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bstract

obalt ferrite exhibits a high coercivity at room temperature and a strong magnetic anisotropy compared to the other spinel ferrites and, consequently
ppears as an interesting material for permanent magnets and high-density recording. The magnetic properties depend also on the crystallite size.
n order to keep the powder properties in a bulk material, dense nanostructured cobalt ferrite has to be sintered. A field activated sintering process
ike spark plasma sintering (SPS) may be promising for such challenge. The present paper deals with: (i) the preparation of cobalt ferrite by
wo methods: coprecipitation and hydrothermal synthesis in supercritical water; (ii) the SPS sintering of the cobalt ferrite nanopowder prepared

y coprecipitation. The sintering of the as-processed powder and that obtained after a thermal treatment resulting in the spinel phase has been
nvestigated. The influence of the starting powder and the sintering parameters such as the temperature, the duration of the SPS stage on the grain
rowth and the densification degree of bulk materials will be presented.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Cobalt ferrites are hard ferrites with a positive crystalline
nisotropy due to the cobalt, which confers on them better mag-
etic properties than on �-Fe2O3. Besides the composition, the
agnetic properties, particularly the coercitive field, are strongly

ependent on the oxidation degree, cation distribution and crys-
allite size. For instance, coercivity is known to be maximal for
cobalt ferrite crystallite size between 30 and 40 nm.1–7 More
enerally, nanostructured ceramic materials for both electronic
nd biomedical applications draw industry and scientist atten-
ion because of their physical properties depending on grain
ize.8 Consequently, synthesis methods of nanometric powders
re very attractive.

In preliminary works about ferrites obtained by soft chem-
stry and mechanosynthesis, our research group has presented a

omplete comparison.9 Nevertheless, these two technologies do
ot allow to have a huge production and cannot be developed
t industrial level. Continuous synthesis technologies, allowing

∗ Corresponding author. Tel.: +33 3 80 39 59 37; fax: +33 3 80 39 61 67.
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several tens grams/hour production, are then very interest-
ng. In this perspective, a continuous production prototype of
ydrothermal synthesis in subcritical and supercritical water has
een developed.10–12 Oxide powders synthesized in supercrit-
cal water have revealed several interesting qualities. Indeed,
he grains are nanometric with controlled particle morphology
nd very well crystallized. The first aim of this paper is to com-
are two synthesis methods: coprecipitation (soft chemistry) and
ydrothermal synthesis, in a continuous way and in supercritical
ater. The second aim is to study a quite new sintering process:

park plasma sintering (SPS). This process has been seldom used
n the case of ferrites.13–15 The consolidation of nanopowders to
roduce dense bodies while maintaining their fine crystallite size
s usually difficult by conventional methods such as hot pressing,
tc. Recently, spark plasma sintering (SPS)16,17 appears as a new
intering method to avoid or minimize the grain growth because
f short processing times. While the synthesis of cobalt ferrite
owders has been the subject of many papers, whose aim was
o obtain fine particles with controlled shapes, sizes and oxy-

en stoichiometries, and high coercivity,18–20 almost no studies
ave been devoted to their sintering. The present paper focuses
n the sintering by SPS of cobalt ferrite powders processed by
he coprecipitation route.

mailto:nmillot@u-bourgogne.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.141


9 ean C

2

2

e
s
A
t
T
a
c
r
r
r
i
a
o
u
c
s
S
a
a
c

c
(
e
s
s
p
i
o
a
g

2

n
S
a
c

T
S
F
(

P
F

S
F

i
T
a
t
T

2

A
2
i
o

u
a
T
s
p
d
w
t
e
T

g
O
d

5
w

3

3

w
3
t

22 N. Millot et al. / Journal of the Europ

. Experimental procedure

.1. Synthesis

The synthesis conditions are described in Table 1 and the
xperimental apparatus used for hydrothermal synthesis in
upercritical conditions is described in other publications.10,12

stream of distilled water is pressurized and then heated to a
emperature that is above the desired temperature in the reactor.
he basic solution and the metal salt aqueous solution are
lso pressurized in separate lines. Then the three reactants are
ombined at a mixing point, located just before the reactor. The
apid heating leads to a subsequent reaction in the reactor. The
esidence time of the solution in the reactor is about 10 s. The
eactor is an Inconel serpentine with a 2 m length and a 2.3 mm
nner diameter. After the reactor, the solution is rapidly quenched
nd filters remove agglomerated particles. Then, the suspension
btained is centrifuged and washed with deionized water under
ltrasonification during 5 min. After about 10 washings, the
entrifugation is not more possible because a sol is formed. This
uspension is freeze-dried and leads to a powder hereafter called
C-Fe2CoO4. This powder has been thermally treated during 4 h
t 600 ◦C (2 ◦C/min) in order to control the oxygen stoichiometry
nd to remove the remaining impurities (the thermal treatment
onditions have been deduced from TGA experiments).

A Fe2CoO4 powder has been also synthesized by soft
hemistry. It results from the coprecipitation of iron chloride
FeCl2·4H2O) and cobalt chloride (CoCl2·6H2O) in the pres-
nce of boiling potassium hydroxide. The precipitate has been
eparated from the medium by centrifugation, washed (in the
ame way than the supercritical powder) and freeze-dried. This
owder (hereafter called P-Fe2CoO4) has been calcinated dur-
ng 2 h at 650 ◦C (2 ◦C/min), under air. This treatment has been
ptimized in order to remove the remaining impurities (such
s chlorides), to obtain the spinel structure while limiting grain
rowth.

.2. Sintering

The two soft-chemistry powders (freeze-dried and calci-

ated) have been sintered in a SPS apparatus (Model 515S,
umitomo Coal Mining Co.) under primary vacuum. In such
pparatus, the heating is performed by the passing of a pulsed dc
urrent through the graphite die containing the powder (10 mm

able 1
ynthesis conditions of Fe2CoO4 powders obtained by coprecipitation (P-
e2CoO4) and thermohydrolysis in a continuous way and in supercritical water
SC-Fe2CoO4)

Precursors P (bar) T (◦C)

-
e2CoO4

CoCl2·6H2O 1.07 mol/L Patm 90
FeCl2·4H2O 2.14 mol/L
KOH 7 mol/L

C-
e2CoO4

Co(NO3)2 0.025 mol/L 300 440
Fe(NO3)3 0.05 mol/L
NaOH 0.25 mol/L
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n diameter). Simultaneously, an uniaxial pressure is applied.
he powders were heated at a rate of about 100 ◦C/min under
pressure of 40 MPa. All samples were held 5 min at the sin-

ering temperature. The sintering conditions are summarized in
able 3.

.3. Characterizations

Surface area measurements are performed using an
UTOSORB apparatus with N2 adsorbing gas. Samples (150–
00 mg of powder) are outgassed at 220 ◦C. The B.E.T. method
s used to determine the surface area values from the isotherm
f nitrogen adsorption.

All samples are characterized by X-ray diffraction (XRD)
sing a Siemens D5000 automatic powder diffractometer, oper-
ting at 35 mA and 50 kV with the λCu K� = 1.39222 Å radiation.
he instrumental broadening correction is determined from a
tandard reference material, annealed BaF2. Pseudo-Voigt peak
rofile analysis, using the Langford method,21 is performed to
etermine both the average crystallite size (size of a region over
hich the diffraction is coherent) and crystallographic imperfec-

ions (microdistorsions, stacking faults, etc.). The lattice param-
ters of the powders are deduced from XRD line positions using
opas software, taking into account the effect of sample gap.

Samples are all characterized by scanning electron micro-
raphs (SEM) (JEOL JSM-6400F) coupled with a LINK
XFORD energy dispersive X-ray analyzer which allows the
etermination of the chemical composition of the samples.

The hysteresis loops of powders are measured with a M2100
0 Hz magnetometer, those of densified materials are measured
ith a VSM apparatus.

. Results and discussion

.1. Synthesis

The Fe2CoO4 powder obtained by thermohydrolysis is very
ell dispersed and homogeneous with a grain size of about
nm deduced from XRD results. This value matches quite well

he average particle diameter deduced from specific area mea-
urements (SBET = 236 m2/g which corresponds to a diameter
f 4.8 nm). The grain size distribution is quite narrow, even
fter a thermal annealing of 4 h at 600 ◦C (Fig. 1). This treat-
ent leads to a grain size increase: ΦXRD = 34 nm. The lattice

arameter of the Fe2CoO4 spinel phase treated during 4 h at
00 ◦C is aexp = 8.3839 ± 0.0001 Å (Table 2) whereas the value
eported in literature is alit = 8.35 ± 0.01 Å for a powder obtained
y soft chemistry and heated at 500 ◦C.18 The calculated value
cal = 8.3878 Å by the Poix method is in relatively good agree-
ent with the experimental one (the cation–oxygen distances

sed for the calculation of the lattice parameter are given in
eference 22). The difference could be explained by a possible

xidation of the cobalt cation in Co3+ (2.4% in order to obtain
he experimental value). It cannot be explained by a redistribu-
ion of the cobalt cation in tetrahedral sites, phenomenon which
ncreases the lattice parameter (8.4099 Å if all the Co2+ cations
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Fig. 1. (a) SEM micrograph of the Fe2CoO4 powder obtained by thermohydrolysis in supercritical conditions and treated during 4 h at 600 ◦C and (b) XRD pattern
of the same powder. The ICDD card used to label the XRD patterns is 22-1086.

Table 2
Specific area measurements and X-ray diffraction analysis of Fe2CoO4 powders

SBET (m2/g) Phase EDXS Fe/Co a (Å) ΦXRD (nm) Hc (Oe) at −204 ◦C σm (uem/g)

SC-Fe2CoO4 236 ± 2 Spinel 2.04 – 3 ± 1 3730 9.5
SC-Fe2CoO4 treated (4 h at 600 ◦C) 15.4 ± 1 Spinel 2.03 8.3839 ± 0.0001 34 ± 1 7350 51.8
P-Fe2CoO4 25 ± 1 Oxides + hydroxides – – – –
P ◦
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has been obtained (Fig. 3 and Table 2). However, all samples
sintered from the as-processed powder and those sintered at
1000 ◦C from the heat-treated powder are also composed of a
-Fe2CoO4 treated (2 h at 650 C) 20 ± 1 Spinel

he XRD profile analysis is performed according to Halder and Wagner method
he powder obtained just after the thermohydrolysis. The EDXS ratios are deter

re in tetrahedral sites). As we can see in Table 2, the coercive
eld of the freeze-dried powder is about 3730 Oe at −204 ◦C
the powder has a superparamagnetic behavior at room tem-
erature). The coercive field of the powder obtained after the
hermal annealing is higher: 7350 Oe at −204 ◦C (1180 Oe at
oom temperature). This higher value is due to the bigger par-
icle size of the annealed powder. This powder could be a good
andidate for magnetic recording.

Now concerning powders obtained by coprecipitation: the
s-processed powder does not present only the Fe2CoO4 spinel
hase but a mixture of oxide and hydroxide phases. This pow-
er is more agglomerated than the supercritical powder, since
ts surface area is 25 m2/g (see Table 2). After the calcination,
he desired cobalt ferrite has been obtained. Its surface area is
uite the same (20 m2/g) and the crystallite size determined by
RD equal to 27 nm (Table 2). The coercivity of the calcinated
owder is approximately the same as that of the treated super-
ritical powder (6330 Oe instead of 7350 Oe at −204 ◦C); this
ifference may be attributed to the crystallite size difference
27 nm instead of 34 nm). Another explanation could come from
he lattice parameter values. Indeed, if we compare the lattice
arameter of the coprecipitated powder treated at 650 ◦C under
ir with that of the supercritical powder, we can see that it is
maller (8.3813 Å instead of 8.3839 Å). The content of Co3+

ations in the soft-chemistry powder may be higher than in the

upercritical powder (4.2% instead of 2.4%). This cationic dif-
erence can also explain the saturation magnetization difference
etween the two powders, which can also be linked to density
ifferences between the two samples. F
8.3813 ± 0.0004 27 ± 1 6330 12.4

to very large diffraction peaks, the lattice parameter cannot be determined for
by doing the average of about 10 measurements.

.2. Sintering

Results concerning the different SPS experiments are sum-
arized in Table 3.
An example of shrinkage curve recorded during the SPS

xperiment is reported in Fig. 2. The shrinkage observed for the
eCoT-001 sample may be attributed to both impurities volatil-

sation (between 150 and 700 ◦C) and sample densification. The
hrinkage due to densification starts really after 700 ◦C for this
ample. For the as-processed powder, the shrinkage (between
50 and 700 ◦C) is more important.

In all cases, the desired cobalt ferrite with a spinel structure
ig. 2. Shrinkage of the FeCoT-001 sample (sintered at 800 ◦C during 5 min).



924 N. Millot et al. / Journal of the European Ceramic Society 27 (2007) 921–926

Table 3
Sintering conditions and results of the SPS experiments

Sample Phases Sintering temperature ( ◦C) Apparent density Relative density (%) Grain size ΦXRD (nm)

As-processed powder

FeCo-001 Fe2CoO4 (+CoO) 700 4.06 77 –
FeCo-002 Fe2CoO4 (+CoO) 700 5.20 99 67
FeCo-003 Fe2CoO4 (+CoO) 800 5.15 98 133
FeCo-004 Fe2CoO4 (+CoO) 800 4.64 88 –

Heat-treated powder

FeCoT-001 Fe2CoO4 800 3.19 60 31
FeCoT-002 Fe2CoO4 900 4.81 91 28
FeCoT-003 Fe2CoO4 (+CoO) 1000 5.17 98 –
FeCoT-004 Fe2CoO4 (+CoO) 1000 5.15 98 –
FeCoT-005 Fe2CoO4 (+CoO) 1000 5.16 98 –
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nanometers in the samples sintered from the heat-treated pow-
der. The grain size distribution is also very large in the samples
sintered from the as-processed powder that reminds the large
agglomerate size distribution observed in the starting powder.
Fig. 3. X-ray diffractograms of Fe2CoO4 pellets (a) as-processed powder s

mall quantity of CoO phase. The CoO phase amount is larger in
he samples sintered at 1000 ◦C. This CoO phase formation may
ave two different origins according to the nature of the starting
owder. Indeed, the cobalt migration may occur from the spinel
hase to the CoO phase in samples sintered at 1000 ◦C from
he heat-treated powders whereas in samples sintered from the
s-processed powders, the cobalt may have not been completely
issolved in the spinel phase yet because of the short time of the
xperiments (Fig. 3a).

The densities of the bulk materials are summarized in Table 3.
he relative densities have been calculated, assuming that the
olid is composed of the Fe2CoO4 spinel phase (d = 5.274).
able 3 shows that for same sintering conditions, bulk materials
re obtained with higher densities from the as-processed pow-
er than from the heat-treated powder. However, for all samples
intered from the as-processed powder, the result is strongly
ependent on the sample. It may be correlated to the powder
mount poured into the graphite die. Indeed, a smaller powder
mount (0.52 g (FeCo-003 sample) instead of 0.82 g (FeCo-004
ample)) may lead to a better control of the densification with a
elative density of 98% instead of 88%. In such short processing
onditions, the gaseous species amount, which volatilises during
he sintering may have to be as small as possible in order not to
revent the porosity elimination. In order to explain such differ-
nces between densities in the case of the as-processed powders,

nother hypothesis may be put forward. Indeed, no attention has
een paid to the powder agglomeration, which may have led
o non-reproducible filling of the graphite mold. Granulome-
ry analyses were carried out on both powders and showed that F
d at 800 ◦C (*CoO phase) and (b) heat-treated powder sintered at 900 ◦C.

he average size of the agglomerates is 26 and 15 �m for the
s-processed and heat-treated powders, respectively. The gran-
lometry analyses have also exhibited a narrower agglomerate
ize distribution for the heat-treated powder. Consequently, the
nitial characteristics (agglomerate size and distribution) of the
owders may have also contributed to lead to a different behavior
uring the sintering.

SEM observations show that the samples sintered from the
s-processed powder exhibit large grains of several microns
hereas the grains have never exceeded a few hundreds of
ig. 4. Hysteresis loop of the FeCoT-002 sample obtained at room temperature.
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Fig. 5. Comparison of (a) a conventional sintering an

The crystallite size deduced by XRD profile analysis of the
pinel phase is 31 nm for the FeCoT-001 sample and 29 nm for
he FeCoT-002 sample. According to these values, no growth
f the crystallites has occurred during both sintering, whatever
emperature (800 or 900 ◦C). Although the as-processed pow-
ers have been sintered at lower temperatures (700 and 800 ◦C),
he crystallite size of the spinel phase obtained after sintering is
arger than that obtained for the heat-treated powder with 67 and
33 nm for the FeCo-001 and FeCo-004 samples, respectively.

The lattice parameter of the FeCoT-002 sample, present-
ng only the spinel phase, is 8.3883 ± 0.0003Å. The lattice
arameter, calculated by using the method of characteristic dis-
ances (invariants) developed by Poix, assuming that all the Co2+

ations occupy the octahedral sites of the structure, is 8.3878 Å.
he FeCoT-002 sample presents consequently the inverse spinel
tructure as the theory of the crystalline field foresees it.

The FeCoT-002 sample appeared as the best one, since it is
he best compromise between structure, density and grain size.
ts magnetic parameters have been compared with those of the
tarting powder (Fig. 4). The higher saturation magnetization
bserved (79.3 uem/g instead of 12.4 uem/g) is obvious since it
uggests fewer pores as well as higher density in the bulk. The
volution of the coercivity (640 Oe instead of 1315 Oe at room
emperature) is more complicated to explain since it could not
e attributed to a grain size evolution. The only explanation that
e can give is that it is known that coercivity depends on the

ompaction of a powder, linked both to the magnetic interactions
etween grains and to grain mobility.

In order to compare SPS and conventional sintering, a green
ompact, prepared from the heat-treated powder, has been con-
entionally sintered at 1350 ◦C, with a heating rate of 5 ◦C/min.
his sintered pellet has been compared with the FeCoT-002 sam-
le obtained by SPS. Thanks to Fig. 5, we can notice that the
ame density has been achieved (about 91%) by both sintering.
owever, because of a smaller process time (14 min instead of
ore than 4 h) and a limited grain growth, SPS is more inter-
sting. We should also notice that in all cases, starting from
s-processed powder or treated powder, the conventional sin-
ering leads always to the desired cobalt ferrite, without cobalt
xide demixion.
a SPS experiment (FeCoT-002) of the same powder.

. Conclusion

Nanocrystalline Fe2CoO4 has been synthesized in the spinel
tructure by two different routes: hydrothermal synthesis in
upercritical water and coprecipitation. For the first time, the
esired cobalt ferrite has been directly obtained by thermohy-
rolysis, in a continuous way, and with a very small grain size
about 3 nm). A thermal treatment is necessary in the case of
he coprecipitation route. After an annealing of this powder at
50 ◦C, the spinel structure has been obtained with a grain size
lways in a nanometric range (27 nm). The coercive field of
his latest powder is very high (6330 Oe at −204 ◦C) and has
een compared with those of the supercritical powder treated at
50 ◦C (the as-processed supercritical powder is superparamag-
etic at room temperature). Differences can be attributed both
o grain size discrepancy and to various cobalt cations oxidation
n the spinel structure.

The spark plasma sintering of the soft-chemistry powders
ay not allow to get systematically the desired spinel cobalt fer-

ite from whatever starting powders compared to conventional
intering. It would not be attributed to the nature of the starting
owder or to the sintering temperature but to the rapid process-
ng times, which would not allow to reach equilibrium. That
s why with SPS, the cobalt may be not completely dissolved
n the spinel structure or may have segregated as cobalt oxide.
evertheless, a pure spinel phase with the theoretical cationic
istribution has been obtained with no grain growth observed
nd with a significant densification of 91%. SPS method seems
o be a promising process to produce dense nanostructured fer-
ites. This study is in progress in order both to compare these
interings with those of the supercritical powder (3 nm), and to
ptimize the sintering parameters to obtain higher densities.
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Perriat, P., Control of grain size and morphologies of nanograined ferrites
by adaptation of the synthesis route: mechanosynthesis and soft chemistry.
J. Solid State Chem., 2003, 170, 30–38.

0. Darr, J. A. and Poliakoff, M., New directions in inorganic and metal-

organic coordination chemistry in supercritical fluids. Chem. Rev., 1999,
99, 495–541.

1. Adschiri, T., Kanazawa, K. and Arai, K., Rapid and continuous hydrothermal
crystillazation of metal oxides particles in supercritical water. J. Am. Ceram.
Soc., 1992, 75(4), 1019–1022.

2

eramic Society 27 (2007) 921–926

2. Millot, N., Xin, B., Pighini, C. and Aymes, D., Hydrothermal synthesis of
nanostructured inorganic powders by a continuous process under supercrit-
ical conditions. J. Eur. Ceram. Soc., 2005, 25, 2013–2016.

3. Sun, J., Li, J., Sun, G. and Qu, W., Synthesis of dense NiZn ferrites by spark
plasma sintering. Ceram. Int., 2002, 28, 855–858.

4. Yamamoto, S., Horie, S., Tanamachi, N., Kurisu, H. and Matsuura, M.,
Fabrication of high permeability ferrite by spark plasma sintering method.
J. Magn. Magn. Mater., 2001, 235, 218–222.

5. Obara, G., Yamamoto, H., Tani, M. and Tokita, M., Magnetic properties of
spark plasma sintering magnets using fine powders prepared by mechanical
compounding method. J. Magn. Magn. Mater., 2002, 239, 464–467.

6. Tokita, M., Development of large size ceramic/metal bulk FGM fabricated
by SPS. Mater. Sci. For., 1999, 308, 83–88.

7. Omori, M., Sintering, consolidation, reaction and crystal growth by the spark
plasma system (SPS). Mater. Sci. Eng. A, 2000, 287, 183–188.

8. Malats, I., Riera, A., Pourroy, G. and Poix, P., Syncrystallisation of CoFe2O4

from ferric and cobaltous chlorides: physical properties of the precipitate.
J. Solid State Chem., 1992, 101, 195–198.

9. Moumen, N. and Pileni, M. P., Control of the size of cobalt ferrites magnetic
fluids. J. Phys. Chem., 1996, 100(5), 1867–1873.

0. Rondinone, A. J., Samia, A. C. S. and Zhang, Z. J., Superparamagnetic
relaxation and magnetic anisotropy energy distribution in CoFe2O4 spinel
ferrite nanocrystallites. J. Phys. Chem. B, 1999, 103(33), 6876.

1. Langford, J. I., National Institute of Standards and Technology, Special
Publication. In Proceedings of the International Conference Accuracy in

Powder Diffraction II, Vol. 846, 1992, pp. 110–126.

2. Poix, P., Basile, F. and Djega-Mariadassou, C., Etude de la variation du
paramètre de maille en fonction de la distribution des cations dans les
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