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A fine strontium ferrite powder with high coercivity was
successfully prepared by forming hydroxide precursor parti-
cles in the continuous ethanol-based phase of a microemulsion
consisting of iso-octane, NP9, and an ethanol solution contain-
ing Sr21 and Fe31 cations at a molar ratio of 1:12. The
microemulsion-derived hydroxide precursor was calcined at
various temperatures, ranging from 600° to 1100°C, to develop
the hexagonal strontium ferrite phase. X-ray diffractometry
and infrared characterizations revealed that the formation
mechanisms of strontium ferrite in the microemulsion-derived
precursor differed from those of the precursor derived by
conventional coprecipitation. The microemulsion resulted in a
strontium ferrite of finer particle size and better magnetic
properties than those of the conventionally coprecipitated
strontium ferrite. The microemulsion-derived strontium fer-
rite exhibited an intrinsic coercivity of 6195 Oe and a satura-
tion magnetization of 58.28 emu/g when calcined at 900oC. The
saturation magnetization increased further, to 69.75 emu/g,
when the microemulsion-derived precursor was calcined at
1100oC.

I. Introduction

STRONTIUM HEXAFERRITE, SrFe12O19, is a ferrimagnet in which
iron ions in five different crystallographic sites are coupled

antiferromagnetically. This ferrimagnet exhibits a high saturation
magnetization and high coercivity because of the relatively high
magnetocrystalline anisotropy field.1 SrFe12O19 has been explored
for many technologically demanding and challenging applications,
such as for permanent magnets1 and high-density perpendicular
recording media, with proper doping.2 The properties of strontium
ferrite are largely dependent on the processing routes used for
fabrication, as reviewed by Sta¨blein3 and Kojima.4 Traditionally,
SrFe12O19 powders have been synthesized by the solid-state
reaction between SrCO3 and Fe2O3 at a high calcination temper-
ature (;1300°C).5 However, this technique apparently is associ-
ated with disadvantages, such as large particle and agglomerate
sizes and uncontrolled particle morphology. The subsequent mill-
ing of the calcined strontium ferrite powders undoubtedly intro-
duces a level of contamination and, therefore, degrades the
magnetic properties.6

Multidoman ferrites, including SrFe12O19, increase in coerciv-
ity as particle size decreases.7 Therefore, the preparation of a
strontium ferrite powder with refined particle size, narrowed

particle-size distribution, and minimal particle agglomeration has
received considerable attention.8 Numerous novel processing
routes have been devised, including coprecipitation,9–12 hydroly-
sis of metallorganic complexes,13 sol–gel synthesis,14–16 spray
pyrolysis,17 the citrates method,2,14,16 glass-crystallization,18–21

and hydrothermal reaction.22–24Ultrafine SrFe12O19 powders with
particle sizes in the range of;50 nm have been prepared
successfully via some of these processing routes, but the magnetic
properties of the resulting ferrite powders vary considerably from
one material to another. For example, Choyet al.14 reported a
coercive force of 6500 Oe (1 Oe5 80 A/m) for one of the
strontium ferrite powders prepared via a sol–gel processing route,
although the powder exhibits a relatively low saturation magneti-
zation (50 emu/g).

One of the major difficulties encountered in many of these
wet-chemistry-based processing routes for strontium ferrites, such
as coprecipitation10 and hydrothermal reaction,25 is the relatively
high solubility of Sr(OH)2 in an aqueous solution. This solubility
poses problems in maintaining the stoichiometry of the strontium
ferrite, although excess strontium can be introduced into the
starting composition. For example, a Sr21:Fe31 ratio as high as 1:8
was used by Ataieet al.25 in their hydrothermal solution, and a
Sr21:Fe31 ratio of 1:11 was used by Kulkarniet al.10 in their
coprecipitation route, in comparison with the stoichiometric ratio
of 1:12 in SrFe12O19. To reduce the solubility of Sr(OH)2, various
measures, such as raising the [OH–]/[NO3

2] molar ratio in the
aqueous solution, have been adopted in some processing
routes.23,25 This method is related to the fact that strontium
hydroxide is alkaline, because a strong alkaline environment
favors Sr(OH)2 precipitates.

Synthesis of ultrafine ceramic powder particles in the aqueous
droplets of both inverse and bicontinuous microemulsions has
been reported elsewhere.26–29However, for strontium ferrite, the
inverse water-in-oil microemulsions may not be ideal, because of
the high solubility of strontium hydroxide, although the inverse
microemulsion domains may be able to produce a nanosized
precursor particle. The objectives of the present work are (i) to
study the feasibility of synthesizing a fine strontium ferrite powder
in the continuous ethanol-based phase of a microemulsion and (ii)
to investigate the relationships between magnetic properties and
powder characteristics of the microemulsion-derived strontium
ferrite powder, in comparison with those of the materials prepared
via conventional coprecipitation.

II. Experimental Procedure

(1) Starting Materials
The starting materials used in the present work included ferric

nitrate hexahydrate (.99.4%, Fisher Scientific Co., Pittsburgh,
PA), strontium chloride hexahydrate (99.995%, Aldrich Chemical
Co., Milwaukee, WI), tetramethylammonium hydroxide solution
(;1.1M, Fluka Chemical AG, Buchs, Switzerland), a high-purity
ethanol (.99.5 vol%, CSR Chemicals, Victoria, Australia), iso-
octane (assayed by gas chromotography as 100%, J. T. Baker
Chemical, Phillipsburg, NJ), a nonionic surfactant of polyoxyeth-
ylene(9) nonylphenol ether (NP9, Albright & Wilson Asia Pacific
Pte. Ltd., Singapore).
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(2) Phase Diagrams
The procedure used for establishing a partial phase diagram at

room temperature for the ternary system consisting of iso-octane,
NP9, and ethanol was similar to those detailed elsewhere.26,30To
locate the demarcation between the microemulsion and the non-
microemulsion regions, the alcohol solution containing ferric
nitrate (Fe(NO3)3) and strontium chloride (SrCl2) was titrated into
a mixture of a given iso-octane:NP9 ratio. Thorough mixing of the
three components was achieved using a Vortex mixer, which
generated a high frequency of shaker mixing at room temperature.
The microemulsion of fine iso-octane droplets dispersed in the
continuous ethanol phase appeared optically transparent. A series
of such demarcation points was obtained by varying the iso-
octane:surfactant ratio. Partial phase diagrams, at room tempera-
ture, were established for two ternary systems, consisting of
iso-octane, NP9, and a polar ethanol phase containing either 0.02M
SrCl2 1 0.24M Fe(NO3)3 or 0.50M (CH3)4N(OH) 1 25.2M H2O.

(3) Preparation of SrFe12O19 Precursor
Two microemulsion compositions, both consisting of 15.0 wt%

iso-octane, 15.0 wt% NP9, and 70.0 wt% ethanol containing either
0.02M SrCl2 1 0.24M Fe(NO3)3 or 0.50M (CH3)4N(OH) 1 25.2M
H2O, were prepared. The coprecipitation reaction was effected
when the composition containing SrCl2 and Fe(NO3)3was titrated
into the composition containing (CH3)4N(OH) in a volume ratio of
1:2 at room temperature. The precipitates then were retrieved and
washed repeatedly, using a mixed solvent consisting of acetone
and ethanol in a 1:2M ratio. The precursor was subsequently dried
in a vacuum oven, first at 60°C and then at 90°C, for 12 h. Figure
1 is a flow chart showing the steps involved in preparing
SrFe12O19 powders via the ethanol-based microemulsion route.

For comparison, hydroxide precursors of strontium ferrite also
were prepared via a conventional coprecipitation route. For this
procedure, 100 mL of ethanol solution containing 0.02M SrCl2 1
0.24M Fe(NO3)3 was added dropwise into 200 mL of ethanol
solution containing 0.50M (CH3)4N(OH) 1 25.2M H2O, with
vigorous stirring. The resulting precipitates were recovered and
dried by following the steps detailed above for the microemulsion
route.

(4) Powder Characterization
The as-dried precursor powders from the above two routes were

characterized by thermogravimetric analysis (TGA; Model No.
2950, DuPont/Clinical and Instrument Systems Division, Wil-
mington, DE) and differential thermal analysis (DTA; Model No.
1600, DuPont), with Al2O3 as the reference, at a heating rate of
10°C/min, in air, from room temperature to 950°C. The powders

then were calcined in air at various temperatures, up to 1100°C,
and analyzed using a Fourier transform infrared (FTIR) spectrom-
eter (Model No. FTS135, Bio-Rad Laboratories, Cambridge, MA)
over the spectrum range 4000–400 cm21. Phase identification in
the calcined strontium ferrite powders was conducted at room
temperature, using X-ray diffractometry (XRD; CuKa, Model No.
PW1729, Philips Analytical X-Ray, Almelo, The Netherlands) and
Mössbauer spectrometry (Model No. LC-9A, Austin Science
Associates, Inc., Austin, TX). Brunauer-Emmett-Teller (BET)
specific surface-area analysis (Model No. Nova 2000, Quanta-
chrome Corp., Boynton Beach, FL) and transmission electron
microscopy (TEM; Model No. 100CX, JEOL, Tokyo, Japan) were
used to analyze the specific surface area and particle/agglomerate
morphology, respectively, of these powders. Vibrating sample
magnetometry (Model No. 9T VSM, Oxford Instruments, Inc.,
Concord, MA) was used to characterize the magnetic properties of
the powders, such as intrinsic coercivity and saturation magneti-
zation at room temperature (maximum applied field,Hmax 5 6 T).

III. Results and Discussion

(1) Phase Diagrams and Thermal Analysis
Figure 2(a) shows the partial phase diagram established at room

temperature for the ternary system consisting of iso-octane, NP9,
and the ethanol solution containing 0.02M SrCl2 1 0.24M
Fe(NO3)3.The partial phase diagram for the system containing
0.50M (CH3)4N(OH) 1 25.2M H2O is shown in Fig. 2(b). The
shaded areas in both systems represent optically transparent
regions, which are nonaqueous microemulsions.31,32 Point Q,
corresponding to the composition of 15.0 wt% iso-octane, 15.0
wt% NP9, and 70.0 wt% ethanol in both systems selected for the
preparation of strontium ferrite, is located within the optically

Fig. 1. Flow chart for preparing SrFe12O19 powders via the ethanol-based
microemulsion route.

Fig. 2. Partial phase diagram established at room temperature for the
ternary systems consisting of iso-octane, NP9, and an ethanol solution
containing (a) 0.24M Fe(NO3)3 1 0.02M SrCl2 and (b) 0.50M (CH3)4NOH 1
25.2M H2O. Shaded areas represent the transparent microemulsion regions.
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transparent region. Conductivity measurement indicated that both
compositions are iso-octane-in-ethanol microemulsions.

TGA results for the precursors derived by conventional copre-
cipitation and from the ethanol-based microemulsion are shown in
Figs. 3(a) and (b), respectively; DTA results are shown in Figs.
4(a) and (b), respectively. The conventionally coprecipitated pre-
cursor shows two major decreases in specimen weight at temper-
atures,300°C. The slow, lesser decrease, over the temperature
range from room temperature to 180°C, results from the elimina-
tion of residual water and solvents, whereas the sharp decrease at
;280°C corresponds to decomposition of the hydroxide precursor.
The well-established exothermic peak over the same temperature
range indicates a crystallization reaction as soon as the hydroxide
precursor has decomposed. The microemulsion-derived precursors

exhibit a steady weight loss over the range from room temperature
to ;80°C, a result of the evaporation of residual solvent from the
as-dried precursors. Three consequential decreases in specimen
weight occur over the temperature range 200°–270°C, apparently
related to decomposition of the hydroxide precursor into oxide(s),
together with the further elimination of organic residuals. This
hypothesis is supported by the strong and rather broadened
exothermic peak in the DTA trace over the same temperature
range. The weight loss continues, with further increases in tem-
perature, to 360°C, after which little further weight loss is
observed. Again, the large exothermic peak results from a crystal-
lization reaction, following the decomposition of the hydroxide
precursor at a temperature.200°C. Therefore, the process is very
similar to those in many other precipitated hydroxide precursors.

(2) Phase Development
To monitor phase development with increasing calcination

temperature, the as-dried precursors derived both by conventional
coprecipitation and from the microemulsion composition were
calcined for 3 h in air atvarious temperatures, up to 1000°C, then
phase analyzed, using XRD at room temperature. Figure 5 illus-
trates the XRD patterns of the SrFe12O19 precursor derived from
the ethanol-based microemulsion calcined for 3 h at various
temperatures. Heating the precursor at a rate of 5°C/min to 600°C
resulted in a well-crystallizedg-Fe2O3 phase†† that has been
observed as an intermediate phase before formation of the crys-
talline ferrite in other chemistry-derived precursors.13,14 The
pattern shows a clear sign of the SrFe12O19 phase, as indicated by
the appearance of (107) and (114) peaks at 2u angles of 32.37° and
34.25°, respectively, in the powder calcined at 650°C for 3 h.

The amount of SrFe12O19 phase increases as the calcination
temperature increases, although an unidentified peak appears at the
2u angle of;31.69°, corresponding to an intermediate phase of
either Sr2FeO4

‡‡ or Sr2Fe2O5,
§§ when the powder is calcined at

800°C. At 900°C, SrFe12O19 is the only XRD-detectable phase. As
a confirmation of the phase purity, Fig. 6 shows the57Fe

††Powder Diffraction File, Card No. 39-1346. International Centre for Diffraction
Data, Newtown Square, PA.

‡‡Powder Diffraction File, Card No. 42–0480.
§§Powder Diffraction File, Card No. 33–0677.

Fig. 3. TGA traces at a heating rate of 10°C/min, in air, for the precursors
derived (a) by conventional coprecipitation and (b) from the ethanol-based
microemulsion.

Fig. 4. DTA traces at a heating rate of 10°C/min, in air, for the precursors
derived (a) by conventional coprecipitation and (b) from the ethanol-based
microemulsion.

Fig. 5. XRD traces of the powders derived from the ethanol-based
microemulsion and calcined for 3 h atvarious temperatures.
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Mössbauer spectrum for the powder calcined for 3 h at900°C. This
spectrum fits reasonably well with the spectrum of the SrFe12O19

phase, although a minor amount of paramagnetic phase is present.
The formation temperature for SrFe12O19 in the microemulsion-
derived precursors apparently is lower than those observed in the
conventional solid-state reaction (;1300°C)5 and in the precursors
obtained via spray pyrolysis (;1200°C), for forming a single
phase of SrFe12O19.

17 The formation temperature compares rea-
sonably well with those for SrFe12O19 in the precursors prepared
via many other chemistry-based processing routes.10,14 The crys-
tallinity of the SrFe12O19 phase is further enhanced when the
calcination temperature is increased to 950°C. As shown in Fig. 7,
a mixture of poorly crystallized iron oxide phases is observed at
calcination temperatures,650°C, for the conventionally copre-
cipitated powder, although a single phase of SrFe12O19 develops at
a high enough calcination temperature.

Figures 8 and 9 are the FTIR spectra for the as-dried precursors
derived from the ethanol-based microemulsion and by coprecipi-
tation, respectively, together with spectra for powders calcined at

various temperatures. The sharp absorption bands at 946, 1384,
and 1485 cm21, and the broad absorption band centered at;2920
cm21, are from (CH3)4N(OH);33 those at 1105, 1186, 1249, 1354,
1456, and 1512 cm21 are related to the surfactant residuals in the
microemulsion-derived precursor.33–35 The bands in the range
438–828 cm21 correspond to inorganic groups in both types of
precursors.

In Fig. 8, the strong and broadened absorption band at;3440
cm21 is assigned to vibration of the O–H bond.33,35The intensity
of this band decreases when the precursor is heated to 600°C and
vanishes completely when it is heated to 900°C. Most of the
absorption bands that belong to the organic functional groups of
surfactant residuals are eliminated at 600°C. At the same time,
three sharp, strong bands at;694, 858, and 1456 cm21 are
observed as the calcination temperature increases. The bands at
;694 and 858 cm-1 are attributed to SrCO3,

36 which seems to be
a transitional phase before the formation of strontium ferrite. The
band at 1456 cm-1 corresponds to maghemite (g-Fe2O3), con-
firmed by XRD phase analysis. A comparison of the spectra in Fig.
9 with those in Fig. 8 indicates that SrCO3 also occurs in the
coprecipitated precursor with increasing calcination temperature,
as characterized by the band at 858 cm21. The involvement of
hematite (a-Fe2O3), rather thang-Fe2O3, is indicated by the
absorption bands at 520–600 cm21 and 1350 cm21.36 Well-
established absorption bands at 438, 549, and 598 cm21 in the
powders calcined at$900°C indicate the formation of strontium
ferrite. Meanwhile, the characteristic bands of SrCO3 and iron
oxides vanish with increasing calcination temperature. This result
agrees with the XRD phase-analysis findings.

(3) Particle Characteristics
To show the particle size as a function of calcination tempera-

ture, Fig. 10 illustrates the specific surface areas (BET), as a

Fig. 6. Mössbauer spectrum, at room temperature, for the
microemulsion-derived SrFe12O19 powder calcined at 900°C for 3 h ((E)
experimental observation, (—) total fitting curve, and (- - -) paramagnetic
phase).

Fig. 7. XRD traces of the powders derived by conventional coprecipita-
tion and calcined for 3 h atvarious temperatures.

Fig. 8. FTIR spectra of the as-dried precursor derived from the ethanol-
based microemulsion and of powders calcined at various temperatures.
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function of calcination temperature, over the range 700°–1000°C
for the two powders. The specific surface area of the coprecipitated
powder is smaller than that of the microemulsion-derived material
at each temperature, although both powders show a similar
decrease as calcination temperature increases. At 900°C, specific
surface areas of 14.90 and 3.64 m2/g were measured for the
microemulsion-derived and the conventionally coprecipitated
SrFe12O19 powders, respectively. These values correspond to
average particle sizes of 78 and 323 nm, respectively, for the two
powders.

Figures 11(a,c) and (b,d) are SEM photographs of the two
SrFe12O19 powders, derived by conventional coprecipitation and
from the ethanol-based microemulsion, respectively. The degree of
particle agglomeration in the conventionally coprecipitated
SrFe12O19 powder is much higher than in the emulsion-derived
powder. The conventionally coprecipitated SrFe12O19 powder is
characterized by irregularly shaped particle agglomerates measur-
ing ;60mm, in contrast to the much smaller particle agglomerates
in the emulsion-derived powder. The conventionally coprecipi-
tated SrFe12O19 powder consists of thin plates.1 mm thick, with
a large aspect ratio. In comparison, the SrFe12O19 particles derived
from the ethanol-based microemulsion have much smaller aspect
ratios than those of the conventionally coprecipitated particles,
together with much smaller discrete particle sizes.

(4) Magnetic Properties
Figure 12(a) illustrates the saturation magnetization (Ms) of the

two SrFe12O19 powders, derived from the ethanol-based micro-
emulsion and by conventional coprecipitation, respectively, as a
function of calcination temperature from 650° to 1100°C. The
saturation magnetization of the microemulsion-derived strontium

ferrite demonstrates an initial decrease when the calcination
temperature is increased from 650° to 700°C, followed by a steady
increase as the calcination temperature increases within the range
700°–1100°C. TheMs value of 69.75 emu/g obtained for the
powder calcined at 1100°C, which is very close to the theoretical
Ms value of 74.3 emu/g for strontium ferrite single crystal,13 is
among the highest values ever reported for SrFe12O19.

13,22,37The
initial high value ofMs observed for the powder calcined at 650°C
accounts for the occurrence of theg-Fe2O3 phase at the interme-
diate calcination temperature.38 The presence ofg-Fe2O3 is
confirmed by XRD phase analysis. As the calcination temperature
increases from 650° to 800°C, theg-Fe2O3 phase disappears, and
a strontium ferrite phase develops. Any further increase in the
calcination temperature causes increased crystallinity and particle
coarsening of the SrFe12O19. In contrast, the conventionally
coprecipitated strontium ferrite exhibits a lower saturation magne-
tization than that of the microemulsion-derived strontium ferrite at
each temperature, although it demonstrates a similar initial de-
crease, followed by a recovery, with temperature increase.

Figure 12(b) shows the intrinsic coercivity, iHc, of the two
SrFe12O19 powders, as a function of calcination temperature, in the
range 650°–1100°C. The microemulsion-derived powder exhibits
an almost linear increase in intrinsic coercivity as the calcination
temperature increases in the range 650°–900°C. A further increase
in the calcination temperature, from 900° to 1100°C, leads to a
decrease in intrinsic coercivity. However, the value remains higher
than that of the conventionally coprecipitated powder at each
calcination temperature. The maximum iHc value of 6195 Oe
obtained at 900°C for the microemulsion-derived ferrite is com-
parable to the highest values previously reported for fine strontium
ferrite powders prepared via many other wet-chemical
routes.13,14,37,39

As already established, the intrinsic coercivity of ferrites is
strongly affected by their particle/grain sizes.7,40 At temperatures
,900°C, the dominant factor for improving intrinsic coercivity
with increasing calcination temperature is the development of the
SrFe12O19 phase, as supported by the XRD phase-analysis results
shown in Fig. 5. Nevertheless, enough growth in particle size at too
high a temperature results in transition from a single-domain to a
multidomain structure. This transition accounts for the decreasing
intrinsic coercivity with increasing calcination temperature at
.900°C. Correlating the variation in intrinsic coercivity with
calcination temperature and the dependence of specific surface
area on calcination temperature (Fig. 10) shows that the maximum
coercivity occurs at a specific surface area of 14.90 m2/g, corre-
sponding to an average particle size of;65 nm, which is close to
the previously reported values for the critical particle size. A

Fig. 9. FTIR spectra of the as-dried precursor derived by conventional
coprecipitation and of powders calcined at various temperatures.

Fig. 10. Specific surface area as a function of calcination temperature
((E) powder derived from the ethanol-based microemulsion and (‚)
powder derived by conventional coprecipitation).
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critical size in the range 40–60 nm13,14,39has been suggested for
achieving maximum coercivity in SrFe12O19.

IV. Conclusions

A fine strontium ferrite powder with high coercivity was
successfully prepared by forming hydroxide precursor particles in
an ethanol-based microemulsion consisting of iso-octane, NP9,
and an ethanol solution. The coprecipitation reaction was effected
by mixing a microemulsion containing Fe(NO3)3 and SrCl2 in the
ethanol phase with one containing (CH3)4N(OH). A single phase

of SrFe12O19 formed after the precursor was calcined at.900°C.
As the calcination temperature was increased, transitionalg-Fe2O3

and SrCO3 phases developed, before the formation of SrFe12O19.
The microemulsion-derived SrFe12O19 powder exhibited a much
smaller particle size (50–80 nm) than that of the conventionally
coprecipitated powder, which was platelike in morphology, with a
large aspect ratio. The microemulsion-derived SrFe12O19 powder
also demonstrated improved magnetic properties—i.e., saturation
magnetization and intrinsic coercivity—over those of the powder
derived by conventional coprecipitation. A maximum iHc value of
6195 Oe and anMs value of 58.28 emu/g were obtained for the
microemulsion-derived SrFe12O19 calcined at 900°C.

Fig. 11. SEM photographs for the powders derived (a) and (c) by conventional coprecipitation and (b) and (d) from the ethanol-based microemulsion. Both
powders were calcined at 900°C for 3 h.

Fig. 12. (a) Saturation magnetization and (b) intrinsic coercivity, as a function of the calcination temperature ((E) powder derived from ethanol-based
microemulsion and (‚) conventionally coprecipitated powder).
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