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ABST RA(_Z T
High voltage transmission electron microscopy has been used to
study the structure of ;Hin films of cobalt ferrites of various compo-
_'sitigps. Small Aefects héve been identified to result from a combination
éfAcHémiCal pbiiéhing used to prepare féils and subsequent radiation
'damgge”in the elecfron microscbpe. Such defects m@st be distinguished
from the‘Qﬁaracteriscic defects, such és small precipitateé, since_they

are representative only of the preparation and examination techniques.
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INTRODUCTION
Thevin;reased penetrating power and the'low_ionization radiation
d#mage of the electron beam prbduced in high voltage electron micro-
scopes(l) ;onstiﬁute'the main'réaéons wh&,extenéive sttuctu;al
investigations ére fiow possible of non-metallic materi31$ from whicﬁ
.very thin foils are not eaSily‘prepared,vand are sometimes not
désirabig; During a high-vo]tage fransmiséion electron miéroscbpg
study of'pha§e tr;ﬁéformatfbns in cobalt ferrite spinels (to be
reported later), ‘small defects were observed which were noﬁ répresenta;ive
of thg‘bulk samples. Tﬁis paper discusses tﬁe idgncificatioq‘and the
origiﬂ of these‘nonfchafacceriStic'defects.
| * EXPERIMENTAL
Speciméns wefe obtéined ftqm the Airtron-Littoh Industriesvin
the form'éf‘sméll single c;ystals with a diametervfrom 2 to 3 mm.
They were énnealed in air at Lempera;ufes‘of abéqt 960‘C for abdut
50 hours. Then théy were ccoled slowly,'vThé erstals were mechanically
groundidpwn to platelets with a thiqﬁness éf about 75 wicrons, and
éubsequéntly polighéa. A Chemical.polishing téc§nique was used similar

(2)

to.the one»reported’by Lewis for magnesium alumihate spinels. 'The
plateletvaefe.immersed in hot phosphoric acid kept at;; temperature
éf aﬁoﬁt 400°C. 'Whén_thé platelets were dissolved to about ;/3 of
their original size eleétroé_traasparent areas could usually be found
at the edges; Chemical poiiéhing tovk 5 to 10 minutes. Immediately
after.poiishing,che Spécimens were first washed in hoc'water,and then
in alcohol. The .f&ils were examined in a‘Hitachi 650 kv transmissibn
_nge¢tron microscépe.

The composition of the microscope atmosphere was analyzed at
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waere ‘examined (Co
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the specimen stage level with a Varian partial pressure gage. The
total pressure was about 5 X 10_6 Torr...Fig. 1 shows the‘gage read-
out, from which the partial‘preséures can be salcﬁlaﬁed. Water
vapdr was the main gas phase, and this probably evolves from the
photogréphic pl;tes in the'microScope camera chamber. The partial
pressures of the three maiﬁ gas phases (HZO’ N2 aqd 02) in che
specimen néighborhobd have been listed in fig. 1.
RESULTS |
Numerous small defects were found iﬁ éll the ferrites that

). Fig. .2 shows the

to Loy 9gFey 79Y%,

Fe
1.057%1.95%
distribution of the defects around a nearlv perfect conical etch pit.
The observations were made at an accelerating voltage of 650'kv, and
this allows the foils to be electron transparent with good resolution

up to about 1 micron for g = 440. When the number of defects per unit

area is counted in this foil it is found that the projected defect’

\

density is invariant over the engife range of thicknesses. The derfect R
images afe black-white 1obes; thh a liné of no contrast‘dividing the
lobes. - These kinds of imqges'typically result from the matrix strain
field around defects that are too small to be resolvedégifectly. The

SB)LQﬂd

contrast of such defects was first discussed by Ashby ;;d BrOWﬁ :
subsequently examined in more detail particularly gith regard toc depth
dependence by several aﬁthéré; e.g. Rﬁhle'et alfa) The direction of
the white—to—bléck cénﬁtastvméf.be cha?acterizéd by a vector q (see

Bell and Thomas ));' Consideration of the direction of the line of

no contrast LC, i and g, can for certain foil orientations allow the

i'immediate identification of the displacement vector associated with
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the defect. LC and q have béen defined in the insert in fig. 2. 1In
this!bright'field imagé;a'is the same for every defect, suggesting

that they afé all-ioéated near the tgqur ngaf'tﬁe bottom su;face of .
ﬁhe foil. 1In the many foils tﬂat wefe examined these defecgs were
found wiéh'Che séme projecﬁed defecg dehsit& right up to the foil
~edges. At 650 kV ﬁhefexﬁihctjbn distance for 440 refleétioqs is
about BOOR-fbr cobalt ierriﬁes.\so tﬁat it may be assﬁméd that the
defects are located withinihalf aﬁ extinctioh distanqe”from either
su;face, Further‘informatibh must come from a comparison of bright
and darkffieia imagesss) “Image contrast calculafions according to

(6)

the procedﬁfes se; up by Beil and Thomés for a sysﬁematic 12 beam
dynamicai c#se at 650 kV showed thac,>as far aé strain contrast from
small defecté iS'coﬁcéfued, thg same ruiés apply as were Gorked out

by Ashby and Brewn for o two heam éaSé at 100 %?5 when the defects.
are'witﬁin half:anfexéinc;ionfdistancé‘ffom'thé snrféée. Bright and
dark fiéld images ére_cvmpared 1n figs;“3a and 3b. Note that a is

in the same direction:in both>bfight Qnd'dafk field. From these
observations it can be concluded that the defects are all ‘near the
surface of the féil thét is facing_the_glectrod.gqn; and that they are
'bf'theZVacancy type.; Fur most‘of che‘defects LCniéﬁéefﬁéndicular to

the operating diffractfén veétqr E;whilesthe direc;ioé of E is anti-
parallel to g. Some defects marked L, for which LC is not perpendicular
to E, have been mark;d.’:For these dgfectvaC is along ;he [liO]-difection,
whilé'a'ig.étill antiparaliel to g =‘ZOA;.}Th13 strohgly suggests

that thé.mafked défectsAarg vacahc& loops on-tﬁe (111) plane. The -

maghitude of the Burgers vectors has not been determined, but since -



- dislocations appear not to be dissociated in cobalt ferrite spinelsf,
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the loops are probablv pertect prismatic loops with b = a/2-110~.

Figs. %a and 4b show two dark field images withvdifferent 440 operating

vectors. A loop found in this area is marked ... For the other defect

»

 images LC is at all times pérpendicular to-§ while at the same time

q is éntiparallél to g. It musL.be concludéd‘that the large.majority
of ;he=defégts are sphericai vatancy clusters, while only occasicnally
a prismaﬁic loop is formed;

.The incregse in projected defect density with constant ir}adiation
in theimiéroscope was followed. Figs. 5a to 5d show how the defect
densify changés with time. The diffracting ;ectors are different
440 :efléctions..iThis again allowé*one,to distinguish betwéeﬁ 1dops
and Sphgrical clusteré. A loop that was found in this area has been

marked L. - Note that the defects retain their character within the

‘observations interval: there is no switch from spherical cluster to

loop, or conversely. The pfojected defect densitv versus time is plotted

in fig; 6. These obser&ationsvshow that the projected defect density

9 ' 2 : . .
' saturates at about 2 x 107 per cm” after about 20 minutes of observation.

This kind of-behavior is quite similar to that observed bv Makin on

cdpperSB) In the present case the clusters do not,continpe to grow,

however, beyond a radius of about 100A, ‘at leaSt;within the period of

observation. In appearance, the defects are similar to thdse that

(9)

~result from the ion bombardment of some FCC metals. The_defecté

observed in the present work are likely to be oxygen vacancy clusters.

Indeed, during polishing in hb;iphosphoric acid;fhydrogen is produced

.on the surface of che'dissolving.crys;al. The hydrbgen_reduces the




crystal over a very small depth and this reaction catalyzes the
.dissolutidn.  The precipitation of the vacancies that are introduced
in this way~in the surfaces of the foiis, would then be stimulated
byjtﬁe radiation damage pfoduped during observation in’fhe'microsc0pe.
The tadiation'damage results from the impacr of aecelerated ions; it
is‘uhlikély'that it weu]d o}iginete in-primary electron kncck-on
events eince then the defects should appeae simul taneously in the top
" and the bottom surface of tBe foil.' Also, the dofects form with equal
density in pafts of the foil that are not electron irradiaied. The
accelerated'ions_are probably férmed from the gases that are present
~in the microscope atmosphere which,as was described in the experi-
.mental seccion.are most probably oxygen ions from dissociating water
vapor;:and nitregep ions.
Upon Geating ia the ho; Stage the defeets slowly disappear at

about 400°C. Above these temberatetes'phase transformaeibhs occur

in the f011 ‘and the behaVior of the clusters can no longer be followed.
An examnle of a partlally transformed foil is shown in fig. 7.

, Qefect clusters were also observed to form during observation -

- at liquid.ﬁitrogen'temperatures.  These defects are shown in fig. 8.

gince Lhere are brvéently-ne.tilting faciiities available for the ;

cold stage; the ﬁumber bf'éiffraécinn experiments that can be carried

out afe rather 1ieired Still, it scems thee the strain fields of
 the defegts are not. quite Spherical. Instead the strain contrast

:indicates that at this tempetacure ‘small stacking faulr ;etrahedra ' e
form (strain eon;rast from small tetrahedra has been discussed by

Chikglo)) This change of defect character with temperature 1is not : ‘ I
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clearly understood, unless one would assume thgt the stacking fault
energy decreases with decreasing temperature.

© CONCLUSIONS
a. Oxyggn,is lost from_thevsurface layersrbf ti2 cobalt fefrite

spinels during chemical bo}ishing in hot phbsPhoric acid.

'b. Damage produced by the impingement of accele-ated ifons stinilates

the prétipitaﬁion of the oxygen vacancies in the top surface ~1 the
spéciﬁen. Thé ions that produce:the damage ~re fost’like]y to e
nitrogen ions and oxygen ions from the diésocia-iun of the water
vapor_thé£ is pfesent {n the microscépe‘atmoaphgre.' Near room tem-
perafu?é the defects are nearly all spherical Vaéancy clusters, while
;ccasionally a peffectAprismatic vaéancy loop is formed. At low

temperatures, the indications-are that small-stacking fault tetrahedra

are more frequent. The defects can be electrically neutral by an

'appropriate electron transfer among the neighboring cations.

c. As witﬁ cetﬁain méta]s. care must be exerched in electron micro-
scope‘analyses of lattice defects in céramic materiais. In the
Preseﬁf.casé, Lﬁefpreparétion induced défgcts must be distinguished
from‘characcgrist._-defects and small precipitates. -The maximum projected -

s

. : S . ' 9
density of the non-characteristic detects is about 2 x 10° per cm%

which cleariv aliows the study cf other defects of interest in the

fbiisfwithont interference.
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FIGURE CAPTIONS |
1. PartiAI preésuré gage reéa-out. From this, the partial pressures
of the gases §resent in the microscope atmqsphére,cah be determined.
The main components are water vapor aﬁd nitfoggn.
2. Disﬁribution of‘defects argund a neari§ perfect conical etch pit.
The insert definesvthé line of.ho contrast LC and the direction q of
the white—to—biack image contfast.“ Note that a is the same fc¢r 111
the defects.
3. Bright and dark field im;ges of the defects. Prismafif vacancy,
loops are marked L.

4. Dark field images of the defects with different 440 diffracting

‘vectors opérating; A loop has been marked as L. The majority of

the defects are spherical vacancy clusters. Only occasionally are-

loops in evidence.

5. _Change pf the defectvdehSity with time. The different diffracting
vectors allow at the sam time distinction between spherical clusters

and loops L.. The elapsed time is indicated.

76. . lncrease of projected defect density versus time with continuous
observation at 650 kV,.
+7. Ccbalt ferrite spine: partiallv transformed in the hot stage

~above 400°C. - Nete the interface fringe contrast from the numerous

larger defccts and the strain contrast from the smaller ones.
8. Defects formed at‘liquid nitrogen tecmperatures. 'The cdntrast in
a and b seems to indicate that most of the defects are tetrahedra

rather than spherical clpstérs‘or prismatic lbops.
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respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

fringe privately owned rights; or .

B. Assumes any 11ab111t1es with respect to the use of or for damages
resulting from the use of any information, apparatus, method or

process disclosed in this report. :

As used in the above, "person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract '
with the Comm1ssmn or his employment w1th such contractor.
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