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THE STRUCTURE AND IMPURITY PINNING OF SUBGRAIN
BOUNDARIES IN AS-GROWN Mg0

J. Narayan
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
o University of California, Berkeley, California

ABSTRACT
The strncture of subgrain boundaries in as-grown-MgO has been char-
acterized.ueing transmission elecﬁron microscopy. The'subboundaries were
found to Consist of one set %-[101], two sets %-[loilzend*% [011] or three
sets.of disiocetions: A, b-vector-%:[101]; B, b-vecfefé% [011); and
C; b—vector;%b[loi].' At the nodes the following dieloeation_feactions
occur: = [01'1.]--4% [101] =% [110] and  [101] + %_'[ioa.] = [100]. The

‘role of-impurities in pinning the subboundaries is discnssed.

TPresent address Solid State Division, Oak Ridge National Laboratory,
Oak Rldge, Tennessee /37830.




INTRODUCTION

f:when dflérge masS éf MgO is cooled slley from the melt to produce
.latgé-éféiﬁs; moét of thé>grains contain subgrain boundaries. During

: cdoling;=fherma1:stresses may result in some slip dislpgatioﬁs joining the

:i,béuﬂdariéél :Tﬁerefdré;fthé'two-dimensiohal dislocatidn network'wﬁich com- . o

prises”the.subgraih boundary is often complex. The geometry of two-

. dimehsiQhal dislocation.netwdrkg in crystals of the NaCl'type was studied
| frém”fhé theorefica1‘point of view by Fraﬁk,1 Ame_linckx2 observed some of o
.ghe dislocatioﬁfﬁets in NaCl using decoration techniﬁués.y Washburn et al.’ R
'ébsef?edﬂdi#lbﬁéﬁion'reactions in Mg0 By transmissioﬁ.eléctron microscopy.
'ThéapUrPOSe'of*tﬁis paper'ig'to analyze the-structufe1of'subgrain bound -

aries in Mgo'in detail and establish the various dislocation reactions that

occur during.fdfmation of the two-dimensional dislocation array. The effect
-of impurity'précipitates on the local subboundary structure is also inves-
tigated.

EXPERIMENTAL

\ PolfcryéfallinnggO_in the form of large grain§ was obtained from
Mﬁscle Shdalg_Eiecttochemicél Corporation,‘Tuscumbia,1Alébama. Semi-
_quantiﬁatiVe speétrographiéianalysis revealed the foilqwing impurities B
(in bpﬁ):‘_A1~200, Si—200, Fe-SC; all other elemenfs.were undetected..

Thin shéets containing at least two grains were cleaved on {100} O

'faces.~»Specimeﬁs were first chemically polished in_85%rorthophosphoric
acid at 150-160°C to a-thickness of -about 0.4 mm. Einal thinning of areas

near grainvbQUHdaries was done using a jet polishing technique.
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RESULTS AND DISCUSSION

In:MgO (NaCl strucfure) there 'is only one <11b>'slip direction'in
each {110}-siip-p1ane; Sinée there aré six {110} slip planes, disloca-
.tioné of'tHé foilowing b-vectprs are possible: %;[;10]; %1[110];

% [011], % [o11]; % [1'01_.],% [101]. | |
vFigUre ifshoWs a siméle tilt boundary{ It congiStS of two sets of
pérallél dislocations, ones with dark contrast havingzhigher'image width
than]others}:;Both sets are in ;ontrast for diffratfiﬁﬁ'vectof g = [200].
_ The boundary is invisible for g'= [020]. Therefore dislocations have
eitﬁgr b = %~[1011 orb = %—[101]. The dislocationsaA; B, C, and D are .
‘fery near to screw orientation and others are nearly edge. The character
of the'disldtaﬁidns can be assessed from the image“ﬁidth of.fﬁe disloca-
tidns4 (expléinéd below). Since the boundary is pure.filt, the screw
coﬁponents of dislocations A, B, C, and D should jusf;éancel the screw
components of all the other dislocations. The tilt bbundary is in the-
(101) plane and the axis of rotation is>[10I] in thisiplane. The sub-
boundary angle can be determined-frgm the measureméﬁﬁs of the shift in
Kikgchillinés‘across the boundary and using the relation:

A6 =28 (—I—A—g-l—) - ,. . gy
el | .

where 6 is the Bragg angle of diffracting planes, IAg/gI is the fractional
‘changevin‘the diffraction ﬁector g. IAg/g] V1.4 (Fig. 1) and substi-
. tuting A/dﬁ(xi=‘d.037 R for 100 keV electrons) fof 28 in the above equa-

‘tion, We.get'Ae N 0.2°. The sub-boundary angle can also be calculated



from Frank's fbrmula:»

i-Gxwasmi=GExme , @

‘; is‘ah'a;biﬁrafy vector lying in the plane of the Boﬁn&éry with the axis
 of fotation §, d is the sum‘of Burgers vectors of thé‘dislocatiéns inter-
‘.sécted by r ané”exis fhe.sub;boundary angle. The sedond»expression is
Qélid for sm§11 ang1es only. ' From this equation the sdb-boundary angle
v_vis'calchléfe& ﬁofbe*gbout 0.1°. ’The disagréement beﬁween the two values .
v.-}of sﬁb4boundafy éng1e might be partly due to chargin§‘6f the specimen
i _inside thé'minOSEOpé'which can also\cause shifting bf>Kikuchi lines.
Figupe_éishéws a sub-boundary;consisting of A aﬁd'B_sets of disloca-

tions. Figufe 2 ié the continuation of the boundary in Fig. 2a and b

: :-inside‘the crystal;f The few dislocations which run across the boundary will

be.dééignated'aé‘set C. TFor diffrac;ion vector g = [200]msets A and C
‘are in gdod.cgntfast (see Fig. 2a).. The faint contrast éssociated with
fheléet B_ﬁi11 be e#plained later. However, fdr g = [020] (Fig. 2b) only
p éet ﬁ is in §oh§rast. For g = [220]‘(Fig. 2¢) all the sets A, B, and C
- are in good éoﬁtrast. Applying the g-b criterion’ foﬁ'ﬁisibility of
vdislécatidns and in view of the following facts, we_c§n>assign Burgers
;rvgépors‘to qlliﬁhree sets unambiguously: SetsA andrB>must have repul-

__vsiVe iﬁteraction,votherWise the boundary will be unstable. That this is

true can be seen at 1l in Fig. 2a. Sets B and C have an attractive inter-

vaétion (see_aﬁ 2 in Fig. 2a). _ Therefore a consistent set of b-vectors
which can be assigned to sets A, B, and C is % [101],'% {011], and

'%-[IOI] respeCtiﬁely. The dislocation reactions consistent with the




5o
above are:
A B |
Loy + Loy oLz acr
2 DO+ 3 2 - |
B ¢ T
Loy +Lpoiy~ipwyacz ,
c A A
| % [101] +% [101] - [100] at 3 .

A further COnfirmefion'ofethe assignment of.BurgersE;eCtors is the con-
trast'at*the ngdes et»3 in.Fig. 2a. The dark contrésr on*one side and

the faint’contrast on the other side of the node ShQ?ftﬁat the images
of»dislocatdoné iie_on opposite sidee. From the kinemerical theorem
ofvimage contrast, the image of a dislocation lies closer to the Bragg ‘
condrtion} Since the b-vectors of A and C sets are at 90° the Bragg con-
dition nillaoe_close in opposite directions and the bbserved contrast will -
vresnlt;v | | ”

: Whenvdisiocetions are perallel,‘one can show from Frank's formula thétv
they form a pnre tilr 5onndary. In this case we can;choose.a direction
such that no'dieiocation lines will be intersected.;drrom Frank's formula,
tﬁen r X ; = 0, i.e., the dislocation lines are pareiiel to the axis of
rotation'of thevboundary and therefore the boundary dsfe'pure tilt boundary

(see Fig. 2). The plane of the boundary in Fig. 2 is (112), which is in

' fagreement ‘with- the electron ‘microscope observation. ThlS is in fact the

o exten31on of a boundary predicted theoretically by Frank (see Fig. 11 of

thls reference) The axis of rotation is [111].



. The sub;boundaries'in Figs. 3 and 4 also consist'of tliree sets of

‘dislocations A;“B, and C. However, the number of C%type dislocations is .

morerthan that'in-the boundary in Fig. 2. These are no longer pure tilt

boundaries, but have both tilt and twist components. The plane of the

boundary is slightly rotated from the (112) plane toward ‘the (111) plane.
Howeveri the”axiS'of ‘rotation is still [111]. The dlslocation reactions
;of'the”types‘i;ﬁ2;vand'3 occur at various places in Figs. 3 and 4. : , bf.

: The strain*fields around the impurities at the.boundaries interact |
fWith.dislocations and also act as_d151ocation sources. Note the impurities ' 'j
..at 4, 5, andlb in Figs. 2,'3,7and 4 and their interactions with the sub- : 7
‘.boundaries, | |
.The residual contrast of B dislocations for g = [ZQO] can be explained |
'on the basis'of the kinematical theory of electron diffraction contras_t.5 i
Since ‘the Burgers vector of the B set is —“[011] g b for g = [200] is
v equal to zero, but the observable contrast might result from the g quI ;
component (uiis the-tangent vector of, the dlslocation)b Also a weakly ‘%
excited diffraction vector for which E'b is not zero can result in such |
observable contrast. Howie and Whelan4 conputed theicontrast from mixed

'[dislocations and showed that when g (diffraction vector) 11es in the- plane .l

g-5, o

of the foil; the image is characterized by a parameter‘pv= 2 — -
o v : , ' . 3(1-v) g'b /i
- . . ) N
v= Poisson's ratio, b is the edge component of the total Burgers vector b) o

jThey found that the . 1mage of a pure edge dislocatlon is wider than that of a
pure screwvby a;factor~of-about two. The sets A and B have h1gh edge
» conponents,‘i;e., 0 = 60° (0 is the angle between the dislocat1on 11ne and

_its b—vector) whereas the set C has a high screw component, i.e., 6 = 19°, i



The disloéation (B + C) at the type 2 nodes has 6 =v6$;‘and the dislocation '
(c + A) at the type 3 nodes has 6 = 70°. o |
The equilibrium angles at nodes are determined by the line tensions of '
theiconstituting-dislocations which in turn depend upon-theirrnature. from»’
the;isotropic:elasticvtheory,G‘the energy per unit length'of a'mixedr
dislocation,is;h' . | - | ‘
E = m( ',1 -v cos’) i ™

_where A= u ln(r /r /Aﬁ(l-v) in which u is the shear modulus and r1 andd
'r are the cut-off radii of the elastic stress field : Neglecting the
_dislocation interaction energies, a simple balance of 1ine tensions at the
: type 2 nodes gives the angle between B and C. dislocations as 126° against
the observed value of 135° ' The discrepancy between the observed and K
‘theoretical values is presumably due to the use of isotropic elastic theory
and the fact that core energy and dislocation—dislocation interaction terms
have not been accounted for in‘the calculations.‘ | |

| Perhaps these observations provide the best evidence.for a type 3
dislocation reaction (see at 3 in Figs. 2 3 and 4) Here the gain in‘
‘energy comes;only~from the sharing of cores with high atomicvmisfit._,ThiS"'
,is,finfgenéral:rinsignificant‘torImetals but'in ionic'crystals due to |
;vhigh atomic disorder near the core region, the gain in energy is quite
‘appreciable.f Using decoration techniques Amelinckx8 reported this type of'y

“reaction'in_KCI.crystals.,
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CONCLUSION

Thé'sub—gfain_boundaries have been:chéracterizéd‘in MgO on' the basis
'qf the kinematidal theory of eléétron'diffraction. 'iﬁree distinct types of
~ boundaries have been observed: |
‘(1) Pﬁré'filt Bbﬁndaryvconsisting of %{101] digiécétiéhs on (101)
'plénenwith thevaxis of rotation [101]; -
(2) Puie,tilf boundary consisting of mainly tﬁé sets of dislocations
A, b = %{101].and B, b = %{011] on (112)_p1an§ with the axis of
brofatioh'flli); 7 : -
(Sj Miie&:boundary'with three sets of dislocafibﬁs A, b = %{101];
o 'B,'b:=‘%{011];.C, b = %{101] on the plane close to (112) with
'the axis of fotéfion‘(lli). The hexagonal ana square'ngtworks
aobserQed_by,Amelinckxz in iock salt qsingadecoration technique$
" can be" formed by B and C sets, and C andiA»%ets respe;ti&ely.-
The o;currenée of the following dislocation réactions;in MgO ﬁas

been directly confirmed:

[011] +

N =

tioi]

(ST

7 101,

and -

2 [101] + 3 [101] = [100]

N k=

~ The strain.field around the impurities promotes the interaction and

_ this interaction may render the boundaries relatively'immobilé.
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FIGﬁRﬁ CAPTIONS -
Fig; 1. Pure tilt Bonndary of'l;[lbl] dislocationa,-.ﬁote.théismaller
Vimage w1dth of A, B, C, and D dislocations whicn are very near to
screw orlentation and ‘'shifting’ of Kikuchi lines across the sub-
) '_bonndary. _ | .
Fig. 2. 3Pure;tilt Boundary Qith l-[lOi] and'%-[Oill”di510cations;
(a) g = [200], A set in contrast. Note rhe'reaidual contrast with the
B set, and inside and outside contrast at 3. }Rapnlsive'inreraction is
voccurrlng at 1, v |
(b)'g =_[626],VB aet in contrast. The residuaivcontrast off[100]
‘segments at 3 is due to their high edge component. |
(c) Continuation of the boundary in 2a and b; g [220], all dis-
‘dlocationS‘ln contrast. Impurity-dlalocation 1nteractions may be seen.
Fig. 3. Mixed. boundary with Burgers vectors —-[101], 2 [011] and —-[101],

4 signated as A, B and C sets of dislocation '

.1(a)'a =’[200], A and C sets are in contrast. Notédthe repuisive
interactiona at‘i,vattracfive inreractions at Z;Iand residual contrast -
of the B.act. Tne reactions at 3 occur primarrly-because of gain in
core energy. | . |

a,(b) g= [020], only B set in contrast,‘the residnaidcontrast is
aasociatéd with [160]bsegments at 3. Note theddisiocation impurity

- pinning,

e e o St et At — o Al s o 2ot mn e et i g s tin il e T L e
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Fig. 4.v_(a>'g‘% [EOQ], A and C sets afe in contrasf;.iihe dislocation
'reactioﬂé of 1, 2, and 3 typés are shown. Notiég;also the residual
cbntraét‘ﬁith the B set.

(b) g = [020], only B set s in contrast, the :l::e‘s-.i"duél contrast
.'is asSﬁciéted with [100] segments at 3. Note fhe.impurity-dislocation

interactions at 4, 5, and 6.
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Fig. 3.



=1 7=

XBB 733-1511

Fig. 4.
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