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ABSTRACT

Barium hexaferrite (BaFe ,0,,) isof great importance as permanent magnets,
particularly for magnetic recording aswell asin microwave devices. Theaim
of this study was to synthesize Stoichiometric and single-phase barium
hexaferrite through atechnique of oxalate precursor. Effectsof different Fe
/Ba2* moleratio and annealing temperature on the particle size, microstruc-
ture and magneti ¢ properti es of the resulting barium hexaferrite powders has
been studied, and reported in the presented paper. The annealing tempera-
ture was controlled from 900 to 1200°C, while the Fe** /Ba?* was controlled
from 12 to 8.57. The resultant powders were investigated by differential
thermal analyzer (DTA), X-ray diffractometer (XRD), scanning electron mi-
croscopy (SEM) and vibrating sample magnetometer (V SM). Single phase
of well crystallineBaFe,,0,, wasfirst obtained at Fe** /Ba?* moleratio of 9.23
and 8.57 at annealing temperature 1100°C. Moreover, at annealing tempera-
ture 1200°C the single phase BaFe, ,0,, appeared at al different Fe** /Ba?*
moleratio. The SEM results showed that the grains were regular hexagonal
platelets. In addition, maxi mum saturation magnetization (70.25 emu/g) was
observed at mole ratio 10 and annealing temperature 1200°C. However, it
was found that the coercivety of the synthesized BaFe ,0O,, samples were
lower than the theoretical values. © 2010 Trade ScienceInc. - INDIA
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INTRODUCTION

Ferromagnetic oxides, or ferritesasthey are usu-
aly known, are of great importance as high-frequency
magnetic materials due to their large resistivities.
Ferriteshave become available as practical magnetic
materials over the course of the last twenty years.
Ferriteisaclassof ceramic materialswith useful elec-
tromagnetic properties. Ferritesplay animportant role
inthefield of electronicsindustry becausethey are

relatively inexpensive, more stable and easily manu-
factured. Ferritesarewidely used in microwave de-
Vices, permanent magnets, high density magnetic and
magneto-opti c recording media, and telecommuni ca-
tionsdevices. Permanent magnet materiasare essen-
tia in devicesfor storing energy in astatic magnetic
field. Asaresult of its specific magnetic properties
barium hexaferriteand its derivatives can be used for
permanent magnets, magnetic recording mediaand
microwave applications!. BaFe 0, (M-type hex-
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agond ferrites) iscurrently magnetic materid with greet
scientificandtechnological interest, becauseof itsrela
tively high Curietemperature, high coerciveforceand
high magnetic anisotropy field aswell asan excellent
chemical stability and corrosion resistivity!?. Barium
hexaferrite (BaFe O, ) hasacomplex hexagond unit
cell and bel ongsto the magnetopl umbite structures’®.
Magnetoplumbiteare of thetypeA**01.6B,*0O, The
arrangement of the 12 Fe** ionsin theunit cell isas
follows: twoionsinthetetrahedral sites(four nearest
O? neighbors), nineionsinthedodechedral sites(six
nearest O neighbors) and oneion in the hexagonal
ste(five nearest O* neighbors). Materidsof thistype
have astrong uniaxia magnetic direction, making as
permanent magnets. Thistypeof ferritesistermed as
hard ferritedueto their high coerciveforce, high satu-
ration magnetization, high curietemperature and chemi-
cally inert. Thereported theoretical cal cul ated coer-
civeforce, saturation magnetization and Curietem-
perature valuesfor pure and single domain barium
hexaferritewas 6700 Oe, 72 emu/g and 450°C, re-
spectively*d., It is difficult to obtain ultrafine and
monodi spersed particlesby the conmmercial ceramic
method (solid-statereaction) whichinvolvesthefiring
of stoichiometric mixture of barium carbonateand o
iron oxide at high temperatures (about 1200°C)©. In
thisrespect, severa low-temperatureschemica meth-
odswereinvestigated for the formation of ultrafine
BaFe ,0,, particles. These methods comprised co-
precipitation9, hydrothermal'*-23, sol-gel[141
microemulsionl*”, citrate precursor®®, glasscrystalli-
zation™, sonochemical?® and mechano-chemical ac-
tivation?y, It has been reported that synthesis of
barium ferrite by ahydrothermal reactionis prefer-
able as it can be carried out at lower temperatures
and fewer unwanted intermedi ates and/or impurities
are obtained®. It is recognized that the magnetic
properties of barium ferrite, BaFe ,0,, (BaM) can be
optimizedfor particular purposesthrough doping. Solid
state reaction method is used for the fabrication of
barium based hexaferrites. The sites occupied by Fe
ionscan bereplaced withAl,Co, Zr, Mn, Zn, Smand
Sn, or rare earth elements such as, Ho®*, Nd®+2229,
Inthisstudy, the oxa ate precursor techniquewas used
to synthesize nanocrystalinebarium ferritewith high
saturation magnetization and narrow sizedistribution.

Woateriolsy Science  mmm——

Inthisstudy, the oxal ate precursor techniquewas
used to synthesize nanocrystal linebarium ferritewith
high saturation magnetization. Effectsof Fe** /Ba2* mole
ratiosand theanneding temperature on the synthesi s of
ferrite powderswereinvestigated. Theanneading tem-
perature was controlled from 900 to 1200°C, while
Fe*/Ba* moleratioswere controlled from 12t0 8.57.

EXPERIMENTAL

The oxalate precursor method was applied for the
preparation of Barium hexaferrite (Bake,,0, ). Chemi-
cdly gradeferric chloride (FeCl,—6H,0), bariumchlo-
ride (BaCl,..H,0) and oxalic acid as source of organic
wereused asstarting materials. A seriesof ferricchlo-
ride and barium chloride solution with various Fe** /
Ba?* molar ratios of (12,10.9,10,9.23 and 8.57) and
contai ning equivalent amount of oxaic acid were pre-
pared. Themixturesof bariumchlorideand ferricchlo-
ridesolutionfirstly prepared and then stirredfor 15min
on ahot-plate magnetic stirrer, followed by addition of
an aqueous sol ution, which was evaporated to 80°C
with constant stirring until dry andthendriedinadryer
at 100°C overnight. The dried powders obtained as
bariumferrite precursors. Differentia thermd analyzer
(DTA) andysisof various un-anneded precursorswas
carried out. Therate of heatingwaskept at 10°C/min
between room temperatureand 1000°C. The measure-
mentswerecarried out inacurrent of argon atmosphere.

For theformation of the bariumferrite phase, the
dry precursorswere anneal ed at therate of 10°C/min
ingaticarr amosphereup to different temperatures (900
- 1200°C and maintained at the temperature for an-
nealed time (2h). Thecrystaline phasespresentedin
thedifferent annedl ed sampleswereidentified by XRD
on aBrucker axis D8 diffractometer using Cu-Ka. (A=
1.5406) radiation and secondary monochromator inthe
range 20 from 10 to 80°. The ferrites particles mor-
phol ogieswere observed by scanning el ectron micro-
scope (SEM, JSM-5400).

The magnetic properties of theferriteswere mea-
sured at room temperatureusing avibrating ssmplemeag-
netometer (VSM; 9600-1 LDJ, USA) inamaximum
appliedfield of 10 kOe. From the obtained hysteresis
loops, the saturation magnetization (M), remanence
magnetization (M) and coercivity (H ) weredetermined.
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RESULTSAND DISCUSSION

Figure 1 showsthe differential thermal analysis
(DTA) plot (aand b) of the synthesized mixture of
barium - iron oxalates precursorsat two different Fe**
/Ba2* moleratios 12 and 8.57 respectively. It can be
seen in peaks I-1V that an endothermic reaction oc-
curred at around (95.11, 158.52, 182.45 and 232.15
°C) which correspondsto the dehydration of iron and
barium oxaaes. Thisiscons stent with earlier findings
suggesting that, two different crystals hydrate types
namely MeC,0,.2H.,0 and MeC,0,.3H,0 (Me =
metal ion)i?%, Thereafter, pesksV, VI and VI (448.02,
493.88 and 586.56°C) weresignificantly related to the
anhydrous oxalate mixture decomposition into both
metal oxide and gases(CO, & CO). Figure 1b shows
that the V1 peak has higher intensity inthe case of Fe*
/B&* moleratio 8.57 ascompared with moleratio 12.
Thisismost likely dueto theincreaseof barium oxaate
amount. Peak VIl inthe plot at (956.90°C), showed
theinitid steptoform BaFe ,0,,, Moreover, theinten-
sity and sharpness of peak VIl in (plot b) was also
increased, indicating that the stability of theformed
barium ferritewill beincreased with increasing content
of barium oxaateratio. Therefore, the DTA resultsin-
dicate that barium ferrite cannot formed before
956.90°C.

Heat flow, uV

1000

Temperature, °C
Figurel: Thermal profiles(DTA) of mixturesof barium-
iron oxalates precur sorsat Fe*/Ba?* moleratios(a) 12 and
(b) 8.57.

Figure 2 showsthe XRD patterns of the calcined
powder of BaFe,, O, , obtained from barium —iron ox-
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dateprecursor solutions, with Fe* /Ba2* moleratio 8.57
thermally treated at different temperatures (900 -
1200°C) for 2h. On the start of the annealing process
at (900°C), a complete absence of M-type barium fer-
rite phase. Instead, the hematite Fe,O, phase appears
asamgor phase, whichiscongstent with DTA results.
But a (1000°C) the concentration of the hematite phase
decreases, and barium ferrite phase was detected. In-
creasing the annealing temperature to 1100°C, en-
hanced theformation of barium hexaferritephase, and
decreased the hematite Fe,O, phase. At the calcina-
tionstemperature (1200°C), single phase of barium
hexaferrite (BaFe O, ) evidently wasformed.
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Figure2: XRD patternsof BaFe O, frombarium-iron ox-
alate precursor with Fe*/Ba?* mole ratio 8.57 thermally
treated at different temper atur es(900-1200°C) for 2 h.

XRD analysiswas carried out inthisstudy toin-
vestigate the effect of Fe** /Ba?* moleratios of the
powdersthermally treated at different temperatures
(900-1200°C) for 2h, and the results are presented in
Figure 3-6. Theresultsin Figure 3indicate that the
thermal calcination of barium—iron oxalate precursor
at 900°C has not yielded barium ferrite phase
BaFe ,0,, in any case. Instead iron oxide (Fe,0,)
phase has appeared clearly in all the Fe* /Ba* ratio.
Theseresultsconfirm the DTA results, which showed
no sign of BaFe ,O,, formation at 900 °C. Figure 4
shows XRD patterns at annealing temperature 1000
°C, formation of barium ferrite was observed for all
moleratios. As expected, increasing the Fe** /Ba?*
mol eration enhanced theformation of barium ferrite
phase (i.e decreasing theamount of Fe,0,). Figure5
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showed the XRD patterns of BaFe ,O,, precursor
powdersat 1100°C. Theformation of bariumferrite
phase was highly enhanced for al moleratios, while
the Fe,0,formation diminished significantly. It canbe
also observed that single phase of well crystalline
BaFe ,O,, wasfirst obtained at Fe**/Ba?* moleratio
of 9.23 and 8.57 at annealing temperature 1100°C.
Raising the cal cination temperature for the precursor
up to 1200°C (Figure 6), the single phase BaFe O,

appeared at all different Fe*/Ba?* moleratio. At the
same time no sign of iron oxide (Fe,0,) appeared.
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Figure3: XRD patternsof BaFe O, frombarium-iron ox-
alate precur sor with different Fe**/Ba?* moleratio and ther-
mally treated at 900°C for 2 h.
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Figure5: XRD patternsof BaFe ,O,, from barium-iron ox-

alateprecur sor with different Fe**/Ba? moleratio and ther -
mally treated at 1100°C for 2 h.

Figure 7 showsthe effect of various mole ratios on
the crystalline size of the obtained powders. It can be
observed that increasing the annealing temperatures
helps significantly agglomeration of the particlesand
grainsgrowth during cal cination course.Thisleadsto
theincrease of grain sizeand formation of singlephase
barium hexaferrite powders. However, this observed
crystallinesizefor thesingle phase barium hexaferrite
produced viaoxa ate precursor routeis much higher
than that produced by other wet chemical methods.
Thisfinding was a so observed by other authorg?6:27,

T . T L T x T
*
- BaFequ +Fe203 .
A M I . ‘ b Fe"/Ba"=8.57
M, ,:“.,l“. 05 R O BN Mot A NIt
i \"i‘ I Fe*/Ba"'=9.23
—_ aJULUA A Ao
s
>
= "‘i | Fe*Ba™"=10
q=) \ M “'1 I\ ‘!\ J!I 3 .P
ko] W U1V AP i
=
- +
” S Fe"/Ba"=109
SO | 1T S S A 01 o 4
I 3+ 2+
\i \‘ i, Fe"/Ba"= 12
”u‘“ T | R | | ’ T Y S
r T . T . T - T T
20 30 40 50 60 70
2 Theta (dearee)

Figure4: XRD patternsof BaFe ,O,, from barium-iron ox-
alateprecur sor with different Fe*/Ba? moleratio and ther -
mally treated at 1000°C for 2 h.
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Figure6: XRD patternsof BaFe ,O,, from barium-iron ox-

alateprecur sor with different Fe**/Ba? moleratio and ther -
mally treated at 1200°C for 2 h.
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Figure7: Effect of annealing temperatureand moleratioon
thecrystallinesizeof the prepar ed barium hexaferrite

Figure 8 displays SEM micrographsof BaFe O,
powders obtained from oxal ate precursorswith Fe* /

== Pyl Paper

Ba? moleratio of 9.23 and annealed for 2 hr. Clearly,
it appearsthat increas ng cal cination temperature (900-
1200°C) hasasubstantid effect onthe microstructure
of synthesized BaFe,,0,, powders. In Figure 8(a), fine
precipitated particles, withrandomgranorientation. This
confirmsthepreviousresultsof XRD and DTA, which
showed no sign of BaFe,,0,, growth at 900°C. How-
ever, astheanneding temperaturesincreased to 1000°C
Figure8(b), individual particles possessaplate-like
hexagona shape containing afewer numbersof spheri-
cal small particles. At annealing temperature 1100°C
(Figure 8(c)), the ferrite powders showed uniform
coarsestructurewith awell-clear hexagond shapewhich
isinlinewith XRD patternsin Figure 2, for where pure
singlecrystal peaksof barium ferritewasvery evident.
Thegrainswerethen started to distort again at 1200°C
(Figure8(d)), which may lead to agglomeration of the
particlesat morehigher anneding temperatures.

&

Figure8: Effect of annealingtemper atureson themicrostructureof synthesized BaFe ,0,, powder sobtained from oxalate
precur sorswith Fe**/Ba? moleratiosof 9.23 and annealed for 2h. (a) 900 C, (b) 1000 °C, (¢) 1100°C, (d) 1200°C

Figure 9(a-€e) presented the SEM mi crographs of
synthesized BaFe, ,0,, powdersobtained from oxaate
precursors and annealed at 1000°C for 2 hr. Effect of
changing Fe*" /B&** moleratioson the microstructure
wasobserved. InFigure9(aand b), very fineparticles
of hematite powder started to agglomerate, wherethe

mole ratios of Fe* /Ba?* were 12 and 10.9 respec-

tively. Inaddition, afew large crystal particleswere
formed, indi cating that theseratios of the composition
wereinsufficient for thecompleteformation of thestruc-
ture. AstheBa?*ion concentrationincreased inthecom-
position of thesamples(Figure9 (c, dand €), uniform
and coarse structurewith clear homogeneous micro-
structure become more pronounced. Moreover, awell
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—clear crystalline micro-structure containing a fewer
numbersof spherica small particlescanbeseeninthese
SEM micrographs. Asthe annealing temperaturein-
creased to 1100°C (Figure 10(a-€)), the produced pow-
dersof BaFe ,0,, possessed very well-defined plate-
likehexagond shape.

TABLE 1 and Figures (11-14), present the mag-
netic propertiesof the synthesized barium ferrite pow-
ders, whichwereobtained at room temperature under
anapplied fidd of 10kOe. Theresultsshowed that the
saturation magnetization of the produced powdersin-
creased by increasing thetemperatures. Figure11 dis-
play theeffect of anneding temperatureonthehysterss
loop of BaFe,,0,, powders obtained from oxal ate pre-
cursorsat Fe**/Ba?* moleratio 10. Theresults showed

S ke :::.,-UE[ /BE

Figure9: Effect of Fe**/Ba* moleratioson the microstructur e of synthesized BaFe 0O ,powdersobtained from oxalate
precursorsand annealed at 1000°C for 2 h. (a) Fe*/Ba?" =12, (b) Fe*/Ba?* =10.9, (¢) Fe*"/Ba?* = 10, (d) Fe*/Ba?" =9.23 and
(e) Fe**/Ba?* =8.57

that, the saturation magneti zation of the produced pow-
dersincreased by increasing theannealing temperature.
It exhibited amaximum value of (70.25emu/g) at an-
nealing temperature 1200°C for 2hr. Thisislikely due
to the presence of single domain of BaFe, ,O,, par-
ticles. Inlinewith SEM results, thechangein magnetic
properties can beattributed to the presenceof well crys-
talineBaFe,,0,, microstructures, astheanneding tem-
perature of the powderswasincreasing gradually to
reach optimum conditions. Figures (12-14) show the
effect of Fe**/Ba2* moleratio onthe M—H hysteresis
loop of synthesized BaFe, ,0,, powdersobtained from
oxalate precursorsand annealed for 2h at 1000, 1100
and 1200°C, respectively. The maximum saturation
magnetization value of 70.25 emu/g was obtained for
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Figure10: Effect of Fe*/Ba** moleratioson themicrostructur eof synthesized BaFe 0O, powder sobtained from oxalate
precursorsand annealed at 1100 °C for 2h. (a) Fe**/Ba?* =12, (b) Fe**/Ba?* = 10.9, (¢) Fe*/Ba?" = 10, (d) Fe*/Ba?" =9.23 and
(e) Fe**/Ba?* =8.57
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Figurel1: Effect of annealingtemperatureontheM-H hys-  Figure12: Effect of Fe**/Ba?" moler atio on the M—H hyster-
teresisloop of synthesized BaFe,,0,, powder sobtained from  esisloop of synthesized BaFe, ,O , powder sobtained from ox-
oxalate precur sorsat Fe*/Ba* moleratio 10. alate precur sorsand annealed at 1000 °C for 2 h.
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Figure13: Effect of Fe*/Ba?* moIeratio on theM—H hyster-

esisloop of synthesized BaFe 0, , powder sobtained from ox-

alate precursorsand annealed at 1100 °C for 2 h.

the precursor prepared at Fe* /Ba?* moleratio 10 at
1200°Cfor 2 h. Thisresultsshowsthat saturation mag-
netization val ues obtained from the oxal ate precursor
method wasquitecloseto thetheorticd limit of 72 emu/
gl Thiswaslikely dueto the presence of single do-
main of BaFe, ,0,, particles. Such high saturation mag-
netization for bariumferriteat a1200°C can be attrib-
uted to thehigh—phase purity and well-defined crystal-
line structure of BaFe ,0,,. In contrast, the coercive
forceH_resultsof Bal:elzo19 powders, whichispro-
duced by the oxd ate precursor method werelower than
thetheoretical valueof (6700 Oe) . In addition, these
results might berelated to theresidual Fe,O, havinga
highintrinsc coerciveforce®. However, dearly thistech-
niqueisapromisefor providing BaFe ,0,, with the
highest saturation magnetizationvaue. Figure 11-13and
TABLE 1, display effect of Fe*/B&?* moleratio onthe
M-H hysteresis|oop of synthesized BaFe O, pow-
dersobtained at different annealing temperatures.
Figure 12 showed that at annealing temperature
1000 °C decreasing the Fe* /B&?* moleratiosfrom 12
to 8.57 increased the saturation magnetization of the
formed BaFe O, , particlesfrom 33.01 to 44.8 emu/g.
Thisismainly duetoincreasing formation of well crys-
talline BaFe ,O,, powders, and decrease of the pres-
ence of non—magnetic species of Fe,O,asthemole
ratio percentagewent up. Theseresultsarein substan-
tial agreement with the previous XRD and SEM re-
sults, whichwas shownin Figure4 and 8. However,
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Figurel4: Effect of Fe*/Ba* moler atio on theM—H hyster-
esisloop of synthesized BaFe O, powder sobtained from ox-
alateprecur sorsand annealed at 1200 °C for 2 h.

TABLE 1: Effect of Fe**/Ba* moleratiosand annealing tem-
peratureon themagnetic propertiesof Barium hexaferrite.

Fe*'/Ba® Temp. M agnetic Properties
mOI.e (oc) Ms Mr Hc
Ratio (emu/g)  (emulg)  (Oe)

900 3.667 1.371 666
12 1000 33.01 3.264 250
1100 62.44 21.41 662.6
1200 66.36 175 503.8
900 2.074 0.8269 643.7
1000 34.22 3.066 235.4
10.91
1100 67.15 21.01 641.6
1200 67.21 13.69 387.5
900 1.702 0.621 653
10 1000 37.4 5.531 381.1
1100 67.59 18.45 556.6
1200 70.25 16.64 451.3
900 1.733 0.6292  653.3
9.23 1000 46.82 3.471 172.6
1100 65.44 20.83 837.8
1200 68.45 15.11 480.6
900 2.728 2.728 808.7
8.57 1000 44.8 3.507 240.8
1100 64.96 19.12 620.8
1200 67.23 18.77 536.7

the effect of Fe*/Ba* molerati oontheM-H hyster-
esisloop of synthesized BaFe O, , powders obtained
at 1100°C and 1200 °C waslesssignificant in Figure
13 and 14. This suggeststhat the Fe,O, particles di-
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minished dramatically at temperature 1100 °C and 1200
°C, whichlend support to thethe XRD and SEM re-
sults corresponding to these temperaturesin Figure 5
and 10, wherethe crystallinity of BaFe ,O,, powders
werevery evident.

CONCLUSIONS

Thestructura and magnetic propertiesof newly pre-
pared barium hexaferrite powderswere studied ina
comparativeway. TheresultsfromDTA, XRD, SEM
and V SM studies can be summarized asfollows:

a) Differentid therma andysis(DTA) plotsof thesyn-
thesized mixture of barium- iron oxal ates precur-
sorsshowed that theinitia steptoformBaFe ,0,,
started at (956.90 °C).

b) Singlephaseof well crystalineBaFe O, wasfirst
obtained at Fe** /Ba?* moleratio of 9.23 and 8.57
at annealing temperature 1100°C whileat anneal -
ingtemperature 1200°C thesinglephase BaFe O,
appeared at dl different Fe* /Ba&?* moleratio.

¢) Themorphology of theparticlesat 1000 and 1100
°C arehexagond platelet crystd. By increasing the
temperature up to 1200 °C, grains have coalesced
toformlarger grains.

d) Theoxalate precursor route hasprovento produce
pure barium ferrite powders with good magnetic
propertieswith maximum saturation magnetization
vaueof (70.25 emu/g), and coercivity force (451.3
Oe).

€) Regardingtheparticlessize, it can beseenthat, the
minimum particle sizeappeared at (1000°C), and
the maximum sizewasfound at (1200°C), which
most likely explained by theformation of thesingle
phase of barium hexaferrite (BaFe,,0, ).
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