{211} was normal to the electron beam essentially no contrast
from the facets was observable when either the <111> or <220> E

vectors, which were common to both crystals, were employed.
4. DISCUSSION

The present results indicate that low index grain boundary
‘planes in coincidence lattices may often decompose into a faceted
structure consisting of low energy facets containing a relatively
high dehsity of cbincidence sites (i.e., short waveAlength
periodicity).: The physical situation is directly analogous to
the faceting of free surfaces wheve the surface can often reduce

its energy by breaking up into a faceted structure consisting of

relatively low energy facets (Herring 1951, Traéy and Blakely 1968).

The extent to which the grain boundary structures observed
in the present work correspond to equilibrium structures is

unknown, since only moderate annealing of the thin-film bicrystal
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speciméns was possible withoﬁt losing the boundaries by migrafion
to the specimen surface. At'any rate; the observations establish
the résult that the overall grain boundary energy is reduced in
many cases by faceting on a fine scale (100-300%). Faceting on
this scale is, of-éourse, far below the resolution of the iight
microscope and under many -conditions would be difficult td

detect undér ordinary electron microscope observation. - For
example, facets of the presént size would%be exceedingly diffi-
cult to detect in aluminum where the extinction distéhces are
about 4x larger than in gold. It seems likely that a coarser
facet structure would have been obtained due to facet growth
processes if it had been possible to anneal the specimens to
higher temperatures. We also note that fine scale faceting:

could produce a line structure in certain grain boundaries

which conceivably could be falsely attributed to GBD's.
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ABEF 2.31 - none
BCGF 0.82 none
EBCH™ 0.82 e—e-
* ACGE - 0.67 (1)
AIJE 0.47 (2)
ABCD 0.47 (3)
KLRP 0.89 none
KMR” 0.68 e
KMSP - 0.63 none
KLMN 0.40 “none
MUVS 0.40 none
MXYS 0.28 (4)

TABLE

Faceting data for boundaries

- in the =3 and I=5 coincidence lattices

=3

Annealing
Treatment

200°C, 15
200°C,15
200°C,15
200°C,15
400°C,15

700°C,15
200°C, 15
450°C,10
450°¢c,10

- 400°C;10

‘Not investigated directly in present work.

min
min
min
min

min

min

min

min

min

min

- Facet
width - (R)

'100-200
200-300
100-200

100-200



Figure 1 -

Figure 2 -

Figure 3 -

Figure 4 -

- Figure 5 -

FIGURE CAPTIONS

Geometry of the =3 system. (a} Repetitive unit
of the {110} single crystals used for bicrystal

fabrication. (b) Generation of bicrystal by 70.50’

"twist. (c) Unit cell of coincidence site lattice

with various grain boundary planesAindicafed,

Geometry of the I=5 system.. (a) Repetitive unit of
the:{OOi} single érystals used for bicrystal fabri-
cation. (b) Generation of bicrystal by 36.9° twist.
(c) Unit cell of coincidence site lattice with

various grain boundaries indicated.

(Top) Schematic oblique view of faceted grain boundary
in bicrystal specimen.(Bottom) AIJE boundary (Z=3)
faceted according to reaction .(2). Viewed along

direction indicated above. Dark field: g = <200>,.

(Top) ACGE boundary (£=3) faceted according fo
reaction (1). Dark Field: § = <200>1, (Middle)

ABCD boundary (xz=3)%faceted according to reactibn_(S).

Dark field:: E = <200> (Bottom) MXYS boundary -

1?
faceted according to-reaction (4). Bright field:

g = <111>,.

Possible set of cross facets in ACGE boundary faceted

according to reaction (1). (See text).
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Figure 1
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Figure 2
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