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CHARACTERIZATION AND SINTERING BEHAVIOR OF .
BARIUM AND STRONTIUM FERRITES
. P . .
James S. Reed and Richard M. Fulrath
Inorganlc Materlals Research D1v151on, Lawrence Berkeley Laboratory
_and Department of Materials Science and Engineering,
College of Engineering; University of Callfornla,
: Berkeley, California 9h720
ABSTRACT
BaO’is_essentially insoluble in BaO-6Fe203 and the nominal compo-
sitions Ba0°*5.5Fe;03 and Sr0+5.5Fe,03; employed commercially consist of
the 1:6 phase and one and two minor phases, respectively. Compacts
formed by mechanical pressure filtration in a magnetic field are
charactefiied by oriented aggregates of platy particles with planar
faces and planar and curved edges. The preferred growth of faces and
especialiYﬁlarger faces with curved edges leads to fewer edge-face-edge

contacts and a greater degree of collective orientation. The great

-anisotropy of the fifing shrinkage can be explained using a model of

diffusion of vacancies from pores to face boundaries.

. % Nov associate professor of ceramic engineering, State University of '

New York College of Ceramics at Alfred University, Alfred, New York.

This,work\was done under the auspices of the United States Atomic Energy
Commission.
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I. IntroductiOn
Magnetoplumblte ferrites with the nominal comp051t10n MO- 6Fe203 or
2+

+
.MFe12019, M = Ba Sr2 s Or Pb , are lmportant commercial permanent

(hard) magnet'compositions. These materials as a group nov surpass soft

ferrites in production volume and projected dollar‘growth rate.l Relative
- to their commercial importance, however, the number of technical papers

‘on the hard ferrites is quite limited. The majority of the literature on

hard ferrltes is concerned w1th the correlatlon of: magnetlc propertles
with ionic comp051t10n,2 -8 the majorltj of the papers deallng w1th
proceSSing.sre of an empirical nature and involve reletively'impure
Systems that have not been carefully characterized.g;lh

Shirk and Buessenk have recently shovn that,ﬁherees the intrinsic
3pontaneons1msgnetization of single crystals of BaFe17019 and,SrFelzolg

are practically identical, the intrinsic coercive force of'SrFelzolg is

about 107 hlgher' both are con51dered superlor magnetlcally to PbFelzolg.

_It is also clear that for 'a high magnetlc energy product and coercive

force, a flne crystalllte 51ze.~l um, orlented crystallographlc texture,
and zero poros1ty are preferable mlcrostructural features for polycrystal—

line materials. In practice, né.stoichiometric compositions, €.y

-Ba0*5.3Fe;03-Ba0*6Fe303, often containing inorganic additives which may

enter into so0lid solution or form second phases, are'employed‘ The par-.

ticular role of the additives and the character of nonstoichiometric

compositions have not been clearly documented. Phase equilibria have

15 gnd 2Ba0+Fe,03-Fe203

17

been,published for the systems PbOQFezos in air
.For the>latter

system.the results are,somewhat:at variance. Recently 1t has been stated by
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Staitsls thaf no investigafions have been reported'for'the-eintering and
‘grain growth kinetics of these systems and an understanding of the struc-
ture of nohstoichiometric materials is as yet uholear.

This paper presents a discussion of the characterlzatlon and sin-

- terlng behav1or of BaO- 6Fe203, Ba0-5. SFezoa, and Sro0s 5 5Fe303; at tempera-

[
tures <1250°C and an oxygen pressure of 1 atm.
. II. ‘Experimental Procedure

(1) Material Processing

. Large 2500 gram batches of BaO-6Fe2035'BaD;S.SFezoa, and SrQ'S,SFezoa
powders were compounded from reagent grade Fegoa* and BaCOa or SrCOa.
| The dry materlals were carefully welghed into a low—ash rdbber llned ball
mill contalnlng clean Teflon balls and 1sopropyl alcohol ~After roll
m1111ng/m1x1ng for 48 h, the alcohol was evaporated at 85°cC and roll

mllllng contlnued for 2h h.

(2) Preliminary Characterization Studies
| Portions of the homogeneouSIy mixed powders were calcined in platinum
cruciblee.at several temperatures‘in the range 10009-1350°C at 1 atm Oa2,
to'createoa‘Series of sPeeimens for X-ray diffraetioa analyses.
Also, portions of the Ba0'6Fe203 and BaO'S.ﬁFeé03 were PréSsed:
isostatically at 30,000 psi into a crucible and lid;..Each cruoiole~Was
filled &ith ﬁowder of the same composition,'capped, and fired in‘a larger

platinum crucible at 11L0°C and 1 atm O, for 4 h. The fired crucibles

and powder'were then employed for  continuous thermal gravimetric analyses

Reagent-grade Fezoa, Baker and Adsmson, Allied Chemlcal Corp New York

New York. |
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at an elevated temperature, similar to the studies by Atkln et al. '19

In
the first’ run, the BaQO- 6Fe203 powder was mixed with BaCOa to brlng thev |
composition to Ba0+5.5Fe203 (after calc1ning), the.mixture was-iso— '
staticallylpressed‘around & platinum wife, and the resulting ca. 25 grem
cylindrical,specimen was suspended in the BaO'6FeéO§ erucible, containedp
in a hollovalatinum cylinder, by means of a long”pletinum wire extending
from the.speeimen through a small hole in the crucible 1id and platinum
cover to one arm of a recording microbalance (sens1t1v1ty l mg) The.
speclmen was then ‘heated at 200°C/h to 1400°C and held at this temperature
for_108 h.' A second run was conducted at 1250°C and 1 atm O, for 96 h
usingva specimen of Ba0+5.5Fe;03, mixed with BaCO; to bring the composi;
tion to BaO;SFezoa,'and a crucible of composition'BaOFS.SFeZOQ. l third
run consisted of a spec1men with the comp051tlon BaO 6Fe203 suspended in
a crucible w1th a composition BaO 5. 5Fe203 at 1315°C and 1 atm 02 for
64 n. |

Specimens from tﬁeleng term thermal gravimetric analyses described
above werepeXamined using standard optical micioseopy; X-ray diffraction,
and electron:microprobe teenniques. |

(3) Sintering Studies

The'remaining material prepared as'deseribedﬁin.section'(1) was
employed for 1nvest1gat1ng the sintering behavlor. AlIFSrO'S S5Fe203 wes
calcined in air at 1075°C for 8 h; BaO*6Fe,03 and. BaO 5. 5Fe203 were cal-
cined 1n'alr at 1150°C for 8 h. ngher calc1nat10n temperatures ylelded
a product that could not be ea31ly pulverlzed 1nto a fine powder on

_grlndlng in a polyurethane lined v1bratory mlll u51ng Teflon media.
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Resultingtpowders Were then wet milled/mixédvfor 2& h with an agueous 3%
éérbéwax solution using Teflon media.

Magnetigally aligned specimens were formed by méchanical pressure
filtration in a magnetic field (permeaﬁié fistons §f magnetically per- A c
‘meéble iréﬁ;'Staihless steel die body, applied field with air gaﬁ in
diameter -Zfodo'gauss, 6000 psi). Specimens as formed were ca. 2.5 cm in
diameter x l'cm thick and of LO-US5% porosity. After drying, all specimens
were heated at 200°C/h to 1150°C for 10 min in 1 atm 02, cooled, and | |
brought to a unlform thickness by rubbing on silicon carblde paper using
only flnger pressure. The dimensions and welght of all spéélmens were
subsequéntly ﬁeésured. | |

Al épeéimens were heated in 1 atm 0, at 200°C/h in a Pt-20% Rh
wound furnace and held for a specifié length of tiﬁe at sintering tempera;
tures pf”iiso°,or 1250°C. After cooling (quite rapidly to 600°C), the
ﬁeight ahd'dimensions were again meaéﬁred.'

~ After sintering, X-ray diffraction patterns-ﬁeré:made of each planar
surface aﬁélin a fgw éasés after mechanically abfadihg one ;urface to
expose iﬁteribr material (Norelco X-ray diffractbﬁéter, 1° 26/min., Cu
ﬁargét,-gﬁrved crystal mpnqéhromator). Also, scanning electron micro_
graphé wgré taken of”és.fired surfaces of all speéimens:_anq électrbn
microprobé;ﬁnaljsis vas employed to ascertain‘thé chemical,qoncentration
of phase§ present in'BaO'S.SFe203_and’SrO‘S.SFeéOg:épecimens which éxQ

hibited exaggerated grain growth.
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III. RESULTS AND DISCUSSION =

_(i) vChéraétéfizatiOn'Studies

Phdse équilibria for thé'system 2BaO'Fe203-Fe20$;in airl6 shows -
Ba0o6Fe20§‘fovﬁe congruent melting; in additioh; #dO is shown to be qﬁite
soluble in BaO-6Fe203'to a limit of_ca.Béo-hEegog.' Similarly, a single

phase region between PbO+4Fe;03 and PbO*6Fe;03 has been advanced15 for

17

the syStem‘PbO—Fe203 in air. More recent workvby Van.Hook coﬁducted ét
controlled‘ievels 6f oxygen pressure shows that BaO is essentially'ih-
‘soluble in.BaO'GFe203 and BaO°6Ee203 is incongruent melting at ﬁ!ho atm
02 (euﬁectic temperafure between BaO;Fe203-BaO‘6Fe%O$’is 1315°C aﬁ 1 atm
:02).. No phaée diagram has been determined-for the.s&stem Sfd—Fean;‘.
All of the resﬁlts obtained in this work support the findings thqt
BaO is very néarly insoluble in Ba0+*6Fe,03;. 1In thé.first long-term
thermal gréviﬁetric_analysis, the weighﬁ iOSS was ;Sb.3%§ in‘the sﬁb—
seéUéﬁt thefmogravimetric runs no weight loss was'defected.  The thermo-
dynamics‘qfvphase equilibria indicate‘that fof isothérmal conditions the
aétiﬁity pf:different compésitions is invariant inva two-phase field buf'
variant in a,éingle phase field. In the thermogravimetric éxperiients
- the antiéipated mechanism fo; a change in weight is fhe vapor trénspbrtv
of 3&0 between the.specimen and érucible. hThe;cohstancy‘ofbweight.impiies,
that ﬁhe‘activity-of Béo is invariant and the systém”with fhe‘nominal cém-
p051t10n BaO S 5Fe203 is comprlsed of two phases.
X—ray dlffractlon of BaO 6Fe203 y1elded the set of peaks indexed
. by ASTM for this material. Shortly after the program was underway, a -

curved cryétal monochromator was introduced into the,X-ray detection

- system permitting the use of a CuKa radiation source. These changes
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© greatly ipéfeaSed the inteﬁsity and resolution of the'diffractioﬁ maxima.
Withvthe new.aiffraction set up, an additionai broad low igfensity peak

was apparéﬁt at g_=’3.16 Z for Ba0*5.5Fe;03 and SrOfé.SEean which was
not-presehtvfor the 1:6 composition. This additiohal peak was observed _
to sharpen éna increase in intensity for a higher calcining temperature.
and has subsequently been observed to correspond to the most intense
diffraction maxima for & synthetic amber specimen. of BaO*Fez03. -

Opticél micrbscopy and electron microprobe éhalysis of the first
' i
thermal gravimetric sPecimen for which exéeésivergfain growfh had occurred
revealed,an amber non- or slightly magnetic second phase concentrated
 alQng the.grain boundaries of the major phase (Figure 1). Figﬁres 2 aﬁd
3 show the COpcenfration profile across the grain and boundary phase that
VAS'obtained using a'storage'béciiloscope and 1 um step 3canning concén-
tration anal&sis, respectively. These results clearly show théﬁ tﬁe
concentfation profile at the bouﬁdary is quite sharp and the boundary
phase is;BaO'Fezoa. Microprobe analyses of sintéred'specimens gave
_ iéenticai feéults'except'that some of the second phase was occluded in
the.grains; . ‘ |
Results for Srb-s.sFezoa were somewhét’different. X-ray diffractiod

patfe?né showed the same set of peaks. as for BaO°6E§203 except for some
differen;es in'the.distribﬁtion of.relative intenSifies; additional weak
maxima were observed at d = 3;16 2 and d = 2.7T1 1;  Eiectron microprobe
analysis-of a 1250°C sintered specimen of Sr0°+5.5Fe;0; exhibiting exag-

gerated grain growth showed inclusions ca.5um with a higher Sr/Fe con-

|
centration (approximately SrO<Fe;03) in the mejor Sr0°-6Fe, 03 phase, and

secondary elongated regions of a véry high Fe/Sr phése apparentiy Fézos
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containinéié:small ambunt of Sr0 invsolid solution. Results from thé
powder pfepaiation studies'for X~ray diffraction specimens suggest that
the eutecticvtemperature bétWeenvSrO‘6Fe203 and,sio-fezoa is 1180°-1280°C
(vs 1315°C for the corresponding barium ferrite system) and the incon-
v_ gruent meltlng temperature for Sro° 6Fe203 at 1 atm. 02 is definitely |
<1250°c and perhaps <1150°c (vs 1h55°c for Bale 6Fe203) The extra dif-
fractlon”peak at 4 = 3.16 A corresponds to the 1:1 phase but that at

: o - .
d = 2.71 A may correspond to either the 1:1 phase or a-Fezoa.

(2) Grain Growth and Crystallite Orientation

' Scanning electron micrographs of specimens of BaQ°6Ee203 and:.;
Bao-B;SFégosjhéated to 1250°C for 10 min and SrO°S;5Fe203 heated to
;1150°C qu lp miﬁ revealed particles that were pigty in shape. Diameters
rahgequp“tdwl;2 ym but many faces were bniy a fe§ féhths of a micron;

" thickness Qfﬂthe larger particles were typically 015;1_ﬁm for the barium
fefrites aﬁd'0.3-0.5.um for the strqhtium ferfitesf".Ali faces were
éhéractefisfically planar and many faces were nearly regulér hexagons.
Edges wére typically plahar and convex but a significant mihority appeared
to be roun&ed with’both convei and ;oncafe edge cﬁr&atures. Imperfect -
grain alignﬁent was obvious and arose from aggrégétién of barticleS'ﬁith
edge-faéefédge contacts incompletely broken down bn.milling (Figﬁre'h).
In the sysfeés MO'S.SFezog,bsmall rounded, poorly wetting droplets*
1/4-1/2 Qm;.were apparent on the fages of largef particles (Figure 5).
Fufthéf heating leads to the disappearance»Qf’submicron‘faces and a

decrease'inﬁthe proportion ofvedge4face-edge coﬁtacts, Growth of the

*It is not implied that the droplets are liquid. -
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:facés_is clearly more rapid than that of the thicknéss. Exagination of
the micrographs suggests thét thé largef faces with.purVed'eéges grovw
most répidly creating even lafger papticles with convex and concave edge
cufvéttre until a pseudo-skeleton of these largeﬁ ﬁarticles is formed
with edge-edge contact (Figure 6). This growth character occurs especially
rapidly for BaO'6Fe203 and can be thought of as a form of exaggeratéd
grain éroﬁfh fhat is encouraged:by the great diffuéional and shape aniso-
tropy of the pafticles,.preferred orientation, and edge—face;edge contact -
' of the packing character. The rounded "droplets" on fhe faces grow to
aﬁout 2 um iﬁ'diametef after several hundred minutéé; éorrelation of
'tﬁééé ob$érva£ibns with thé microprobe results, §uggests quite certainly
that the "droplets" are the MO-Fe,03(1:1) pﬁase.. The'rate of grain
growth is‘mﬁéh gréater for BaO°6Fe263 than for BaOﬁS,5Fe203 and the onsef
of the eiéggerated grain growth occurs much sooner'fgr the 1:6 composi-~
tion. vTﬁe-presence of the 1:1 phase (éﬁd perhaps Fe03 in Sr0+5.5Fe,03)
between thé faces of the 1%6 phase, accordingly,'plays an important role
, in reétricﬁiﬁg grain growth; as expected-theoretié&lly.2o Petrographic B
micfograpﬁs-pf one specimen from the long term théfmél gravimetric study -
revealed a@bér 1:1 droplets ;cattered across large faces (defining pores)
and a continﬁéus distribution along graih ﬂoundaries; howe&er, this
specimen had been heated at lh00°C; Sr0°+5.5Fe203 heated to 1250°C, for
which a smail amount of liquid appareﬁtly forms, shows extremely rapid
exaggerated grain growth; this béhavior in the présence of 4 dissolving
li@uid is expected theoretically;zo In specimeﬁs bf;SrO'S.SFezoa heated

_to 1150°C, the "droplets" of the 1:1 phase appear to be more prevalent
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at linee efvconﬁact than for the correspondiﬁg barium ferrite specimens.
The iﬁérease'in"the degree of preferred orienteiion on sintering

has béen diéeﬁésed briefly by Tokarel and is'knowﬁ te be connected with

grain growth.b In this study a crystallographicvorientation paraﬁeter (q)

was determined by X-ray diffraction intensity analyeis of specimens

.pdsitioned'in the specimen holder with the exposed face representing a

plane normal to the direction of the applied pressure and magnetic field

-on'faﬁricaiion. Gillem and Smethurst22 have discussed in detail the tech-
. nique for calculating q from selected diffraction maxima. As seen in

- . Figure T, q increases Only slightly for the major'increase~in denSity and

_ _ . _ A :
appears to vary linearly with the differential shrinkage; this period is

_charaéterized by the disappearance of submicron faces and only very slight

~growth 6feedge'thickness. The greatest increase in q'oceufs'as_the

deﬁsificatidh’rate decreases and exaggerated grain»gr0wth begins. The

change in g is clearly concomitant with the particular manner of grain

_ growth described earlier.

(3) Densification

Densification kinetics are illustrated in Figure 8. - After about

100 min of ‘elapsed time at temperature, the density increases linearly

- with fhe iOgarithm of time for all composifions.v The initial slope of

the'densifiéatidnrcurve for Sr0+5.5Fe;03 at 1150;9C is-distihétly.concave'
downwards and for BaO+6Fe,O3 the slope is initially small but then in-

creases rapidly during the first 100-min.

- Difference between diametrical and height shrinkage.
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_The‘diffﬁsivity in the 1:6 crystals can be e%pébted to Pe ﬁafkedly
'anisotroPic;r'In NaO‘llA1203(8-A1203), a phase clbécly related struétur-
vally, théAdiffusion of Na+ ié essenfially two diméhsionai and is-éonfined
to the Nd—éoﬁtaining plane ﬁormal to the c-axis.

A similar markedvanisotropic diffusional chéracfer‘for Ba2+ and
Sr2+ can bé’expected in t£e 1:6 phase; The naturg of the oxygen diffusion
is pnknown'but the diffusivity can be expected to?be_Qpite anisotropic.inv
ﬁature. Aféecbnd important factor is the high dégrée of parpicle orienta;
tion,- As a consequence, the average grain boundary area will be lowér in
a pléne parailel to the pressing direction'than'fér a plane normal to the
pressing‘diregtion, and the average spacing betweeﬁrinterparéicle contacts
will be smaller.parallel to the pressing directibn;'_Grain growth causes
a further increase in tﬁe degree of particle orientation.

Co‘n'l’e‘sbz3 model for the sintering of crystalline;solids by the bulk
diffusion of &acanéies from pores to grain boundaries;with a concomitant
tl/3-(t = time) grain growth dependence predicts.tha# the density should
inéreaseflihearly with log time. This predicted béhéviorbwas.roughly'
approximated for the systems containing a second‘phaSe for which a t1/3
grain grovtﬁ,aependence may be anticipated;zo thévéméll deviation from
lineafity mﬁy lie in the continually chénging degfee of particle ofienta— :
tion gccpmpanying grain growth and the anisotropy of crystallite growth.
The baramétér q was . 0.63 for Ba0O+5.5Fe;03 and SrQ‘5.5Fe203,as forméd, and
the value of q increased slightly more rapidly wifh densifica?ion
(Figure T)Ifor'SrO°5.5Fe203. As seen in Figﬁrel9,_q.appears to vary in a

linear way with differential shrinkage for the major range of densifica-

tion.
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The fifiﬁg shrinkagevis about 2 times greater\inva direction normal
to the preferred alignment of faces. In Figure'iO the diffefenﬁial
shrlnkage 1ncreased linearly with density and the rate and total differen-.
tial shrlnkage attained was higher for Sr0-5. 5Fe203 (157 vs T% at 1150°C)
‘than for_BaOfS.SFezoa. Since .the size of the grain ‘faces and initial q
vere very:neafly identieal, the greater enisotrOpy 6f.the firing‘shrink-
age‘fbf SrO-S.SEezda must be essociated with an inherently greater degree
'of,anisbtfopiC‘diffusion and pore elimination processes on sintering.

For SrO'S.éFezos the thickness of the grains was’ca;1/2 that for
_BaO 5. SFe203. Accordingly, the spacingbbetween fecefboundaries would.
' deflnltely be lower for Sr0°+5.5Fe;03. For a model of vacancies prefer-
entially:diffusing from pores to’bounderies'betweéﬁ"facee, the greeter
shrinkage.nefmel to the faces and the greater differential shrinkage for
Sr0+5.5Fe203 is quite ratlonal The increasing degree of shrinkage
anlstropy w1th increasing g is to be expected.

Iv. Summary

BaO 6Fe203 cannot incorporate a 31gn1f1can£ amount of Ba0 and exist
es a 51ngle phase. After sintering at temperatures of 1250° and 1150°C
_and 1 atm 02, the nominal comp051tlon BaO 5. SFe203 consists of BaO*6Fes03
and BaO-e Fezqs and the nominal comp051t10p SrO‘S.SFe;Oa consists of
Sr0°6Fe§03 end twe secondary pheses approximatelj'fezos and SrO°Fe203.

Compeets formed by mechanicalbpressure filtrationiin a magnetic
field were3chafec£erized-by ehall aggfegates of'plafy particles with
planar feees but both planar and curved edges. The preferential growth
- of faceSr&ee'cleafly apparent-and.led to a lower number of edge—face—‘

edge COntects and an increased degree of particle orientation. Scanning
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electron ph;tbﬁicrographs suégested that larger facés with éﬁrved edges
have the highéét growth rate. |

The ﬁreéénce of the lfl phaée markedly restrigﬁs grain growth and
: distinctlyxcoﬁtrasts the initial and intermedi#té sintering behgvior of
Ba0+5.5Fe;0; from that for BaO+6Fe,03. At 1150°C and 1 atm O,
SrO-S.SFeéO; sinters more rapidly than BaO*S.SFe2Q3;;exhibits a slower
rate of grain growth, and a higher degree of diffe;ential firing shrink-
" age. At IZSO?C and 1 atmloz, all systems exhibitéd}gxagggraped grain
growth. .The;shrinkage aﬁisotroPy can be explained using a model of
‘vacanqies diffusing preferentially to face boundaries. The higher shrink-
:age anisétfopy for Sr0°s.5Fe203 having a greaﬁer face diameter/fhicknesé
ratiolénd‘fhe:incréasing anisofropy of shrinkage”with increasing grain
oriéntafion ?an, accordingly, arise from & shortérﬂéyérage sPacing

‘between faces in the direction of greatést shrinkage.
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Figure Captions

Photomicrograph of specimen of BaO-5.5Fe from long-term TGA

a3
studies showing a second phase distributed along grain
boundaries and surface of pores. FEach grid is 45 pym on a side.

Photomicrograph showing Bala emission from grain boundary and

neighboring grains of a specimen of BaO-S.SFe203.

Concentration profile obtained on electron probe step scanning

across the boundary illustrated in Figure 2.

Scanning electron photomicrograph of BaO-6Fe compact heated

203
10 minutes at 1250°C (note aggregates with face/edge/face

contact).

Photomicrograph of SrO-S.SFe203 heated 135 minutes at 1150°C

(note droplets on faces and between faces at top center).
Photomicrograph showing grains with large curved faces in

Sr0-5.5F8203 heated 700 minutes at 1150°C.

The variation of orientation parameter with density.

Densification kinetics of BaO-6Fe.0 Ba0-5.5Fe, 0., and

2 3 3

Sr0-5.5Fe203.
The variation of orientation parameter with differential

shrinkage.

Differential shrinkage as a function of density.
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