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; "~ ABSTRACT .

Extrinsic secondary grain boundaryAdislocation (GBD) structures were
observed by weak beam transmission electron microscopy in a variety of [001]
twist boundaries in MgO. These structures were derived from segments of
lattice dislocations embedded in the boundaries and could be interpreted‘as
thé result of the decomposition of the lattice dislocations into extrinsic
GBDs and the subsequent interéction of the product GBDs with the intrinsic
boundéry structure. The results demonstrate that lattice disloéations iﬁ::;
MgO are attracted to’grain’boundaries bver'a wide range of conditions and
tend to remain embedded in the boundaries as extrinsic GBD structures. All
l,observatidns could be rationalized on the basis of the CSL model for grain
boundaries in cubic materiéls and were consistent with the intrinsic boundary
structures described in Part I of the present work (Sun and Balluffi 1981).
Fufthermore, thelresults were similar in many respects to earlier results

obtained with [001] twist boundaries in gold.



1. INTRODUCTION

In Paft I of the present work (Sun and Balluffi 1981) we described
intrinsic secondary grain boundary dislocation (GBS) structures observed
by transmissién electron microscopy in [001] twist’bbundaries in MgO.

These consi;tedAof uniform arrays of screw and edge GBDs which accommodated
twist deViations frbm low Z+ misorientations and relatively small tilt
components respectively. The results were found to be entirely consistent
with the CSL+ model for grain boundaries in cubic materials.

In-the present paper (Part II of our work) we describe closely related
observations of extrinsic GBD structures in these sahe boundaries. Extrinsic
GBDs are defined as extra GBDs which are present in the boundary in a more
or less.disorganized fashion and which do not act in.a systematic way to
accommodate th¢ crystal misorientation asséciated with the boﬁndary as a
whole. In the present work these extrinsic GBDs were aerived’from segments
- of lattice dislocations embedded in the grain boundaries, and their study
provides further insight ihto the structure of the boundaries and their line
defects. |

Extrinsic GBD structure of this type has been investigated pfeviously
in twist aﬁd tilt boundaries in golé (Schober'and Bélluffi 1971; Dafby,
Schindler and Balluffi 1978). Additional work on interactions between
lattice dislocations and grain boundaries has been carried out By Pond
and Smith (1977). Preliminary reports of some of the present work in its
early stages have been published elséwhere (Sun and Balluffi 1979; Balluffi,

Bristowe and Sun 1981).

t I = reciprocal of fraction of lattice atoms in coincidence; CSL = Coinci-
dence Site Lattice.



2. EXPERIMENTAL

'

The bicrystal specimens were prepared by welding two single crystals
together under pressure according~to the technique described briefly in
'Part I (Sun and Balluffi 1981) and in more detail by Sun (1980). Thin
film specimens containing éections of grain boundary suitable for trans-
mission electron microscopy were then obtained by a series of mechanical
cutting, mechanical polishing and electropolishing operations. Extrinsic
GBD structures were observed in essentially all of tﬂe boundaries observed
which were derived from gegments-of-laftice dislocations embedded in the
intrinsic boundary structure. The presence of these structures could have
been due to either: (lj lattice dislocations which were generated in the
bicrystal after the initigl welding contact and'then impinged onAthe grain
boundary, or (2) latté;ewdislpcation'segments which were réquired topolog- B
ically in the grain boundary because of the prior existen;e df lattice
dislocations in the two ‘crystals making up the bicr&stal which intersected
the two free surfaces wﬁich were welded together. In.any case, each
welded specimen was vacuum annealed at 1500°C for 1 h juét before the final
' thinning by electropolishing, and this treatment tended to equilibrate ‘loc-
ally the extrinsic GBD structures which were observed. |

Further details of the éxperimental procedures are described in Part

I (Sun and Balluffi 1981).

3. INTERACTION OF LATTICE DISLOCATIONS
WITH GRAIN BOUNDARIES

As pointed out above, all of the observed extrinsic GBD structures were

derived from segments of lattice dislocations embedded in the grain boundaries.



,For purposes of analysis it is therefore convenient to consider the final
observed sfructures to be the result of the followingAhypothetical three-
stage process, even thqugh it is realized that the actual e#trinsic GBD
structure may not have formed in just this way:

(1) placement of a segment of lattice dislocation in the intrinsic
boundary; |
(ii) decomposition of the lattice dislocation into extrinsic GBDs;
(iii) dinteractiocn of the prbdutt GBDs with the intrinsic boundary

structure.

The decomposition in-Step (ii) can be analyzed effectively within the
framework of thé CSL model (see'Part I} for grain boundaries. According to
this model it is always geometrically possible for a lattice dislocation to
dissociate into an integral number of perfect GBDs while conserving the total
Burgers vector {(Pond and Smith 1$77; Darby, Schindler and Balluffi 1978j.
This comes about since the Burgers vectors of all lattice dislocations and
perfect GBDs are vectors of the same DSC-Lattice. Thus, the conservation

of Burgers vector strength can be written as

b, = g“iki M

for the dissociation of a lattice dislocation into i diffe;ent types of
GBDs. Here, u is the integral number of i type GBDs formed, and BL and
Ei are the Burgers vectors of the lattice dislocation and product GBDs
respectively. Sincé |§L| is generally larger than |b; [, the decomposition
usually proceeds with a decrease of elastic energy which then acts as a

driving force for the reaction.



4. RESULTS
4.1 I =1, 5, 17, 25, 29 and 53 Boundaries

' Segments of extrinsic GBD structures were found in boundaries
close to the exact £ =1, 5, 17, 25, 29 and 53 misorientations which could
be interpreted on the basis of the decomposition of lattice disloca;ions
of the type a/2<110> into integral numbers of distinguishable GBDs of type
94 ,92 and 95 gnd their subséquent interaction§ with the boundary. A vgs

type" vector is defined as any vector of the DSC-Lattice family 95 ,p4 ,95

and b all of which possess a componeﬁt perpendicular to the boundary

bg >
plane given by a/2[001]. These vectors are illustrated in Fig. 2 oflPart

I and listed in Table 1 of Part I (Sun and Bailuffi 1981). éince a variety
of lattice dislocations'possessing Burgeré vectors of the type a/2<110>
exist-in the MgO structure a variety of possible deéoﬁpositions into GBDs
exis£ed which,'in turn, 1ed to a variety of final extrinsic GBD configura-

tions in the boundary. A tabulation of the possible decompositions of

lattice dislocations, consistent with the relation

= (
b, nyby+ nyby+ nyby E {2)
is given in Table 1. For lattice dislocations with Burgers vectors par-

allel to the boundary, i.e., b, = (a/2)[21 £ 0], ny = 0, there is only
one type of (ﬁl,nz,O) combination for dié;oéiation in each CSL boundary.
These are designated as Type (i) dissociations. For lattice dislocations
with Burgers vector; inélined to the boundary, i.e., EL = (a/2) {1 0 #1]
or (a/2)[0 #1 ii], the dissociation products must include a 95 typ¢ GBD
(ns = *1). There are four possible dissocia£ions of this type in each

CSL boundary. These are designated as Type (ii)-(v) dissociations. Also

listed in Table 1 are the changes in elastic energy due to the dissociations



vcaiculated approximately by the usual method of faking the energy of each

vAdislocation to be proportional to the square of its Burgers vector. Apprec-
iabie enefgy reductions occur in most cases, as expected. However; several
energy changes are iefo and one, i.e., the Z = 5 Type (V) dissociation, is
actually positive. Since'gl and 22 tend to decrgase in magnitude as I
inqreases the reduction in energy generally tends to increase as I in-
'creases. Also, thé energy reduction tends to'be smaller for disscciations
involving a PS GBD, since 23 is relatively large.

An asterisk is placed next to each dissociation in Table 1 which was
observed experimentally, and it is seen that a majority of the possible dis-
sociations was observed including cases where the estimated change in elastic
énergy was either zero or positive [i;e., the £ = 5 Type (v) case]. In con-
sidering these lattef,results in barticularlit must be emphasized that the
total energy changé includes additional terms which may cause it to become
negative in certain cases and therefore favorable. These include changes
in the total dislocation core energy and the interaction energy with the
intrinsic structuré of the boundary.

As shown in Part I (Sun and Balluffi 1981), the intrinsic structure of
the X = 1, 5, 17, 25, 29 and 53 boundaries contained square grids of El and
92 screw GBDs. When a 1atti§e dislocation dissociated in the boundary
any 91 and 22 product GBDs therefore took their place as extra GBDs squeezed
into the otherwisg perfect grid. On the other hand, any.gs type GBDs inter-
acted Qith the intrinsic screw GBD network grid to form line defects of the

biff type GBDs already described in Section 3.2 of-Part I (Sun and Balluffi

1981) and illustrated schematically in Fig. 6 of Part I. In this inter-

action the b; type GBD broke up into segments which in turn interacted with
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, the intrinsic screw GBDs causing them to become displaced across the line

defect by a distance cdrresppnding to half their spacing in the network.
Detailed discussions of these reactions have been .given previously by
Schober and Balluffi (1971), Balluffi, Komem and Schober (1972) and Sun

(1980). In the following we describe a few typical examples.

L =1: Fig. 1 shows extrinsic GBD structures produced by the reaction
of lattice dislocations with a (£ = 1, 8 = 2.5°) boundary. Examples include

Type (i) and (ii) reactions where the lattice dislocation was of the E& s

b, or 95 type. See the figure caption for more details.

¥ = 29: Fig. 2 shows an extrinsic GBD structure in a £ = 29, 6 = 43.6°
boundary which decomposed by a Type (i) reaction into two 91 and five 92
type GBDs which remained squeezed into the screw GBD network as extra screw

GBDs. See the figure caption for more details. -

L= 53: Fig. 3 $how$ fwo extrinsic GBD structures .in a boundary near
the exact T = 53 misorientation. In each case the lattice dislocation de-
composed by a Type (iii) dissociation to,proauce seven 91 or EQ GBDs apd'a
single 23 type GBD. | The b, and QQ'GBDS remained as extrinsic screw GBDs
squéezed inco the intrinsic screw GBD network, wheréas the 95 GBDs inter-
acted with the intrinsic network to formtgiff type GBDs wﬁich are character-
ized by broad diffraction contrast when g is almost perpendicular to u , as

in (b), and a lack of contrast when g || u , as in (a); (U = GBD tangent

vector). See the figure caption for more details.

4.2 ¥ = 13 Boundaries

As shown in Part I (Sun and Balluffi 1981), the intrinsic GBD

structure of boundaries near the exact I = 13 misorientation consisted of



+a square grid of partial screw GBDs with Burgers vectors given by

"gi = 1/2[91-+22] and Qé = 1/2[91-92] ."  The background boundary struc-
ture consisted of a square checkerboard pattern composed of square patches:
of the £ = 13 boundary possessing different structures to accommoda£e-the‘
partial GBD character of the network (see Fig. 5 of Part I). Figure 4(a)
shows an extrinsic s£ructure produced by the dissociation of a lattice
dislocation in such a boundary. In this case the lattice dislocation dis-

sociated into six extrinsic partial GBDs according to the rcaction

by = 2 +3by+by = a/2(01] o (3)

1

where bJ a/26[230] , b} = a/26[320] and  bf = a/2[001] . It is

readily showh that the introduction of any of-the product partial GBDs
produces a change in the boundary structure across the dislocation which
éorresponds to the difference in structure between the squaré patches

of the intrinsic sfrqcture. Therefofe, no patches of hew boundary struc- »
ture were pfoduced anywhere by the introduction of thesé defects. The geo-
metry of the dissociation is shown schematically in Fig. 4(h), and a.schem-
atic diagram of the way in which the checkerbbard pattern was perturbed

is shpwn in Fig. 4(c). It is interesting to note that no offset of the
screw GBDs of the intrinsic network occurs across the Eé GBD in this case.
It is seen that a completély self—cénsiStent extrinsic structure may be
obtained in this way. This result, therefore, provides additional support'

for the interpretation of the structure of the I = 13 boundaries in terms

of partial GBDs advanced in Part I.

4,3 High I Boundaries

In Part I (Sun and Balluffi 1981) it was found that no intrinsic
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,GBDAqetworks, made up éf'Ei and 92 type screw GBDs, could be detected in
the angular regimes corresponding to high I values which existed between
fhé special lbW‘Ziﬁisﬁfientationép- 6ﬁ.the other hand,.easily observabie
intrinsic Qiff type edge GBDs were always found when tilt componénts were
present. It was concluded that this result was most likely due to the
fine Sbacing and/ofweakBurgers vectors of the E& and 22 screw GBDs.

(We note that the Qiff edge GBDs possess a considerably 1a¥ger Burgers
vector and were generélly well spaced out.)

All obserVatioﬁs of extrinsic GBD strucfures produced By the reaction
of léttice dislocations with high I boundaries in the present work were
consistent with these results. In genéral, any 91 or 22 GBD prdduced by
the dissociation of a latti;e dislocation could not be detected whereas
any biff type GBD was readily observed. Resuitgsfof Tybe (i)-énd:
Type (ii)»dissociations are shown in Fig. 5 at F ;ﬁ& é resbectiveiy. In
the Type (i) dissociation the Burgers vector of the lattice dislocation is
parallel to the boundary and, therefore, only P& and.l_)_2 GBDs can be pro-
duced. As seen at F, these GBDs are not detected, and no extrinsic GBD
structure associated with the impingement of thellattice dislocatibn is
visible. On the other hand, in the Type (ii) dissociation the Burgers
vector of the 1attice dislocation is inclined to thelboundary, and a 95
GBD is produced by the dissociation. This GBD is easily seen at E in the
form of a Pfff GBD after interaction with the boundary. Again, howéver,

no 91 or 92 GBDs are visible.

5. CONCLUDING REMARKS

The present results demonstrate that lattice dislocations in g0 are

attracted to grain boundaries over a wide range of conditions and tend



. to remaln embedded in the boundarles as extrinsic GBD structures. This
appeared to be the case even when the chanoe in elastic energy accompanylng
dissociation into GBDs in th¢ boundary {(calculated on the basis of the
squares of the Burgers vectors) was either zero or negative. .Evidently,

in suéh cases the change in core energy and the interaction with the intrin-
sic boundary structuré caused the total energy change to go négative. 'éo
lfar, no detailgd calculations of this formidable problem have been carried
out in support of this result,

All of the extrinsic GBD structures observed could be rationalized
on the basis of the CSL model and were consisfent(with the intrinsic bound-
ary. structures found in Part I (Sun and Balluffi.1981); The resﬁlts,
therefore; provide additionai support for the CSL modelAfor boundaries
in MgO. Furthermore, the resdlts were similar in many respects to the
results obtalned earller in studies of intrinsic (Schober and Balluffi 1970)
and extrinsic (Schober and Balluffi 1971) GBD structures in [001] that
boundaries in gold..

A major problem in the present work was our inability'to deteét fine
screw GBD structure at high i misorientations in aﬁguiar regimes between a
number'of the relatively low I misorientations studied. In Part 1 we cén—'
cluded that such structure is most likely present but.is'diffiﬁult to detect.
It would be of coﬁsiderable interest fo demonstrate this conclusively by

means of further observations using more powerful -techniques.
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Table 1.

lattice dislocations

Dissociation
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reactions, according-to Eq.

(2), of
into perfect GBDs in CSL boundaries.

% Energy

' i bi,bg(az) bg(az) (“1'“2'P3’ Znibi(az) Change
1 1/2 1/2 (1) (1,0,0)% 172 0
(ii) (0,0,1)* 1/2 0
5 1/10 3/10 1) (2,1,0% 3/l 40
(ii)  (1,0,1)* 4/10 -20
(iii) (1,1,1)* - 5/10 0
(iv)  (2,0,1)* 5/10 0
(v)  (2,1,1)* 6/10 20
17 1/34 9/34 (1) (4,1,0) s/3s -70
(ii)  (2,1,1) 12/34 -29
(iii) (2,2,1)* 13/34 -24
(iv)  (3,1,1) 13/34 24
v (3,2,1) 14/34 -18
25 1/50 13/50 (1) (4,3,0)* 7/50 -72
| (ii1) (3,0;1)* l16/5¢ -36
(iii) (3,1,1)* 17/50 -32
(iv) "(4,0,1)* 17/50 -32
(W) (4,1,1)* 18/50 -28
29 1/58  15/58. G)  (S,2,0%  1/58  -76
(ii)  (2,1,1)* 19/58 -34
(iii) (3,2,1)% 20/58 -31
(iv)  (4,1,1) 20/58 =31
v)  (4,2,1) 21/58 -28
53 1/106 27/106 (i) (7,2,0) 9/106 -83
(ii)  (4,2,1) 33/106 -38
(iii) (4,3,1)* 34/106 -36
Civ)(5,2,1) 34/106 -36
(v)  (5,3,1) 35/106 -34
© "~ 0 ~1/4 (1)  (ny,n,,0)* ~ 0 "~ =100
(i) (nyn,, L)% ~1/4 . n-50

* Dissociation reaction observed

erperimentally.



-11-

, . | " REFERENCES

BALLUFFI, R.W., BRISTOWE, P.D. and SUN, C.P., 1981, J. Amer. Ceram. Soc., 64,
23.

BALLUFFI, R.W., KOMEM, Y. and SCHOBER, T., 1972, Surf. Sci. 31, 68.

DARBY, T.P., SCHINDLER, R. and BALLUFFI, R.W., 1978, .Phil. Mag. A, 37, 245.

POND, R.C. and SMITH, D.A., 1977, Phil. Mag., 36, 353. '

SCHOBER, T. and BALLUFFI, R.W., 1970, Phil.‘Mag. 21, 109.

SCHOBER, T. and BALLUFFI, R.W., 1971, Phil. Mag. 24, 165.

SUN, CiP. and BALLUFFI, R.W., 1979, Scripta Met., 13, 757.

SUN, C.P., 1980, Ph.D. Thesis, Cornell University.

SUN, C.P. and BALLUFFI, R.W., 1981, U.S. Department of Energy, Division of
Materials Science, Report DOE/ER/05002-24. ‘



-12-

FIGURE CAPTIONS

Fig. 1 Extrinsic GBD structures in [001] twist boundary‘(Z =1, 6= 2.5°).

e Intrinsic background structure consists of square grid of pri-
mary (lattice) screw GBDs. (a) Bright field'multi—beamAimage.
.Lattice dislocations enter at A, B's and C's. (bj C's indicate

entrance points of lattice dislocations possessing b, type Bur-

=3

gers vectors. Cu?ved lines indicate Qiff fype GBD structures
'produced by interaction of these 95 type GBDs with intrinsic
boundary structure. Resulting offset of screw GBD network across
these line defects seen clearly along segments PQ and RS in (a).
(c) A and B indicate enfrance points of latfice dislocations pos-
sessing 21 and 92 type Burgers vectors respectively. Interaction

of these dislocations with intrinsic structure produces extra

b, and b, type screw GBDs squeezed into grid.

Fig. 2 Extrinsic GBD structure in [001]_twist,boundary (Z =29, 6 = 43.6°).
(aj and (b) Weak beam dark(field images formed with 200 and
020 reflections respectively. Intrinsic'background structure
consists of grid of screw GBDs along <730> . Lattice disloca-
tion enters at arrow and undergoes Type (i) dissociation in bound-

ary. (c) Schematic representation of extrinsic GBD structure.

Fig. 3 Extrinsic GBD structures in [001] twist boundary near exact I = 53
misorientation. (a) and (b) Weak beam dark field images formed
with 200 and 020 reflections respectively. Intrinsic background
structuré'consists of'grid of screw GBDs aloﬁg <950> and array

eff

of approximately para].lel_lle edge GBDs. Latter GBDs are

strong horizontal lines which are out of contrast in (a) where
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they are parallel to g . Lattice dislocations enter at A and B.
Each undergoes a Type (iii) dissociation in boundary.

(c) Schematic representation of extrinsic GBD structures.

Fig. 4°  Extrinsic GBD structure in [001] twist boundary near exact I = 13
misorientation. (a) Weak beam dark field image formed with 200
reflection. in;rinsic backgrdund structure consists of grid of
partial screw GBDs along <320> . ‘Laﬁtice dislocation enters
boundary at A. (b) Schematic representation of extrinsic partial
GBD‘structure | (c) Schematlc represéntaéioﬁ of éértﬁrbéd.”checxer—
board” boundary pattern in vicinity of the extrinsic GBD sfruc;
ture (see text).

Fig. 5 Extrinsic GBD structures in high I [001] twist boundaries. Only b eff
type edge GBDs are visible in the background structure. Lattlce
dislocations enter boundaries at F and E. | (a) 6 = 32.1° .
Burgers'vector of latticé dislocation is parallel to boundary
and any 91 and 22 GBDs due to dissociation not visible.

(b) Burgers vector of lattice dislocation inclined to boundary.

The 93 GBD produced by dissociation is Visiblé as a Eiff GBD.
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