Submitted to LLBL-1843
Journal of Applied Physics Preprint €

PRISMATIC DISLOCATION LOOPS ON IMPURITY
PRECIPITATES IN MAGNESIUM OXIDE SINGLE CRYSTALS

J. Narayan

January 1973

Prepared for the U,S. Atomic Energy Commission
under Contract W-7405-ENG-48

4 )
For Reference

Not to be taken from this room

- J

‘.3

€¥81-1d1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-1- ' LBL-1843
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IN MAGNESIUM OXIDE SINGLE CRYSTALS

*
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Department of Materials Science and Engineering, College of Engineering;
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ABSTRACT -

Prismatic dislocation loops, b = %—<101>, were observed around

impurity precipitates in as-grown magnesium oxide single crystals with
a high percentage of Ca and Al impurities. The loops lay on {101}
slip planes. By using the results of dynamical theory of electron

diffraction ineluding absorption, the majority of the loops were

identified as b = %—<101> vacancy type. The possible chemical form

of these impurities is discussed in view of the nature of the disloca-

tion loops.

*
Present address: Solid State Dlv1510n Oak Rldge Nat10na1 Laboratory,
Oak Ridge, Tennessee 37830.
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INTRODUCTION

Impurity'preCipitétes in single crystals of mﬁgﬁesium oxide have
been studied_by several investigators.l-vS Stili ideﬁtification is often
lacking because:of varying concenfrations of impuritiéé in different
batches.of cintals. There is‘also‘éome controvergy as to whether or
not theée piecipita}g particl?ﬁ'Can ac£ aé»dislocationfsource;-and
consequently affect-thev)ield st1‘ess.4’6 In ionic-#olids of rock salt
structure;-thelgrown-in network of dislocations appears to play no roie
in plastié‘deformation; Therefore, the Frank-Read mechanism as the
source éf dislocations is not important in rock sait'stfucture ionic
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solids. To explain the comparatively low yield stress of 1ithium

fluoride it was proposed. by a number of imiestigatorsg'12

thaf‘priSmatic
loops formed by vacancy condensation around precipitates were acting
either directly or indifectly as the dislocation sources. However, no
direct evidence-for.the formation of priSmatic disloé#tion-loops around
precipitafes-has been prgvioﬁﬁly presented. The ptesent.report-pfdvides
such evidence for MgO. From the nature of the dislhcation lbdps at éré-
éipitate particles, one cah determine the sign and mégnitude of the local

'

stress field and consequently the possiblé'chemicalvform of the precipitates.
" EXPERIMENTAL

~Two gradés of large graipqd polycrystalline Mgd were obtained from
Muscle Shoais.Electro—chemical Corporation, Tuscumbia, Alabama. The results
of quahtitativé'analysis done by Coors, Spectrd—chemical Labofatory, Golden,
Colorado, on samples No. 1 and No. 2 are included invfable I as well as the

impurity content reported for specimens studied b&“Heh_derson.3
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Single crystal specimens in the form of thiﬁ sheets (0.5 - 1.0 mm
thick) were obtained‘by cleaving along {pg1} planes. The surface damage
introdﬁced,during cleaving was removed by chemical polishing in hot
orthophosphoric acid (150-160°C) to a thickness of about 0.1 mm. Thin
foils for ihe electron microscope were obtained using the jet polishing
technique.13 ‘A1l the foils were examined in a Siemens electron micro-

scope at 100 kV.
RESULTS AND DISCUSSION

Rock salt structuré ionic solids have six slip systems of {110}
<i10> type, each slip plane of the type {110} having only one slip
vector %-<ilo>. Studies have been made on MgO of two grades (MgO No. 1
and MgO No. 2, see experimental section) having different chemical
composition and probably different thermal histories. In MgO
No. 1, there were two batches of samples. Figures 1 and 2 shown below

are from the first batch and the rest are from the second batch.

The dislocation loop A (Fig. la) is in contrast for diffraction

vector g = [200]. For the loops b [011] or Db = %—[Oil], gb=0

1
2
and for the loops b = %—[110] or b % [110], the loop should appear
as a line because the electron beam is parallel to [001]. Therefore the?loop
in contrast for g = [200] should have as a b-vector either %—[101] or
% [101]. This is confirmed from Fig. 1b where the same area is shown

14 but

for g = [020]. The dislocation loop A is out of contrast because g*b = 0,
the dislocation loop B now is in contrast with b = % [011] or %-[Oil]. The

loop B does not project as a line, so it can have neither % [110] nor
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%5[110] as a b-vector. The residual contrast of the loop A in Fig. 1b
is due to Eﬁgix G_cdmponenf,}? whére U is the tangent vector to the dis-
location line.‘.In the same foil, the dislocation loop C is in contrast

for g = [020] having b = %—[011]_or % [011]. Figure?Z shows electron

‘micrographs from asimﬂa:'Batch of MgO. Thé dislocation loops A (Fig. 2a)

and C (Fig; 2b) are'iﬁ contrasf for g = [200]. From;fhe same arguments

aS given fﬁr.xhe loops in Fig. 1, thesg have a b-vectdr équal to either

%—[lpl] or %-tiOI],_ Thé'}oop? at B and D with'b = %{011] or %{OII] are out of

contrast because g-b =0. The loob'Ev(Fig; 2¢) isvvéry near an impurity =

precipitaté but i§ not”éttéched to\it probably because.the‘dislocation loop

is of an interstitial type. %his point will be diséussed below.
Figures 3a and 3b are from the same area of_aif@il. Thg diglocation '

loops A and C (Fig. 35).are in contrast for g = [2601 and the loop‘B

(Fig. Sb) ié in cohtrasi for g = [020]. - Therefore fhe‘loobs Avand B

have bfvectbr %-[101] or %—[101] and C has b-vectof % [011] or %-[Oil].

Again the fesidﬁal contrast for g*b = 0 is due to the b x 1 component.

The loops D, E and F (Fig. 3c) are in contrast for gl# [260]. Thesei

appear almést_in a line. This is exfected forjloéps_on (110) ahd'(IIO) planes
when:projécted_on é (OOI)leane (i.e., eleciroh beém being almosf péraiiel

to [001] diréction). The loops'H and I ére in contfést having b = %-[101]

or %:[101] and the loop G, béing out oflcontrast.fq¥ g = t200], should

have b = %—[0111,0r % [oi1]. '?igure 4 is from a siﬁilar batcﬁ of Qampleé _

as Fig. 3. The ioops at A (Eig. 45) having b = %-[101]-or %-[101] grew

on the same precipitate but could not combine bééause they probablytlie

on different atomic layers and have repulsive interaction.lJ Besides,_MgO'

has higher lattice frictional stress compared to mei:als.16




The loops at B (Fig. 4b) with 3 [011] or 2 [011] probably lie on different parallel
atomic layers because both the loops have similar (inside the extra half
plane) contrast.l4' In Fig. 4c, the loop$ A, B, and C :have' either b =
%—[101], %-[101] and the loop at E, which is out of contrast has b = %-[011]
or %~[Oil]. ’
Sometimes loops grow on all six {110} planes around impurities, see A in
Fig. Sa . ,Figﬁre Sa is for the diffraction vector [200] imaging loops of
b-vectors %—[101], %—[101] and %—[110], [110] and 5d is for the diffrac-

“tion [020] imaging loops with b-vectors

STEC ST

[011], %—[Oil] and-% [110],
% [110]. Therefore, the common portion bétween Figs; 5a and 5d has a b-
vector equal to %4[110] or %-[110], and the part appearing exclﬁsively in
Fig. 5a has a b-vector equal to %-[101] or %—[101]. .That.appearing
exclusively in Fig. 5d has a b-vectqr équal to %~[011] or %—[Oil].
Figures 5a and 5c are stereo pairs giving threé—diménsignal views which
confirm the above énalysis. Notice that\the loop \C and the dipole
with b =’%-[101] or %—[101] (Fig. 5a) are out of contrast for g = [020]
in Fig. 5d. | | |
d17'

A metho based on dynamical theory of electron diffraction with

absorption was used to determine the plane and subsequently the nature

of the loop (interstitial

AOT vacancy).: When the diffraction vector is changed from g = [200] to

g = [QOO], the size of the loop decreases (Fig. 6a and 6b). From Fig. 6c,
the slope of the plane on which the loop lies is known because for a dark
field picture the top of the foil is in better contrast when S (the devia-
tion from the Bragg angle) is negative. For dark field S positive, the

bottom of the foil is in better contrast (Fig. 6d), and for S more positive

(Fig. 6e), the top is out of contrast. Therefore out of the four
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"p0551b111t1es shown in F1g 7; the loop in Fig. 6 corresponds to case
III. Elght dlslocat1on loops aséoc1ated with 1mpur1t1es were analysed
by this method and all ‘were found to be vacancv type |

From the nature of dislocation loops, the p0551b1e chemical form of
the 1mpurit1gs can be predlcted. MgO “as- supp11ed was large-grained poly-
LCrystallinemand was manufactured by controlied coollng of a large mass of
MgO. Duringfcdoling, érecipitateé with a lower coefficient éf expansiohi
fhan the matrix have compresséve ﬁtreéses and'théréfére can act as favor--
able sites'for excéss Vacancies o Previous electron diffraction
experlments have 1dent1f1ed prec1p1tates in MgO,. MgO Al2 3 spinel
'(Henderson'); and ZrOz partlcies w;th'some ca1c1um,(Vcnab1e52).

In the pfesent experimehts,'thé piecipitate particlesjare-most likely
MgO- Al2 3 B |
(i) Since the coefficient of thermal expansibn‘ofMgO'Alzo3 is

spinel for the following reasons: R

9 x 10'6, which is less than that of'MgO (14 x 16'6);“compressive'stresses
are 1ntroduced during cool1ng Therefore vacancies. should be attracted

toward MgO-Al, 0 particles. On the other hand, the coeff1c1ent of thermal

273
expgnsion_.of_ZrO2 is 30 x 10 -6 whlch leads to hydrostatlc tension on
cooling. Iﬁ this case, vacanc1es should be repelled

(ii) No loops assoc1ated_w1th;the impurity partlcles were' found in
MgO sample:No..Z which contained less Ca and Al. .Tﬁis suggests that |
either Ca or Al was importaﬁt for fhe formation of lbbps.

(ii1) As'shown in section 3, concentrations of the two impurities Ca

. . |

and Al in MgO sample No. 1 weré approximately the.sahe as in the maferigl

used by Henderson.3 He concluded that MgO-A1203 waS‘theImost likely

 precipitate.
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Further evidence is shown in Fig. 5. The size of the dislocation
loop C, very near the impurity precipitate decreases from diffraction
vector [200] (Fig. 5a) to [200] (Fig. 5b). "From a khowledge of the
slope of the plane of theloop(from the stereo pair Figs. 5a and c),
loop C was determined to be an interstitial type. The dislocation loop
C is very near to the precipitate but is not attached to it. This can
be explained if the precipitate is MgO;AIZO3 so that interstitial loop
C experiences a net repulsien. Probably loop E in Fig. 2c is also an
~ interstitial type. These interstitial loops may have been produced by
a prismatic‘punching mechanism due to compressive stresses introduced
during'cooling of the crystal. Support for this hypothesis is obtained
from the observation that the sizes of the interstitial loops are approxi-
mately equal to the precipitate sizes respectively in both cases. Thus,
prismatic loops generated by a punching mechanism are constrained to be
not much different in size than the precipitate that leads to their
formation. (A sphere can preduce prismatic 160ps with the diameter equal
to its own. A rod can generate prismatic loops with a diameter corres-
ponding to its length and diameter. Finally, a platelet can produce
circular loops corresponding to its largest dimension.)

Figure 8 shows an interstitial loop inside a vacancy leop. This
Qas confirmed by determining the change in the size.of the loop from
diffraceion condition g = [200] (Fig. 8a) to g = [200] (Fig. 8b) and
finding the slope of the plane from the stereo paii (Fig. 8a and Fig.

8c). For g = [020] both of them vanish and a loop, which is in faint
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contrast in Fig..8a, appears in c6htrast.' This configufation probably
results when multiple loops are nuéleated at é precipifate. If the
cooling rate is fast enough, different parts.of the ioops ﬁéy grow rapidly
and surround an area withvvery few vacancies, forming an ihtef-

stitial loop inside é vacancy lodp;.as.shown'échematiCaily :

in Fig. 9. | | o

The precipitates were obsérVed to .-be inside or ét the circumference
of the loop. The position.of the dislocation loop relﬁtive to the pre-
cipitate probably depends on the size ‘and Shapé of tﬁe particle, the rate
of pipe diffusibn18 of vacancies along the dislocatidn; and tﬁe nearby
vacancy supersaturation during growth of the ioop. _If pipe diffusion
is rapid enough compared to the rate of vacancy diffusiqn into the dis-
‘location loop during growth, it remains circular and in contact with the -
precipitate. Otherwise at some stage the dislocation line may bow around
the impurity and break away from it leaving the precipiiate inside the
loop (notable examples: 1loops B and G in Fig. 3).

Occasionally if impurities are near each other, dislocation ioops
nucleate and grow separately at impurities and may céaleéce to form one
loop eventuallyv(notable éxamples: rloops A and H_in Fig. 3 and A, B and
C in Fig. 4c¢). Two prismatic dislocation loops éan'have either an

attractive or repulsiVe interaction depending upon the relative location

of one loop with respect to the other loop. Apparently the constituent loops

of loops A and H in Fig. 3 and A, B and C in Fig. 4c had an attractive
interaction and therefore coalesced to form single loops. In contrast to
this, the loops at A in Fig. 4a and at B in Fig.4b could not coalesce to

form single loops probably due to a repulsive interaction.
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The sizes of the dislocation loops and impurity precipitates seem to te
critically dictated by ;he priof-history of the samples. In the growth
of Mg0O, a large mass of Mg0O mostly in the powder form is melted and
cooled slowly to get large-grained pqucrystalline material. Mg0 crystals
are obtained by separating and appropriately cleaving along {100} planes.
The observed prismétic loops are formed due to vacancy coalescence
during the cooling phase of the crystal growth procéss.
This may be one of the Teasons why loop size is different in two batches
of the samples with the same impurity content. Also,»Henderson,3 unlike
Bowen arid'Clar'ke,4 'reported incoherent impurity precipitates with dis-

location around the crystals of similar‘impurity content.
CONCLUSIONS

(i) Prismatic edge dislocation loops which grow around impurity
precipitates lie on {110} slip planes and the majority of the

.loops are vacancy type.

(ii)'Impurities associated with the prismatic dislocation loops
appear to be MgO°A1203.
(iii) The position of the impurity particle in relation to the loop

depends upon the local supersaturation of vacéncies,and the

ease of the pipe diffusion.
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TABLE I
Impurities Amount Amount Detection Amount in
in ppm ' in ppm © 1limit of Coors Henderson's
MgO No. 1 MgO. No. 2 in ppm MgO
Al 175 100 1 200
Ca 150 -. 50 .10 150
Cu 20 20 1 2
Fe. ‘ 100 . 100 : 1 50
 Mn | 20 20 IO 5
si 35 s no
Mg major = major 1. major
Zr | _ no " no ‘ 10 - no
Other impurities (ppm) in MgO used by Henderson.3
Zn, Na, Co, Pb cd, Ge, Sn, Ga Pd, T1 Ca, Sb, Ti
In, Bi, Mo, Ni S
20 50 <5 2 <1 <2 <10
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- FIGURE CAPTIONS

‘a) g\='[200j, the loop A'with b =1%-[101] orv%‘[TOI] is 'in
contrast. b) g = [020],”the same area as a), tﬂe loop B with
.b =-%-t011].or %ﬁ[Oil].iS in contrast. c¢) loop C with b = %-[011]
or %—[Oil] is in coptrast.' | -'_

= [200], all the loops have b = -1-'[1'01] or l-'[iou |

a) Dislocation loops A and C w1th [101] or ——[101] are in

~contrast and the loop B, b = -[011] or 5 [011] is out of con-

trast for g = [200].  b) The same area as a) for g = [020], now

loop B is in contrast. c) g

[200], loops D, E and F have
b s% [110] or % [110], G has

N]o—-

[011] or —-[011] and loops H

‘and T have b = [101] or 2 ! ri01].

a) g_='{2001; two loops at A with b = %-[101] or %—[101] on
different atomic layers. b) g = [020]' two loops at B with
b = —-[011] or 5 [011] on different atomic layers c) g = [200];

the loops A, B, and C with b

5-[101] or-i [101],kthe loop.at
E with b = % [011] or -;- [0i1]. |

a) g = [200], the loops with b [101] or 3 [101] are in

contrast. b) g = [200]; for the loops b = 5-[101] or 5-[101],

contrast changes from inside the extra half plane to outside the
13

‘extra half plane. c) Stereo pair at 15° along 200 Kikichi.

d) g band = [020], notice the dlsappearance of the dipole and the

loop. C with b = E-[lOl] or 5-[101].




Fig.

Fig.

Fig.

Fig.

A%

a) g = [200]; the loop with b = %~[101] or %-[101] in contrast;
b) g = [200]; c) dark field S < 0; d) S slightly positive;
e) S > 0.

I - interstitial loop, II - vacancy loop, III - vacancy loop
when the plane is sloping in the opposite direction, IV - interstitial
loop.

[200]; c) stereo pair at 16° along 200

a) g = [200]; b) g

Kikuchi band; d) g

[020], see the loops with b = %—[101] or
%-[IOI] which are in contrast in a), b) and c) disappear.
Mechanism of formation of aninterstitial loop inside a vacancy
loop as vacancies diffuse toward the pfecipitate (see from right

to left in the figure).
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