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ABSTRACT R
Phase trensformatlons in the reduclng atmosphere of the electron
microscope have been examined 1n:deta11. It has been shown that these
transformatlons are due to the loss of oxygen from the snec1men surface

A tlme dependent gradlent 1n the catlon/an1on ratio is developed from

“the surface of’ the transformlng foil, and 1n1t1ally cobalt metal,. con-

ta1n1ng less than 5 at% iron, has been found to form at the speclmen
surface. At the same time a very hlgh dens1ty of small (30 hOA) cobalt-_

wustlte partlcles prec1p1tates withln the foil. ThlS (Co, Fe)O phase<’”-,

probably forms homogeneously. After prolonged heating, the spe01menv

is converted to a mixtufe of’cobalt (fee and hcp) metal grains, and an
iron rich spinel matrix'

Studies of transformatlons in air have shown that (Co Fe)o precipi-

,tates 1n1t1ally are shaped as square prisms, and are fully coherent up to
a size of at least 1eooK Between 1200 and 1500A they lose coherency,
'and also become more -or less spherlcal in shape Undissdciated interf

face dlslocatlons are then resolved Durlng growth mlcropores were

found to mlgrate along with the semlcoherent 1nterfaces. Thelr origin

and a pos51ble mechanlsm by which prec1p1tates lose coherency is dlSCuSSEd

* Now at the Gordon McKay Laboratory, Harvard University, Cambridge, Mass.
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I.M'INTRODUCTiON
‘ﬁuring.the past fifteen years,‘électron micfoscopy has proveé ifs
uniqUe ﬁsefﬁlness'in establishing the reiation between micrpstructuré _
: ' ‘ '

and mechénibal properties of mgtals and alloys. For the examination of ‘
céramic materials, however,!the.transmission electron microscope is not ]
yet a standard tool, since.most practicél ceramics have a very complex
multiphase éfructure from'which eleptrbﬁvtranSpafeht fdiis'are_diffiéult
to prebare. With thé-commerci;l intréduction'of high ﬁqltage micréscopes,
and the céntinuedbdevelqpment of:foii preparation techniques,'sﬁch as

ion bombérdﬁeﬁt, thesé expefimental difficutlies are no lpnéér obstacléé .
to the éﬁbstructﬁralvchéracterizaﬁiom of cerémigs.' Such aﬁ approach is |
necéssary; particularly. #ith regard\to phase transformations in- systems
sucﬁ.as metalvoxides,vifvfhe ﬁechanical,felectrical and maghetic proper-
ties of ceéramics are‘ﬁo e understood and develéped.

| In ﬁhis paper bhase transformafions_iﬁ.cobalt ferrite Siﬁgle crystals
have béeh invesfigatéd. Thiévcubic oxidé-has been selected for a number

of reasohs: Cobalt ferrites héve the spinel structure, and currently

about thirty different_cations are known to form spinels with oxygen..1

It is hoped that some ofvthe information about cobalt ferrites obtained
here vould~be relevant ﬁo this large-élass of crjstals. Also, this
ferrite, like several others, is feffiﬁagﬁetic, and_for this reaSOn-has
found applications in electronicé industriéé.g éonventionélly,'graih.

size or_porositymhas been_used to control fhe magnetié properties:of ' » - &
polycfystalliné ferrités,3 buﬁ it is likel& that heat treatments pro-

dﬁciﬁg apﬁropriate Miérpstrucfures couid lead.to materials'With highiy

desirableiproperties._

[
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The oxygen partial pressnre plays an important role in the‘trans;

._ formation behavior of cobalt ferrites since it affects the cation/anion

stoichiometry,szhe ferrites ﬁéré therefore transformed in two7different

'oxygenpenvironmenta:' at about 500°C in the hot-stage of the electron

microscope (low Pd ), and at l230°C in alr.' The resnlting.microstructures
o2 . :

‘have been Observed in a 650kV electron mlcroscope, and are dlscussed in

this paper. Radlatlon damage durlng observatlon has been prev1ously
reportedh but thls effect does not induce preclpltatlon as 1t does ln
siliconfS | | |
| 2. 'VB}CPERIIVVIEN‘I‘AL
Speclmens were obtalned from the Alrtron—thton Industrles in the
form of small 51ng1e crystals with a dlameter of 2 to 3‘mm Analy51s
of the comp051tlon was done by first reduclng the crystals to metal by
heating them in hydrogenf* Then the Co/Fe ratlo was determlned with the
sﬁandard:ehemical technidues. 'The comp051t10n.of the crystals varied

between Col 05 l 05 h and Col 29 l ?2 h The as recelved crystals

~ were annealed for about 50 hours at 900° . According to the phase dia-

gram, Fig. 1, crystals of these comp051tlons are then solid solutions.

»After air cooling, thin foils were prepared by chemlcal pollshlng

described elsewhere.h The f01ls were examlned in a 650 kV Hltachl

transmission electron microscope. ‘Some phase‘transformatlons have been

,followed in sltu with the use of a hot stage Speclmen holder. Since

the oxygen partlal pressure greatly 1nfluences preclpltatlon the ‘elec¢tron
m1crosaope atmosphere was analyzed at. the speclmen stage level Wlth a
Varian partial;pressure gauge. The total pressure for the gases w1th

a mass between 1 and T0O was meaSured_to be. about 5 x 10 =6 Torr. Figure 2

* The chemical analyses have been- performed by R.. Clem, Chemistry Dept.,
Lawrence: Radlatlon Laboratory, Berkeley, Calif. 94720
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shoﬁs thevreadout of the gauge, from which the parfial pressures can
be calculated. ﬁater &apor Was the main gas phase which~is commoh in
unbeked vacuum systems.. The pértial pressures of the most important
components have béen 1isted in Fié; 2. DNote that the atmosﬁhere.was
not in'equilibrium sincé.it.cdﬁtained'more free hydrogen than free oxygen.
The féason is that low mdlecﬁlar WEight’gases are pumped less efficiently.
It was expectéd fhat this atmosphefe reacts to equilibrium at the specimen
sufface during the'ﬂot stage ﬁransformations, so that the excess hydrogen,
fogether with the water vaﬁor, determinéd the effective okygen partial
pressure. ‘For_@ost of the hot stage_transformations‘the‘Hg/HQO ratio
was between 0.1 and 0.0S; Such an atmosphere would, e.g. éﬁ 500?C3
reduce CoObto:metallic cabalt, but it would nof_reduce'FeO. The com-
position of the microscope.atmosphefe did not remain constant over
eXteﬁded.periods (days), so tﬁat in order té have compérable tfansfor—
matioﬁ data, thevhbf stage experiménts wefe carried'dut_whenAthe pre-
vailing étmosphereé'were comparable. |

3. RESULTS

3.1 .Transformations at reduced oxygen pértiai préssurés: ’Hot'.
stage experiments.

Foils of cobalt ferrite with é.Cb/Fe'ratio between 0.5k and 0,76
we?e transformed in the hot stage of:the microscope. In this composition
iﬁﬁerval no difference in morphology and na%ure of the tfansqumations
was dbsefved. Most of the hot stage_transformationé Wefe'carried out
at about 500°C. As was pointed out in fhe previous section, thé micro-
scope atmosphere is étrongly reducing so that the foil continuously

loses oxygeﬂ to its environment duringj the heating. The hot stage

&«
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engfimentS'are fbr'this reésgn aynamical'éo that qifférenﬁ'phasé
ffansformatibns may occur at difféfeﬁt depths within the foil. For

-éonveniénéé, the eventé have béen described in terms of aﬁ eérly, an
intermediate, and é final‘stagé; |
3.1.1, Théiearly stage

The early s%age corréspbndé.%o‘the initiai tranéformétion
intérval.in wﬁiéh raﬁid'formation 6f small.precipitates‘is observéd.

The observations wefe made on”foils that ﬁad not béen électron
i?radiated.pridr to tranéformation;xthough thié precaﬁtion seemeavto
meke no discernsble difference.

Thekapbéarance;of a foil tranéfofmed‘for 3 min. at abbut 500°¢C
is shown in Fig..3. -Inspectioﬁ'of this image reveals that two different
types 6f.precipitates are'pfesent.“ The larger precipifates havefbeen
called Typé l; while thé.véry.small ones have beenvlabeléd Type'2..

Stéréomicroscopy techhiqués_similar to tﬁose used previously for defect
diétributions ih siliconYIreveaiéd-that the precipitates afe distributedv
in the foil as: shown schémé.tically. in Fig. b. The Type 1 precipitates
are actually located very near to orvaﬁithe top and thé bbttom surféces
6f the foil. The Type 2 precipitates are located deeper inside the foil
and'are éeparatéd from the surface iayer by an apparently precipitate
vfreeIZOné;"A selected area diffraction pattern from thé region.of Fig. 3 -
is shown-in Fig.'Sa;.together_ﬁiﬁh its solution:Sb. The.precipitates have
been identified by examination of numerous dark field images.* It turned
out that the Type-l_preéib&tates-weré a;mixture of cubic énd'he#égonal
cobalt, wﬁilé the very small‘Tyﬁé 2.§re§ipitatés were ghoﬁﬁ to be a;mixed

sodium chloride type bhéSe: (Co,Fe)Q; "These two precipitates are each shown

¥ For more detailed analyses, see ref. 8.
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in dark field, in Fig..éa and b. The metai precipitates iméged in
Fig. 6a with a loilbheiagonalbtdbait reflection are at this stage
about_hOOK'in size, andvare éeparated on the average about lSOOR. The
cobalt—wﬁstitg précipitatéé are“imaged in Fig. 6b. .The réflectibns
that werebisolated with the objective aperture.are also shown in this
figure; :Note that‘althéugh a matrix spinel reflection has been'included,
the backgréund:inténsity.ié.vefyblow; This has beén achieved by using
a diffraction condition simiiaibto the weak beam method used for fésolving
very‘closely_spacéd partial dislocétiohs.g Note that the (Co,Fe)0 precipi-
tates are randomly dlstrlbuted so that they do not give rise to the

satellltes to the matrlx reflectlons as might result from a partlcular
spatigl pre01p1tate arrangement. It was already shown in Fig. 6b that
these satellites'ofiginate from the preSénce of cubic and hexagonal
cobalt precipitates. |

The orientation relationshipsvbetwéen the precipitates and the

matrix were simple; they are listed in Table 1.

TABLE T.
"t&pe‘of preéipitate | | précipitate - matrix
cubic cobalt _ | (001) ~ // '(001‘) 1
| [100] // ,_" [100]
hexagonal cobalt | | (0001) : // - (111) | ¢
| | - [2110] s 110} |
cobalt-wiistite o (001) 7/ (001)
| (100] /! [100]
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Since the oxygen,sublettice‘parameter difference'hetween the

(Co,Fe)O.precipitafes'andAthe spinel matrix is only 1,5%,‘these

’precipitares were likely to be completely coherent with the matrix.

"‘The oXygen sublattice should fhen’he continuous in'thisbtwo phase

region. -

. It should be noted that iniihese_early stages no significant

decoration of dislocationsvb&-(Co Fe)O wasvobserved This is 1llustrated
"ln Fig 7, which shows ‘some dlslocatlons that were present in the

ffoil prior to the 3 min. heating'at 1500°C in'the hot stage. Some of
“ the end points of the dlslocations or surface of the foll were, however,

»observed to be decorated by the surface cobalt metal precmpitates;

3.1.2 The 1ntermed1ate Stage
.A‘clear'impression‘of the'fransformation events in she ihtermediate

stage has come from the observation of transformlng wedged crystals.

.Figure 8 shows a time sequence of a f01l being heated at 520°C The

elapsed time is indicated in the micrographs »Several observatlons

fcan be made: The projected 1nnervreactlon zone, confaining‘the cobalt-

wustite particles, is seen to shrink in size. A (Co,Fe)O particle marked

with a black arrow near the receding boundary is seen to shrink in

size, and eventually disappear completely. A (Co Fe)O prec1p1tate,

- marked w1th a white arrow, 1s,on the other hand observed to 1ncrease ‘

‘in size somewhat " The size of the preclpltates at this tlme was about

3

3

_lSOX While the dens1ty was estlmated as 2 x lO 6 Cmf . The larger

ipartlcles, 1dent1f1ed earlier as cobalt metal are at the same tlme

seen to grow, and in doing.so they COnsume;the surroundlng matrix.'vThis

can be seen especially at the foil edges. The metal precipitates
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remained attached to the métrix,vand actually did chaﬁge orientation
somewhat éo as ‘to keep in physiéal contaét with it; This motion, whiqh
is more 6r less determined-by the localvfoil geometry andvthe nearness
of other prépipitates, élowly déstroyed-the original brienfatidn rela-
tionship between thé matrix and the metal precipitates.’
3.1.3. The later stage

In the later stégeAthé foil was neaf equilibrium with the surrounding
atmosphere, and‘only.grain érowth {which appeared to be a slow process.
hefe) occﬁrred.lIWith'fﬁe prevailing atmosphere and heating conditions,
specimens consisted in-this stage Qf a very highly coba;t‘rich metaliic
phase, aﬁa a sﬁinel matrix whicﬁ ﬁas consequently high in iron content
(e.g. Fig.»9). The loss of tﬁe original orienfation reléﬁionship can
be deduced from the substructufal‘features of the:metéllic phase, as may
be inferred from a comparison bétwéeh the features éfAthe two metal grains
marked A and B. The sﬁbstructure of the metallic cobalt has been examined
in.soﬁewhat more detail ih ?igs. 10 and 11. Figureé 10 a and b show éne
grain consisting of glternating hexagonal and cﬁbic cobalt; in an orien-

tation relationship such that (0001), . // (111) ., and [2110] //

hex

[110] Figure 11 shows ahother substructure in the cobalt grains that

cub.

gives rise to long stfeaking in the diffraction patterﬁs when the érain
is exactly in the 110 orientation. Grains suéh as this one_coﬁtain a ﬂigh
dénsity'of parallel.faults, indicative of -a single shear t&pe transformation.
3;l.h. Hot stage transformations in less'reducing_atmdsﬁherés.

As has beeﬁ mentioned in the experimental section, the cbmpbsition

of the microscope atmosphere did not remain constant over extended

s
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perioas.‘ Wnether_or noﬁrfreeymetal is thermodynamlcally possible at
a 'given' femperature.depende crltically on the excess hydrogen
presenti -Thisnexcess was variable and,-in fact,‘occasionally‘ekcess
oxygen was fonnd instead.-,The ekcess oxygen partialzpressure was
usually of the order ofziO_Y.to 10—8 Torr, and free metal should not
be-formea iniﬁhaf case.} It. was then to be expected that growth and
coarsenlng of the wustlte type prec1pitates would just contlnue as
the transformation proceeded. This was 1ndeed the case, as is shown

in Fig. 12,for a foil that was transformed for 10 min ‘at about 6SO°C

in an effectlve oxygen partlal pressure of about 2 X 10 8’Torr It is

,1nterest1ng to note that the precipitates seem to periodlcally arrange.

-3 2 Transformations in air.

Transformations in air at various temperstures confirmed the

phase dlagram Flg. l in the comp051tion 1nterva1 that was studied In order

«to be sure that the absence of preclpltates was not due to a trans—

formatlon proceeding from the free crystal surface, foils of cobalt
ferrites were heated,for up to l'hr. 1n_a1r at 500°C. Some thermal

surface etching was in evidence, but no precipitates were found.

-Only the hlgh temperature phase transformatlon was observed.

- Crystals w1th a Co/Fe ratio of 0. 76, so far the highest cobalt

»content available in the form of S1ngle crystals, were annealed for

‘a serles of times at 1230°C

After 10 mln pre01pitates 1dent1f1ed as (Co Fe)O appeared Some

of these pre01p1tates are shovn in Fig 13 ‘The diffractlon experiments‘

vrevealed that these preclpitates were 1n fact orthorhomblc prlsms

bounded by {lOO} planes. The size of-these precipitates varied in the
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same specimen; ihe largest coherent precipifatebdbéerved'was lEOOK long.

‘Hétérogenéously_nucleated precipitates were also observed (Figf 14)
which show intéfface ffingé contrast. In:this figure thé precipitate size w
"decreases systematiéallyvupon going.frOm'A to B along thevdislocation. |
After 60 min. of héafing at 1230°C in air, large (Co,Fe)0 precipitates
were obéérved as shown in Fig. 15. The smalleét précipitates which exhibited
the typé of interfaces contrast observed here, had a sizerof aboutVISOOK.
Appropriate contrast éxperiﬁents, sﬁggested by the work of Gevers,lo showed
that the fringes aﬁlthe“;nﬁéffaces were actually moiré’fringesﬂ‘ A precipi-
tate intersecting the»foil edge, shown in Fig. 16, géve éome moreiinforma—-
tion aﬁout_the defails of the interface. The "bright spots" such as those
markea 1 in this image have been resolved'to‘bé,micfopores. It is interesting
to note that such microporeé were ﬁever obsefved.behind the (Co,Fe)0-matrix
interface S0 that_fhey are actﬁally advancing together with the interface
‘of fhe growing pfecipitate.- The features encircied and.labelled 2 in this
image have been found to_be-interface dislocations not resolvably diésociated,
with Burgers vectors in <110>. | - |

Continued heatiné for up to six days at ;230°C in air‘did not lead
tb any different precipitate morphologies while at the same time no signifi-
cant size increase was dbserved.

It is interesting to note that a small number of dislocations seémed *
invariébly associated with these large, semi-coherent precipitates. ‘
: &

L. DISCUSSION )

In order to explain the observed phése transfofmations it is necessary
to consider the defect éhemistry.of okidation, or reduction, of spinels,

' ' 11-13

all e.g. by Schmaltzreid, Tretjakow, and'Mﬁller. The main point
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isjthat'ajreduction-reaction can be.written as:

20003+ + hFe, 3 43y CoFe'Oh > 6Feo2+ + 0,(gas) (1)

where the subscrlpt 0 refers to the catlons on. the octahedral inter-

stltlal p081t10ns, and V represents vacanc1es Reductlon thus actually

'results in the destruction of some ferrite crvstal, whlle the excess'

catlons of lower valence produced in this way are relocated in inter-

stltlal s1tu. Such a- process 1ncreases the catlon/anlon ratlo, consti-

'tutlng a dev1atlon from st01chiametry Large catlon/anlon non»st01chlo—

metrles, however, cannot be supported by most ox1de crystals None

st01chlometr1c oxide crystals that were. thought to be 51ngle phase

‘actualLy contaln upon closer examlnatlon, extended structural defects

that accommodate ‘the catlon or anion deflclencles Prlme examples of .
this are found in the oxides of‘transition metals of the titanium,
vanadlum and chromium groups.ln'*Not-always is the accommodatioh of
non—st01chiometry as spectacular as in these shear type ox1des, and in

the case of cobalt ferrites an imposed 1ncrease in catlon/anlon ratio is’

51mply accommodated by the preclpltatlon of another near—st01ch10metry

phase'with a higher‘cation to anion ratio: cobalt—wustite. The reduction

transformatlon ‘reactions ‘would be of .the type

3C0Fe20h - 2Fe30h + 3CoO + 0 (gas) . _‘: | .(2)

A dlfflculty that is not reflected by thls qua51—chem1cal approach

) 1s that reactlons such as Eq 1 and Eq 2 cannot yleld lnformatlon on
exactly how the oxygen leaves the crystal when a reductlon transformatlon"
‘.occurs At any rate, a gradlent of 1ncreas1ng ratlo of metal/oxygen '

_should ex1st from the bulk towards the surface of the ox1de that 1s belng
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reduced. This deviation of stoichiometry was the main driving force

_of th% trensformafion, since foils heated in air for up to 1 hour at

50090 failed to0 show any pfecipitates, while in the reducing atmosphere
of the microscope'the precipitation of {Co,Fe)0 started almost instan-
teneously. Reduction (end consequentiy also oxidation),transfermation
sﬁould then always proceed in a layer—iike’fashien from the free crystal
surface,_where_the locai phase relation is largely detefﬁined by the
lccal cation/anion ratio. This was- reflected by the prec1p1tate dis-
trlbutlon found after brlef hot stage transformatlons (sectlon 3.1. l)
and was observed durlng the dynamlc 1ntermedlate stage (section 3.1.2)

where the inner reaction zone was found to shrink. The time dependent

.cation/anion gradient can in principle be realized in two different

ways: elther by a metal ion excess, or by an oxygen ion- deflc1ency

In the case of cation excess, ‘the . crystal should lose. oxvgen only at
1ts very surface, and the excess cations of lower valence (Eq. 1)
dlffuse inwerd. 'If, on the other hand, the reduct;on creates an oxygen
deficiency, then oxygen vacandies would be diffﬁéing into the crystal
from the surface. ‘Withouﬁ carefully measuring the reaction rates, it
is. not poésible to decide which mechanism is operating, but sinceeih
cobelt ferrite (as in most oxides), the oxygen vacancy mob111ty is
con51derably lower than the cation mobility, 11 it seems more l;kely
that the catlon_exceSS model applies. The transformation rates sheuld

then be controlled by‘the'mobility'of the faster moving cations, or

maybe (buf less 1likely) by the rate at which the oxygen desorption at

the crystal'surface ocecurs. As was found by Mﬁller'et'al.,ll the

diffusion rate of these cations depends strongly on the vacancy
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fw1se the hexagonal phase would not be formed.

L =13-

‘concentrations in the oxygen sublattice, and thus a function of the

oxygen partial pressure.

The'above considerations enablelall the reduction trensformation
observations tovbe ratlonalized. For mosf of.the hot sfage experiments,
the strongly reduclng atmosphere of the mlcrosc0pe caused the ferrltes
to decompose into cobalt rlch metal and an iron rich sp1ne1 first:

at the surface of the folls, and'later.throughout the foil. The -

‘cobalt rich metal forms by a reaction such as [in a simplified way):

3'CoFe 50), #- 3 Co(s) + 2 Fe Oh(s)»+ 0, (gas) - “ : ,(3)

Such a reactlon is accompanled by a decrease in volume of about 257

vThlS signlflcant volume change was reflected 1n the transformlng f01ls

by local changes in f01l thlckness, or even by the formatlon of h01es

around the grow1ng metal particles This was especiallv clear in
Flg. 8. The analy81s revealed that the- cobalt actually con51sted of

a mlxture of hexagonal and cubic cobalt such that (0001/ // (111)cublc

and [2lIO]heX [110] b Thls leads to the conclu51on that the hexagonal

cobalt'forms from the cubic one, upon cooling of the specimen after

ztransformatlon. The simultsneous presence of hexagonal and cubic cobalt

vls evidence that the metal grains conta1n at most 5% 1ron, s1nce other-

15

The presence of cobalt-wustlte phase 1s of a tran31ent nature

- when the atmosphere is sufflclently reduc1ng, 80 that these prec1p1tates,
after formlng 1n1t1ally w1th very hlgh den81tv 1n an inner reaction zone,

'have to dlssolve again._ ThlS was observed clearly in the 1ntermed1ate

transformatlon stage, as shown in Flg.,8{ The coherent'(Co,Fe)O pre—_

cipltates near the boundary of" the 1nner reactlon zone ‘were found to
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dissolVe;'ﬁhile some precipitates dééper inside thisyinher reaction
region contiﬁued to grow.

The transformation leading to the preéipitation of'(Co;Fe)O, - .
although initially proceeding very iapidly and givingrhigh'precipitate
densities (3 x lOl7rper cm.3), was not Spinodél, since the precipitates
did forﬁ randomly, rather.than.in”a modulated morphology. When the.
microséope atmosphere was'iéss reducing, so that cdbélt ﬁéﬁal could
ﬁot form, moduiated (Co,Fe)O arrangéments were observed after some
‘coarsening nad occurred. The modulated arrangement ‘may,not'be due to
spinodaivdecomﬁosition, but rather develoﬁé after one initially random
precipitate distribution, as a consequence of strain interactibns during
"gfoﬁth. Homogeneous franéformations have also been found to occur in
cher spinel_systems}l6__Similar phenamena haye_been-foundvin metallic
systems, and have been discussed by Ardell'and Nichoison,lT

Tbe t?ahsformations in éir at 1230°C are also reduction trans-
fofmationsfsince; according to the phase diagram, Fig., 1, the reaction is:

©01.29 F1.79% ~ 0.26(Coy goFey 1g)0 + 0.91.Coy 1g Fey g,0) +

0.10 0,(gas) . | . | _ ()

dxygen non-stoichiometry, which is very iikel& to occur at.this_high
‘ﬁransfofmation_temperatufe, would slightly alter the amount of oxygen
gas formed per mole of spinel that is transformed. Equation 4 shows
that after COmpiete transformation thev(Co, Fe)O precipitates occupy ; ' v
'aboutﬁT vol.% of the crystal. :Since the fransformation féaétions.were
of the same nature as in the hot: stage experiments, certain similarities
might be antiéipated. Thé éatiqn mobility-could 5e éstimatea from the

12,13

date of Schmaltzreid et al, At 1230°C, the diffusion coefficient



‘phology of Fig. k4 is as follows. The dlslocatlon would end on. the
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of cobalt would be»about 10.,-9 cmé secé;;'so,that after.lOO sec,.the
mean diffusion’distsnce of this catiOniwould be sbout lO micron.. The
samples that were transformed had a dlameter of about l mm, SO that
as’ was the case in the hot stage transformatlons, a reactlon zone

should develop from the speclmen surface. Agaln the transformatlon

-depended on the long range catlon dlfqulon, ‘since at all temperatures

oxygen is the slower dlffusing component A conflrmation of thls

- may be seen in the observatlon of the two dlfferent types of (Co ,Fe)O
'fprec1pitate morphologles in 1dentlally treated materlal v1z., coherent

'5orthorhomblc prisms, Flg.,h and prec1p1tates decoratlng dlslocatlons,

Flgs. 1k,15. : A tentatlve explanatlon of this "string of beads" mor-

orlglnal free surface of the treated crystal The lower left part of

'thls dlslocatlon would be further awgy from the free specimen surface

so that the preclpltates that_were formed there were»smaller than the

vones at A closer to‘the surface. Regardless of the-location of the
fdlslocatlon this observat1on evidenced that the wustlte—type preclpltates

~nucleate heterogeneously at 1230°C in air.

After longer transformatlon in air at 1230°C the 1nterphase
interface could be studied more clearly, and moiré fringes, 1nterface

dlslocatlons, and mlcropores Were found At this stage the (Co,Fe)O

- preclpitates were clearly semicoherent and observations indiéated

that the prec1p1tates lost coherency somewhere betWeen 1200 and lSOOA

Loss of- coherency of growing prec1nltates has been dlscussed

18,19

recently by Weatherly et al. Several mechanlsms have to be considered:.

'l;. A punchlng mechanlsm in which one loop 13 emltted 1nto the
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m@trix,‘when.éné’lbdp is being formed at.the interface.

2, interface diélocations are supplied by sources in the matrix.

3.A Interfaéé dislocations are sup@lied by sources insidé £he >

précipitate. |

h.‘ Dislocaﬁidns are nucleated a£ the interface by collaﬁse of

point defectAaggregates;

:Thése four possibiiities aré nowbexamined in the framework of the
experimental observétions. | |

Althoﬁgh there ar¢ examp1es of syétems in which punéhing océurs;
seene.g. Eikﬁm and Thémas,go mechaniém:l.did not seem to be operating in
the precipitation of (Co,Fe)O from cobalt ferrite. The dislocation
dénsity'that.waé obser&ed in £he.néiéhborhood~of the large précipitétes was
" too low to be in agreement with the punching ﬁodél, Also, & minimum
amount of misfit;'abéut L%, between thé lattice parameters of the
precipifate and fhe matfix, appears to be neceésary.l8 In the present
cases, ﬁhis misfit_is only 1.5%. |

Since the dislocatiéh dénsity in the crystél was loﬁ at the start.
of the transfcrmétion, it is hiéhly unlikely that the misfit dislocations
would Ee supplied from the matrix. For this reason,'mechénism 2 was “
discarded.

Mechan?sm 3_réQuires the nuclestion of a dislocation lqop.inside‘ e
the precipitate. No,defecfs,'Suéh‘as stacking faults,'wefe found in'_
the (Co,Fé)O precipitates when they were fully coherent. Although
the spontanéous nucleétion of dislocations in the perfect precipitates
is possible,21 it is a high energy event.

The present observations indicated that the mechanism involving
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’preeipitates is controlled byAthe.long range cation diffusion from the
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'collepseedf tﬁe.point’defectseaﬁ-the precipitate surface was the one by

whlch the preclpltate lost coherency 'Vacencies accumulating near the

' 1nterface may eventually collapse 1nto prlsmatlc 100ps. The loops

could expand by cllmb along the prec1p1tate surface thus reduc1ng the
1nterstitial type stress field that surrounded the coherentvpartlcle.

Once a.100p was nueleated- the cfeation of more interfaCe'dislocatiOns

Vwould follow in a more or less catastrophlc way, as was suggested by

Weatherly and Nlcholson.18 Occaslonally, a dlslocatlon mlght be produced,

by plastlc deformatlon of the prec1p1tate surroundlngs, as was suggested

by the observatlon of the few dlslocatlons that invarlably seem to be

o associated.wlth seml-coherent prec1p1tates;'

" The micropores that develeped must have migrated along with the

interface, since no pores were ever found behind:the.mafrix-precipitate

" interface. It is very doubtful that they would form upon cooling of

'

the sample-from the transformation temperature, sinée the cooling rates
were several hundred degrees per mlnute
The formatlon of mlcropores durlng the, transformation can only be

explalned by a mechanlsm which involves the transport of oxygen vacancies.

A tentative mechanism of’thelr formation would be aS"follows;“

It was already pointed out that the formation of the cobalt-wustite

P

. free surface of ‘the crvsfal. A£'1230°C however, 'this is a simplifi-’

-catlon, 31nce the moblllty of the oxygen vacanc1es mnst be. suff1c1ent

tovpart;01pate, at least to a_small‘extent 1n the preclpltatlon

phenomenon. Part of the gradient in cation/anlon ratlon must then be

"realizedeby the 'inward diffusion of oxygen vacancies. Thesefexygen
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vacancies, VO’ are created at the surface of the heated crystal by
reactions such as

b Fe? 4207 =0 (gas) +2 v, +WFST L. (1b)

Both the oxygen vaeancies'andvthe divalent cationsvdiffuse toward the.
precipitate, where the phase ﬁransformapion is eentinuing. The growing
cobalt-wustite precipifate censumes a large amount.of divalent c&tions,
but it cannot incorpofete the oxyéen Qecencies. eAs-the precipitate
increeses in‘size, an excess‘of oxygeanacancies would then buiid ﬁp
near the spinel - (Co,Fe)O'interface. Since these‘oxides cennot support
large dev1at10ns from stoichiometry, the oxygen vacan01es w1ll have

to cluster, first as vacancy loops, and later as actual v01ds; as in

the mechanism by which the precipitates lose ceherency. The climb of

the vacancy loops is limited by the reqﬁirement that they have to remain
at the interface in order to accommodate the lattice parameter differences
between.metrlx and precipitate. The dlslocatlons and the mlcropores then
act as effective oxygen vacancy sinks, allowiﬁgvfurther participation
of oxygen in the transfofmation.  Once a free surface is present inter-
nally, a reaction such as expressed by Eq. 4 can take place. This would
en the onevhand increaée:the pore size someWhat7 but on the other hand,
it would fill,the pere with oxygen gas. When the equilibrium oxygen
pressure has been reached, this reaction must cease. The presence'of
okygen gas in the micropores ﬁight be inferfed-from their nearly spherical
shape. The partial preseure'of'the oxygeﬁvgas should be sufficient to
overcome the tendency'ef the pores to be hounded by low inde# crystallo-

graphic planes. This tendency is due to the anisotfopy of the surface

-



energy A rough estlmate oi ‘the pore volume showed that they took up
about 0. 37 of the volume of the pre01p1tate.- Thls.was certalnly not
suff1c1ent to compensate for the overall 2 57 decrease in volume that
accompanled the.transformatlon but it is direct evidence for thetparti—
c1pat10n.of oxygen lons in the phase transformatlon.‘

: A characterlstlc of all the reductlon transformatlons that have
3 been reported here is thet they‘all develop as reactlon_zones proceeding ‘
‘ from'the;free crystal surface. . |
o Tﬁis leyer uorphology durlug oXidation‘and reduction‘transformations
"ooses so‘many-manufacturing problems that the properties of practical
vOX1des are usually controlled by varlatlou of grain Slze, poros1tv,vor
-by addition of inert 1nclu31ons 3 Also, transformation stralns are
' not easily accommodated, since most ceramic oxides remain intrinsically |
brittle‘up‘to:high temperatures,;so thet precioitatiou often ceuses
cracking; In cobalt ferrites; however; our VorkthS'showu that e.two
phase structure can be produced by a reduct1on transformatlon without
“the nucleatlon of cracks. The practlcal usefulness of thds reduction
v-transformation-is necessarily limited to thin film applicatious due to
‘ 1ts layerlng nature, but this is not really a great drawback, since
_thln fllms are used exten31vely in mlcroelectronlcs The most 1nterest1ng
.»transformatlons,_from a practlcal p01nt of v1ew. are those in the strongly 1>
- reducing atmospheres, s1nce 1t has been found that a denslty of:small
(Co;}fe)O'precipitétes_as:high‘as 3 *'1017 per em> can .be oroduced. Such
va'substruoture in.cobalt ferrite may well produce a magnetic ceramic
'with'an.eitremel& high'coercive fOrce.' The advantage of such a reductlon.

transformatlon 1s that 1t can be used over a wider comp051t10n range
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than the'spinodal decbmpoéiton_regction tﬁat has been obéerved in
some cobalt ferrites.22 _ | ' o ' i
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'FIGURE CAPTIONS

Phase diagram'atvl atm of air.

- most 1mportant gases in the electron mlcroscope are listed.
."Two types of pre01pitates‘are observed in & foil of cobalt
3ferrite;.af£er heafing for 3 min at 500°C, in the electron
: micrcscepe. | | |
-Locatlon of the precipltates 1n a f01l heated for 3 mln at

SOO°C, in the hot stage of the electron microscope.

a) lefractlon pattern of area shown in Fig. 31.

b) bolutlon to Flg. 5&.
a,b) Dark field images of indicated reflections. The very

-precipitates,(~30—h0A) are (Co,Fe)0, the larger ones are a

Pertial.pressure gauge readout.  The partlal pressures of the

smell

" mixture of hexagonal and cubic cobalt. Note that the (Co,Fe)0

Fig. 2.
Fig. 3
Fig. 4.~

| Fig. 5.

. Fig. 6,
Fig. 7.
Fig. 8.

. Fig. 9.

"Fig. 10

precipitateS‘randomly.

No preferential deCoraﬁion of dislocations by the (Co;Fe)O

phase is observed. This indicates that the nucleation of this

phase is homogeneous.

- Time sequence showing how the reaction proceeds in a wedge

\

shaped foil. The elapsed time is indicated. Note the shrinking

of the inner reaction zone. Note also how the matrix is con-

sumed around-the growing cobalt particles, especially at the -

'foil edge.

Cobalt gralns in late transformatlon stage show clear substructure.

a, ) Analy81s of 8 cobalt grain. shows that the substructure is

: due to the presence of cublc and hexagonal cobalt

4



'Fig.

_Fig.v

Fig.

Fig.

_ Flg

- Fig.

11.

15.

16.

marked 1. Possible interface dislocations are marked 2.

ok

Cobalt grain shbwing-nearly periodicAtwinning or faulting. The
substructure acts as a phase grating, giving rise to a succession
of very closély spaced diffraction spots. : o B

Modulated (Co,Fe)O-precipitate arrangements can be found after

~transformation, if the transformation to metal + spinel does

not occur. The modulation does not originate in spinodal

decomposition. -

(Co,Fe)0 precipitates as small square prisms, bounded by {100}

planes, when cobalt ferrite is heated for 10 min aﬁ 1230°C in

air. Note the particular shape of the line of no contrast

~when g = Llo.

. "Decoration of dislocation by (Co,Fe)O shows that the_transforma—

tioﬁ is heteroéenéoﬁs at 1230°C in air. ©Note thét there is
still evidence of strain. -

Large precipitétes of (Co,Fe)0 in cobalt ferrite after heating
for 60 min at i230°C.in air. Note the présence of a few dis-
locatiohs, and £he peculiar interfacé contrast.

Large (Co,Fe)O precipitate at the foil'edge. The geometry is

- drawn in perspective. The foil surfaces intersect the precipi-

tate in the shaded areas. "Bright spots" at the interface are

P
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total pressure: 5.2X 10_s Torr

partial pressures:
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2- precipitate free region

3- inner reaction zome with

type 2 precipitates
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Figure 9
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Figure 13
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Figure 15
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