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The BaxSr1−xFe12O19 (x = 0–1) ferrite hollow fibers with diameters of 1 to 2 �m have been prepared by
the gel-precursor transformation process. The gel-precursor decomposition and ferrite formation were
analyzed by thermo-gravimetric and differential scanning calorimetry, infrared spectroscopy and X-ray
diffraction. The BaxSr1−xFe12O19 ferrite hollow fibers as-prepared were characterized with scanning elec-
tron microscopy and vibrating sample magnetometer. The results show that the BaxSr1−xFe12O19 (x = 0–1)
ferrite hollow fibers are of a solid solution and these fibers with an obvious hollow structure consist
errite
axSr1−xFe12O19

ollow fibers
agnetic property

of fine hexagonal plate-like particles. Their magnetic properties are mainly influenced by the chem-
ical composition and grain size. With the barium substitution, the specific saturation magnetization
and coercivity of the BaxSr1−xFe12O19 ferrite hollow fibers decrease from 67.1 Am2/kg and 443.3 kA/m
(for the simple SrFe12O19 ferrite, x = 0) to 56.1 A m2/kg and 319.8 kA/m (for the simple BaFe12O19 ferrite,
x = 1.0), respectively. The Ba0.5Sr0.5Fe12O19 ferrite hollow fibers calcined at 1000 ◦C for 2 h are composed
of single-domain grains around 60 nm and exhibit the specific saturation magnetization 63.9 A m2/kg and

coercivity 416.5 kA/m.

. Introduction

The hexagonal ferrites with a magnetoplumbite structure and
general formula MFe12O19 (M = Ba, Sr) are well-known ceramic
ermanent magnets. They are widely used in magnetic recording
nd microwave devices owing to their high maximum saturation
agnetization, appropriate Curie temperature, high theoretical
aximum coercivity, high magneto-crystalline anisotropy and

xcellent chemical stability [1–3]. However, these hexagonal fer-
ites are quite heavy as in bulk ceramic materials, which limit their
pplications in many high-tech fields.

In order to reduce the specific density, short fibers with a
igh aspect ratio have attracted materials scientists and engineers.
he investigations proved that fibers could bring a much higher
agnetic permeability than the same volume of materials in a non-

brous form [4,5]. Fibrous forms of ceramic materials could also be
ade stronger and often stiffer in mechanics than the bulk ceramic.

f the hexagonal ferrites are made into fibers and in particular hol-

ow fibers, the ferrite hollow fibers will have a low specific density
wing to a large specific surface area and exhibit some unique
haracteristics.
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The commercial hexagonal ferrites usually possess a large grain
size of multi-domains [6]. For a magnetically optimized hexagonal
ferrite a grain size of single-domain is required, with 80% of the
theoretical maximum coercivity reported for grains of 0.1 �m [1].
In order to obtain highly homogeneous single-domain hexagonal
ferrites, several techniques have been developed, such as citrate-
precursor [7,8], chemical co-precipitation [9], glass-crystallization
[10], micro-emulsion [11,12], self-propagate [13] and hydrother-
mal [14,15] methods. But, these preparative routes are mainly
focused on the hexagonal ferrite powders, a few reports on the
fibers. Gong et al. [16] reported the preparation of barium ferrite
hollow fibers by the aqueous sol–gel process. Pullar and Bhat-
tacharya [17] synthesized the barium ferrite fibers and strontium
ferrite fibers by the organic gel method. However, the forma-
tion process and relation between the structure and magnetic
characteristics for these fibers are not fully understood. As there
is no reports on solid solution of barium and strontium ferrite
fibers, the aim of this investigation therefore is to determine
the feasibility of utilizing the gel-precursor transformation pro-
cess to prepare the BaxSr1−xFe12O19 (x = 0–1) ferrite hollow fibers,
characterize their chemical composition, structure and magnetic

properties.

2. Experimental

The starting reagents were analytical grade Ba(NO3)2, Sr(NO3)2, Fe(NO3)3·9H2O
and citric acid. Organic acid and metal nitrates with molar ratio of 1.4:1 were dis-
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can be calculated from the value of full-width at half-maximum
(FWHM) of the prominent reflection (1 1 4) using the Scherrer’s
equation (i.e., D = 0.89�/(ˇ cos �), where � is the wavelength of the
X-ray radiation, ˇ is the FWHM of relevant diffraction peak and �
is the Bragg angle.), and the calculated D values of all samples are
ig. 1. TG–DSC curves of the gel precursor for Ba0.5Sr0.5Fe12O19 ferrite hollow fibers.

olved in deionized water to form aqueous solutions with a continuous magnetic
tirring. The final solution was magnetically stirred for 20–24 h at room temper-
tures and was transferred to a rotary evaporator and evaporated in a vacuum at
0–70 ◦C to remove surplus water until a viscous liquid was obtained. The gel fibers
ere drawn from the gels with the drawing device and dried in a vacuum oven

t 80 ◦C for about 24 h. The dried gel fibers were then put in an alumina crucible
nd subsequently were calcined at different temperatures for 2 h under an ambient
tmosphere to form the ferrite fibers.

Thermo-gravimetric and scanning calorimetry (TG–DSC) was carried out on
Perkin-Elemer Pyris Diamond TG–DSC thermal analyzer at a heating rate of

0 ◦C/min under air atmosphere. The X-ray diffraction (XRD) patterns were collected
n a Rigaku D/Mmax2500PC diffractometer with Cu-K� radiation (the wavelength
= 0.154 nm). Fourier transform infrared spectroscopy (FTIR) spectra of the samples

as pellets in KBr) were recorded by a Nexu670 spectrometer in a wavenum-
er range of 400–4000 cm−1 at a resolution of 4 cm−1. Field emission scanning
lectron microscopy (FESEM, JSM-7001F) was used to characterize the morpholo-
ies of the precursor and calcined ferrite fibers. The magnetic properties of the
esultant fibers were investigated at room temperature using a vibrating sam-
le magnetometer (VSM, HH-15) with a maximum applied field of 1194 kA/m
15 kOe).

. Results and discussion

.1. Thermal decomposition of gel precursor

Fig. 1 shows the TG–DSC curves of the gel precursor for the
a0.5Sr0.5Fe12O19 ferrite hollow fibers and the thermal decomposi-
ion process consists of the following three stages.

The first stage takes place from 50 to 160 ◦C, and an exothermic
eak occurs at around 145 ◦C, with a corresponding weight loss of
2.5%. At this stage, the free and absorbed water is removed and
he gel precursor is broken down.

The second stage is in the range of 160–400 ◦C. Two exothermic
eaks at around 248 and 296 ◦C on the DSC curve are accompa-
ied by a weight loss about 59.1%, which can be attributed to the

nitial decomposition of the complexes and a spontaneous combus-
ion. The spontaneous combustion occurs by interactions of citrate
nd nitrate ions in the gel, with liberation of H2O, CO2, NOx and
ormation of some metal oxides [18,19].

The third stage is at the temperature range of 400–700 ◦C. Dur-
ng the early period of this stage 400–650 ◦C, the SrCO3 and BaCO3
an be formed by the reaction of the metal oxides and CO2 pro-
uced by a continuous oxidization of the organic matters and these
arbonates would be decomposed at about 670 ◦C due to a small

ndothermic event observed on the DSC curve, corresponding a
eigh loss of about 3.5%. When the temperature over about 700 ◦C,

here is almost no mass change on the TG curve, implying the ther-
al decomposition completed.
Fig. 2. FTIR spectra of the samples derived from calcination of Ba0.5Sr0.5Fe12O19

ferrite precursor at various temperatures.

3.2. FTIR spectra and XRD analysis

Fig. 2 shows the FTIR spectra for samples derived from calci-
nation of the Ba0.5Sr0.5Fe12O19 ferrite precursor at 650, 700 and
800 ◦C. The XRD patterns of the products derived from calcination
of the Ba0.5Sr0.5Fe12O19 ferrite precursor at different tempera-
tures are shown in Fig. 3. After calcined at 650 ◦C, as shown in
Fig. 2, the absorption bands at 699, 638, 559 and 446 cm−1can
be assigned to �-Fe2O3 and 1466, 1384 and 858 cm−1 owing to
carbonates [20,21]. The �-Fe2O3 (JCPDS 25-1402), BaCO3 (JCPDS
37-0755) and SrCO3 (JCPDF 05-0418) phases are proved by the
XRD reflections for the sample obtained at 650 ◦C (Fig. 3). When
the calcination temperature at 700 and 800 ◦C, the characteristic
bands for the carbonates are no longer detected, while bands at
590, 549 and 433 cm−1 occur, which are related to the hexagonal
ferrite. From Fig. 3, it can be seen that all the diffraction peaks for
the samples calcined at 700–1100 ◦C are indexed to the magneto-
plumbite structure, indicating the single phase Ba0.5Sr0.5Fe12O19
ferrite (JCPDS 51-1879) formed. With the calcination temperature
increase, the diffraction peaks become narrower and higher, and
the crystallization is improved. The average crystallite size (D)
Fig. 3. XRD patterns of the samples derived from calcination of Ba0.5Sr0.5Fe12O19

ferrite precursor at different temperatures.
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Table 1
Average crystallite size (D) and magnetic parameters of Ba0.5Sr0.5Fe12O19 ferrite
hollow fibers calcined at different temperatures for 2 h.

Calcination temperature (◦C) D (nm) Ms (A m2/kg) Hc (kA/m)

700 32.6 42.6 305.1
800 37.9 59.8 330.5
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900 55.8 64.2 362.9
1000 59.2 63.9 416.5
1100 71.1 64.2 336.2

isted in Table 1. The average crystalline grain size increases from
2.6 to 71.1 nm corresponding to the calcination temperature from
00 to 1100 ◦C.

Fig. 4 shows the XRD patterns of the BaxSr1−xFe12O19 (x = 0–1)
errite hollow fibers obtained at 1000 ◦C for 2 h. All the XRD peaks
elong to the single phase hexagonal ferrite, which is a solid
olution. However, with the barium substitution of strontium,
= 0–1.0, these reflections shift to a lower angle arising from larger
arium ions (radius 0.0278 nm) replacing strontium ions (radius
.0245 nm).

.3. Morphology of BaxSr1−xFe12O19 ferrite hollow fibers

The SEM morphologies of the Ba0.5Sr0.5Fe12O19 ferrite hollow
bers obtained at 1000 ◦C for 2 h are shown in Fig. 5. It can be
bserved that the Ba0.5Sr0.5Fe12O19 ferrite hollow fibers are char-
cterized with thin diameters about 1 �m, a high aspect ratio and

porous structure (Fig. 5a). Fig. 5b shows that the ratio of the hol-

ow diameter to the fiber diameter is estimated about 1/2 from
he cross-sections. The Ba0.5Sr0.5Fe12O19 ferrite hollow fibers are
omposed with homogeneous hexagonal plate-like particles with
article sizes below about 100 nm, which is basically consistent

Fig. 4. XRD patterns of BaxSr1−xFe12O19 (x = 0

Fig. 5. SEM morphologies of Ba0.5Sr0.5Fe12O19 ferr
mpounds 507 (2010) 297–301 299

with the estimated D value from the corresponding XRD data
(Table 1).

Fig. 6 shows the morphologies of the BaxSr1−xFe12O19 ferrite
hollow fibers with various barium substitutions calcined at 1000 ◦C
for 2 h. These fibers fabricated of fine particles possess a uniform
diameter around 2 �m and high aspect ratios. The BaxSr1−xFe12O19
ferrite particles, which build the fiber, characterize a homogeneous
hexagonal plate-like morphology. Comparing the fiber surface
characteristics as shown in Fig. 6, the pores gradually become more
with the Ba content increasing from 0 to 0.4, possibly reaching a
maximum porosity at the Ba content around 0.5. Then, with the
barium content increase further, the surface porosity decreases, as
shown in Fig. 6d–f.

3.4. Magnetic property of BaxSr1−xFe12O19 ferrite hollow fibers

The hystersis loop measurement was made to determine
the magnetic parameters such as the specific saturation mag-
netization (Ms) and coercivity (Hc). The Ms and Hc values of
the Ba0.5Sr0.5Fe12O19 ferrite hollow fibers calcined at different
temperatures for 2 h are showed in Table 1. With the calci-
nation temperature from 700 to 1100 ◦C and the grain size of
Ba0.5Sr0.5Fe12O19 ferrite increasing from 32.6 to 71.1 nm, the coer-
civity initially increases, reaching a maximum value of 416.5 kA/m
at the grain size of 59.2 nm and then exhibits a reduction tendency
with the grain size further increase. While the specific saturation

magnetization exhibits a different behavior from the coercivity, it
increases dramatically from about 42.6 to 64.2 Am2/kg in the grain
size range of 32.6–55.8 nm corresponding the calcination temper-
ature ranging 700–900 ◦C, and with a further increase of grain size
Ms almost maintains the value around 64.2 A m2/kg.

–1) ferrites calcined at 1000 ◦C for 2 h.

ite hollow fibers obtained at 1000 ◦C for 2 h.
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Fig. 6. Surface morphologies of BaxSr1−xFe12O19 ferrite hollow fibers with different bariu
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ig. 7. Effect of barium substitution on Ms and Hc of BaxSr1−xFe12O19 ferrite hollow
bers calcined at 1000 ◦C for 2 h.

According to Stoner–Wohlfarth single-domain theory [22], the
agneto-crystalline anisotropy energy (EA) of a nanocrystal is

pproximated by

A = KV sin2 �

here K is the magneto-crystalline anisotropy constant, V is the
olume of nanocrystal, and � is the angle between the ease axis and
he direction of field-induced magnetization. Hc is closely related
o EA, which is proportional to the grain size. The Hc value of the
a0.5Sr0.5Fe12O19 ferrite hollow fibers (Table 1) initially increases
ith the grain size up to 59.2 nm due to the increase in magneto-

rystalline anisotropy. When calcined at 1000 ◦C and over, the
rain size of the Ba0.5Sr0.5Fe12O19 ferrite hollow fibers may be
arger than the single-domain size and become into multi-domains,

hich change the magnetization mechanism from the magnetic
oment reversal to domain wall movement, causing the coerciv-

ty to decrease [23]. It can be estimated that the single-domain size
f the Ba0.5Sr0.5Fe12O19 ferrite hollow fibers is around 60 nm, which
s close to the value reported in literatures for the hexagonal ferrite

articles [24–26].

The relation of specific saturation magnetization (Ms) and coer-
ivity (Hc) for the BaxSr1−xFe12O19 ferrite hollow fibers with barium
ubstitution of strontium is shown in Fig. 7. It can be seen that
oth the Ms and Hc values of the BaxSr1−xFe12O19 ferrite hol-
m substitutions: (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8, and (f) x = 1.0.

low fibers exhibit a continuous decrease from 67.1 A m2/kg and
443.3 kA/m (for the simple SrFe12O19 ferrite, x = 0) to 56.1 A m2/kg
and 319.8 kA/m (for the simple BaFe12O19 ferrite, x = 1.0), respec-
tively. With the addition of barium content in the solid solution, the
Ba2+ ions having a larger radius and a smaller magnetic moment
replace Sr2+ ions and occupy the B sites of hexahedron, which
will enlarge the distance of Fe–O and effectively reduce the net
magnetic moment and the super-exchange. This reduction in the
net magnetic moment and super-exchange would result in the
decrease of Ms and Hc values with the barium substitution of stron-
tium [27,28].

4. Conclusion

The BaxSr1−xFe12O19 (x = 0–1) ferrite hollow fibers have been
successfully prepared by the gel-precursor transformation method
using citric acid and metal salts. The ferrite phase transformation
process consists of the gel-precursor thermal decomposition and
ferrite phase formation. The BaxSr1−xFe12O19 (x = 0–1) ferrites are
of a solid solution with the magnetoplumbite structure formed
at 700 ◦C. The BaxSr1−xFe12O19 ferrites hollow fibers with diam-
eters 1–2 �m have an obvious hollow structure, the ratio of the
hollow diameter to the fiber diameter estimated about 1/2. The
BaxSr1−xFe12O19 ferrite particles, which build the fiber, possess a
hexagonal plate-like morphology and grow with the calcination
temperature. The magnetic properties are mainly influenced by the
grain size and chemical composition. With the barium substitu-
tion, the Ms and Hc values of the BaxSr1−xFe12O19 ferrite hollow
fibers decrease from 67.1 A m2/kg and 443.3 kA/m (for the simple
SrFe12O19 ferrite, x = 0) to 56.1 A m2/kg and 319.8 kA/m (for the sim-
ple BaFe12O19 ferrite, x = 1.0), respectively. The Ba0.5Sr0.5Fe12O19
ferrite hollow fibers calcined at 1000 ◦C for 2 h are composed of
single-domain grains around 60 nm and exhibit Ms 63.9 A m2/kg
and Hc 416.5 kA/m.
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