
JOURNAL OF MATERIALS SCIENCE 32 (1997) 873—877

Aligned hexagonal ferrite fibres of Co2W,
BaCo2Fe16O27 produced from an aqueous sol–gel
process
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Gel fibres of Co2W, BaCo2Fe16O27, were blow spun from an aqueous inorganic sol and

collected as an aligned tow blanket with an alignment of over 90%. Upon calcination up to

1300 °C, the ceramic fibres were shown by X-ray diffraction to form single-phase crystalline

Co2W at 1200 °C, an unusually low temperature for this compound to form as the major

phase. The formation of Co2W was also accompanied by sudden grain growth, forming

crystallites over 10 lm in length. While this reduced the mechanical strength of the fibres,

they were still suitable for use in a composite material.
1. Introduction
The ferrimagnetic BaCo

2
Fe

16
O

27
, or Co

2
W ferrite,

was among the new class of planar hexagonal ferrites
discovered by the Philips Research Laboratory in
1956 [1]. Its crystal structure has been well
documented [2], and can be regarded as alternating
stacks of one M (M ferrite) and two S (cobalt(II)spinel)
layers, whose structures were first reported by Philips,
four years earlier [3]. All the tungsten ferrites have
a field of spontaneous magnetization parallel to the
c-axis, except Co

2
W [1], but unlike Co

2
Y or Co

2
Z

[2], at room temperature the magnetization of Co
2
W

is not in the basal plane but at an angle of around 70°
from the c-axis [4]. This is true up to 180 °C, when the
angle then steadily decreases until it is parallel to the
c-axis at 280 °C, remaining so until the Curie point is
reached at 490 °C [5].

Therefore, Co
2
W is a soft magnetic material at

room temperature, and its large magnetic permeabil-
ity and losses render it more suited to uses for bubble
memories [6], magnetic recording media [4] and
microwave devices [7] than permanent magnetic uses
[8]. Co2W also demonstrates an anisotropy of electri-
cal conductivity, it being three times higher in the
basal plane than in the c-axis [9], and a zinc(II)-doped
Co2W material has been found to be an n-type semi-
conductor [10].

General methods for producing Co2W are similar to
those for all the hexagonal ferrites [11], with the
resulting grain diameter exceeding the critical domain
size of around 1 lm [12]. Although SrZn2 has been
produced with grains of approximately this size with
calcium or lithium doping and thermal annealing
[12,13], and single crystals useful for microwave de-
vices have been grown by the flux method [5], the

morphology is usefully dependent upon stoichiometry

0022—2461 ( 1997 Chapman & Hall
[14], sintering conditions [15] and homogeneity and
particle size of the precursor [16].

This work on Co2W ferrite fibres is part of a pro-
gramme to demonstrate how a number of refractory
and effective fibres can be made by an aqueous sol—gel
route. Fibrous forms of ceramic material can often be
made stronger and stiffer than the bulk ceramic [17],
and this would be an immediate advantage in mater-
ials such as rubber—Co

2
W composites [18]. The incor-

poration of a magnetic material in fibrous form and
subsequent effects of composite phase geometry would
have an impact on the materials properties [19], and it
has been demonstrated that, in special cases, short
fibres with an aspect ratio of 50 : 1 can give a 50-fold
advantage in magnetic permeability over the same
volume of bulk material [20].

Sol—gel routes to inorganic fibre forms bring ad-
vantages in processing. Sol—gel provides a means for
the fine-scale mixing of multiple components at low
temperatures, resulting in a more homogeneous pre-
cursor. Consequently, improved sintering rates at
lower temperatures can be expected, leading to im-
proved microstructure, and the inconvenient in-
creased shrinkage between gel and ceramic product is
more acceptable in an inorganic fibre due to its vir-
tually one-dimensional nature. This first attempt at
the preparation of Co

2
W ferrite fibres was made with

these potential advantages in mind. Collection as an
aligned blanket would enable integration into a com-
posite product.

2. Experimental procedure
2.1. Sample preparation
An acid-peptized halogen-stabilized iron(III) hydrox-

ide sol (Fe : anion"3 : 2) was doped with stoichiometric
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amounts of cobalt(II) and barium halides, which had
been previously dissolved into a solution with an
organic liganding agent. Spinnability was conferred
by the addition of a small amount of polyethylene
oxide as a spinning aid, and the fibres produced on
a proprietary blow-spinning process [21]. The result-
ing gel fibres were collected as an aligned tow blanket
and stored in a circulating air oven at 110 °C. The gel
fibres were heat treated in a muffle furnace, first being
pre-fired to 400 °C at 50 °C h~1 to remove water and
organic compounds. The samples were then further
heat treated at 200 °C h~1 to 600, 800, 1000 and
1100 °C in a recrystallized alumina vessel, and be-
tween 1200 and 1300 °C in a platinum vessel, for 3 h.

2.2. Characterization
2.2.1. Photon correlation spectroscopy

(PCS)
Particle size measurement of the sol above the 3 nm
diameter range was measured on a Malvern Instru-
ments Lo-C autosizer and series 7032 multi-8 correla-
tor, using a 4 mW diode laser, 670 nm wavelength.

2.2.2. Scanning electron microscopy (SEM)
Scanning electron micrographs and analysis of the
morphology of the samples was carried out on a Cam-
bridge Instruments Stereoscan 90 SEM operating at
15 kV. Conducting samples were prepared by gold-
sputtering fibre specimens.

2.2.3. Surface area and porosity
measurements

Surface areas and pore-size distributions of the fibres
were performed on a Micrometrics ASAP 2000 using
nitrogen as the adsorption gas. Samples were degassed
at 300 °C for 6 h prior to analysis.

2.2.4. X-ray photoelectron spectroscopy
(XPS)

The XPS analysis was performed using a Kratos
XSAM 800 spectrometer fitted with a dual anode
(Mg/Al) X-ray source and a multichannel detector.
The spectrometer was calibrated using the Ag3d5@2

line at 397.9 eV and the AgM»» line at 901.5 eV.
AlKa radiation (1486.6 eV) was the excitation source
(120 W) and spectra were collected in the high-resolu-
tion mode (1.2 eV) and fixed analyser transmission
(FAT). The Kratos DS800 software was used for data
acquisition and analysis.

2.2.5. X-ray fluorescence spectrometry
(XRF)

The elemental composition of the samples was meas-
ured on a Philips PW2400 sequential X-ray spectro-
meter fitted with a rhodium target end-window X-ray
tube and Philips X-40 analytical software. The
samples were analysed in the form of a fused bead,

where 1 g sample was fused with 10 g lithium tetrabor-
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ate flux at 1250 °C for 12 min and then cast to form
a glass bead.

2.2.6. X-ray powder diffraction (XRD)
measurement

X-ray powder diffraction patterns of the samples
treated at various temperatures were recorded in the
region of 2h"10°—80° with a scanning speed of 0.25°
min~1 on a Philips PW1710 diffractometer using
CuKa radiation with a nickel filter. Cell parameters
were calculated and further refined using linear regres-
sion procedures applied to the measured peak posi-
tions of all major reflections up to 2h"90 ° with the
Philips APD 1700 software.

3. Results and discussion
The stoichiometric mixture required to produce
Co

2
W contains a relatively high proportion of simple

metal salts as dopants, which not only contribute
nothing to gel formation but actually destabalize the
sol itself. Therefore, the preparation of a stable doped
sol was achieved with difficulty, after experimentation
with many combinations of various metal salts, acids
and organic stabilizers. Sol stability is related to the
size of sol particles, which are sensitive to preparative
techniques and conditions. Spinning is especially sen-
sitive to the presence of small amounts of coarser
particulates. PCS enabled us to measure and control
the properties of the sol to a certain extent and gave an
indication of the fine-scale heterogeneity of the fibre-
forming material. The PCS data indicate that the
average particle size in the doped iron(III) sol was
6.8 nm, with a polydispersity of 0.67. By volume distri-
bution, the mean size was found to be 7.5 nm, with an
upper limit of 30 nm and an average molecular weight
of 4.4]104 a.m.u. It must be considered that the tech-
nique is still under development. A more powerful
laser is required to detect particles below the 3 nm
threshold, and therefore it is possible that the sol
contains some smaller particles.

The fibre blankets were generally very well aligned,
with 94% of the fibres being within 10° of the axis of
alignment, and this compares favourably with that of
commercially manufactured fibres (Fig. 1). The fibres
were slightly undulating, and a few were seen to be
crossing the main body virtually at right angles due to
looping during collection, both phenomena being
caused during the spinning/collection process.

The XRD patterns taken between 400 and 1150 °C
are shown in Figs 2 and 3. Haematite has started to
form by 400 °C, and at 600 °C it was still the only
phase, the background remaining amorphous (Fig. 2).
At 800 °C, the haematite peaks had disappeared and
M ferrite had formed along with the spinel ferrite
CoFe

2
O

4
(Fig. 3). These two phases then persisted as

the only ones present even above 1150 °C. The dried
fibre had a diameter of 3—5 lm and was strong and
very handleable, and remained so through changes to
the heamatite and mixed phase fibres up to 1100 °C,
when the fibres started to become slightly brittle. Up

to 800 °C, the fibres were very even-sided and fibrous



Figure 1 Photograph of aligned fibres, demonstrating over 90%
alignment.

Figure 2 XRD pattern of the fibres fired to 600 °C.
Figure 3 XRD pattern of the fibres fired to 1000 °C.
Figure 4 Scanning electron micrographs of fibres fired to 1100 °C.

in nature, and although some surface roughness was
apparent, any microstructure present was below the
level of resolution of the SEM. After firing to 1000 °C,
the fibres appeared to consist of a densely packed
mass of randomly oriented thin hexagonal plates,
which were less than 1 lm diameter and approxim-
ately one-tenth of that size in thickness. These plates
did not compromise the fibrous nature of the material,
but on reaching 1100 °C they had begun to do so.
Individual grains could be seen to be increasing in size
at the expense of their neighbours, and although they
had an average size of 2 lm, some crystals had started
to grow into large planar crystals of up to 8 lm
diameter and 1 lm thick (Fig. 4).

Surface area and porosity data on the fibre fired to
1000 °C indicated a low surface area (2 m2 g~1) and
some porosity (0.02 cm3 g~1), with an average pore
diameter of 51 nm. This was compared with the data
for pure M ferrite and Co

2
Y fibres fired to 1000 °C

which had lower surface areas (0.9 m2 g~1) and very
little porosity (0.004 cm3 g~1), but similar average
pore diameters of around 50 nm. The nitrogen
adsorption technique used can only detect pores
up to about 100 nm, so the greater porosity must be
due to much larger spaces forming between the grains,
indicating that the crystallites were undergoing
greater growth than in either the M ferrite or Co

2
Y

formulations at equivalent temperatures. This was
borne out by visual evidence from the SEM, which
showed a large increase in both grain size and visible
pore size on the micrographs, the 0.1—0.3 lm sized
pores at 1000 °C becoming as large as 1 lm at 1100 °C
(Fig. 4).

Suddenly, at 1200 °C, the XRD revealed that the
fibres had transformed into single-phase Co

2
W, and

there was no further change in phase up to 1300 °C
(Fig. 5). This formation of the Co

2
W phase was coinci-

dent with a drastic increase in the brittleness of the
fibres, and under the SEM it could be seen that many
larger and apparently elongated hexagonal crystals
had formed, some over 10 lm long (Fig. 6). This un-
controlled grain growth had mechanically weakened
the fibres and reduced their handleability, although
they were still discrete, separate fibres. As the temper-
ature increased, so did the crystal growth until the
separate fibres began to fuse together into a single

mass at 1300 °C.
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Figure 5 XRD pattern of the fibres fired to 1200 °C.

Figure 6 Scanning electron micrographs of fibres fired to 1200 °C.

Previous investigations have also reported that the
Co

2
W phase does not begin to form until between

1150 and 1200 °C, but they maintain that the Co
2
W

does not become the major phase until at least 1250 °C
[22], and that Co

2
Y, Co

2
Z and other compounds may

co-exist with Co
2
W once it has started to form [23].

This very rapid transformation from M ferrite/spinel
to single-phase Co

2
W appears unusual, and may have

helped caused the extreme growth associated with
Co

2
W formation in this material. SrZn

2
W ferrite has

been produced at temperatures as low as 1100 °C
using a co-precipitation method [24], but most tung-
sten ferrites are usually sintered commercially between
1250 and 1400 °C to obtain a homogeneous product
[10, 24].

A deviation in either the stoichiometry or oxidation
state of the material can have an adverse affect on its
magnetic properties [25], so these had to be con-
firmed. The XPS analysis of the fibres fired to 1000 °C
showed the oxidation state of the iron to be Fe(III)
with a binding energy of 709.7 eV for the main Fe 2p
peak. The XRF elemental analysis for the oxides BaO,
Fe

2
O

3
and Co

3
O

4
confirmed the composition to be

BaCo Fe O at 1000 °C, and all the halides had

2 16 27

been lost at this temperature.
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4. Conclusion
A gel fibre was successfully spun from a doped
iron(III) sol, and collected as an aligned tow, with over
90% of fibres within 10° of the alignment axis. The
fibres were of a good quality and strength, and re-
mained so as they were heated up to form first haema-
tite and then an M ferrite/Co(II) spinel mixture. On
subsequent heat treatment, the material produced
fully crystalline Co

2
W at 1200 °C. Although this is the

temperature at which Co
2
W would be expected to

form, this is a lower temperature than expected for
the ferrite to exist as the major, indeed sole, phase.
A rapid growth in grain size accompanied this forma-
tion with resulting loss of mechanical strength, but
although the fibres may not be strong enough by
themselves, they were suitable for use in a fibre
composite material. A further investigation into the
magnetic and structural properties of these fibres is
currently underway, concentrating on means of limit-
ing crystal growth during the formation of the Co

2
W

ferrite phase.
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