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bstract

n this work we describe a novel bottom-up strategy to process cobalt ferrite CoFe2O4 nanostructured bulk material. This strategy offers the
ossibility to drive their magnetic and mechanical properties in a wide range of different behaviors. In particular, we show how to tune the blocking
emperature along with optimized mechanical strength. This method combines forced hydrolysis in polyol, a soft chemistry route, and Spark
lasma Sintering (SPS) for consolidation. To highlight this method, we also performed compaction by a standard Hot Isostatic Pressing (HIP)
rocess. Thus we compare the nanostructured bulk microstructures (for both compaction techniques) and magnetic static properties to those of

everal CoFe2O4 nanopowder samples showing particle size and annealing temperatures comparable to those of the nanostructured bulk samples.

icrostructure, radio-crystallographic and magnetic studies have been carried out in order to show the optimization of the processing strategy in
his work.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Bulk nanostructured materials have been the subject of
ntense investigations over the last decades1 due to the unusual
roperties and their promising applications.2 Two main classes
f nanostructured materials are involved: metals and oxides.
echniques to obtain them involve several methods depending
n the compound chosen and on properties required. Never-
heless, we can identify two main strategies to process them:
he so-called “top-down” technique and “bottom-up” one. The
rst one involves a structural disintegration process such as
evere Plastic Deformation (SPD) methods3 and high energy

4
all milling. The bottom-up strategy is based on either a one-
tep processing method such as electrodeposition (ED) or a
wo-step processing approach in which the synthesis of nanopar-

∗ Corresponding author at: Tel.: +33 1 49 40 34 95; fax: +33 1 49 40 39 38.
E-mail address: frederic.schoenstein@univ-paris13.fr (F. Schoenstein).
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icles is followed by consolidation. It is interesting to note
hat the main methods used to synthesize nanoparticles by the
ottom-up strategy, are either physical or electrochemical and
hat they generally lead to porosity-free samples.5 Because of
heir brittle character, bulk nanostructured oxides are mainly
rocessed using the “bottom-up” method.

To obtain improved nanostructured materials using a two-
tep process, we need to control, during the consolidation step:
i) grain growth6,7 and (ii) porosity. In order to maintain the
roperties resulting from the crystallite and/or particle nano-
ize of the powders in the bulk nanostructured system the first
oint is necessary. The second is important in order to obtain
cceptable mechanical behavior.

In this context, the emerging Spark Plasma Sintering (SPS)
ethod appears to be very promising. In this method, uniax-

al pressure and a high pulsed DC current are directly applied

o the graphite die containing the powder and so the consol-
dation occurs in a relatively short time which enables the
rystallite and/or the nanoparticle growth to be controlled. This

dx.doi.org/10.1016/j.jeurceramsoc.2011.06.004
mailto:frederic.schoenstein@univ-paris13.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.06.004
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Table 1
Summary of powder annealing and sintering conditions.

Sample Annealing Sintering

Nanopowders
A After synthesis –
B 300 ◦C/6 h/air –
C 400 ◦C/6 h/air –
D 500 ◦C/6 h/air –
E 800 ◦C/6 h/air –
Bulk materials
F 300 ◦C/6 h/air SPS: 500 ◦C/100 MPa/Argon/5 min
G 300 ◦C/6 h/air SPS: 600 ◦C/100 MPa/Argon/5 min
H 300 ◦C/6 h/air SPS: 700 ◦C/100 MPa/Argon/5 min
I 300 ◦C/6 h/air HIP: 600 ◦C/200 MPa/Argon/60 min
J 300 ◦C/6 h/air SPS: 500 ◦C/100 MPa/primary
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merging consolidation method has been extensively used in the
ast decades to process dense nanostructured oxide ceramics,
uch as alumina, magnesium oxide and YAG garnet systems.8

t has seldom been used for magnetic materials such as cobalt
pinel ferrite9 on which we are focusing-on in this work.

The cobalt ferrite CoFe2O4 nanoscaled system has been
ntensively investigated in the last decades thanks to the particle

agnetic10–17 properties it shows, i.e. strong anisotropy, high
aturation magnetization, high coercivity field and superpara-
agnetic character with a blocking temperature approaching

oom temperature. Even more, these properties usually go along
ith appreciable mechanical hardness and chemical stability.
hus this system is believed to be useful for several applica-

ions such as magnetic storage, optical devices18,19 and medical
pplications such as local hyperthermia at cancer sites.20 Most of
hese applications obviously need bulk material which possess
anoscaled properties.

Thus the aim of this work is to propose a novel bottom-up
trategy to process cobalt ferrite nanostructured material, offer-
ng the possibility to drive their magnetic properties in keeping
ith the applications we aim at. In particular, we show that the
agnetic properties due the nanometric size of the particles can

e kept at high temperature along with appreciable mechan-
cal strength. This novel bottom-up method combines forced
ydrolysis in polyol, a soft chemistry route,21 and Spark Plasma
intering way for consolidation. In order to highlight the advan-

ages of this bottom-up method, we compared it with a standard
ot Isostatic Pressing consolidation method. The properties of

he as-processed bulk nanostructured samples have also been
ompared to those of the corresponding CoFe2O4 nanopowders
btained at different annealing temperatures. Furthermore the
agnetic static properties of all our systems will be discussed

s a function of the microstructure and radio-crystallographic
haracteristics of the materials obtained.

. Experimental details

.1. Nanopowders “soft chemistry” synthesis

CoFe2O4 nanoparticles have been synthesized by forced
ydrolysis in a polyol medium.17 Ionic salts: iron (III) chlo-
ide hexahydrate, cobalt (II) acetate tetrahydrate and anhydrous
odium acetate were dissolved in stochiometric ratio in 1,2-
ropanediol (1L) and heated while being mechanically stirred.
he polyol acts as a solvent for the salt precursor (high per-
ittivity). It allows to carry out hydrolysis reactions at high

emperature up to the boiling point of the polyol and it plays the
ole of crystal growth media due to its supernatant properties.22

he total metal ion concentration was 0.3 mol L−1 and the
ydrolysis ratio, defined as nH2O/nM (where nH2O stands for
he amount of water and nM for the total amount of metal
ations) was fixed by the amount of water in the precursor salts.
he sodium acetate ratio defined as nNaOAc/nM was set at 3.

◦
he mixture was refluxed (at 180 C) for 6 h under mechani-
al stirring (220 tr/min). After cooling to room temperature, the
anoparticles were separated from the supernatant by centrifu-
ation, washed three times with ethanol, then only one time by

h
r
i
u

vacuum /5 min

cetone and deionised water. The purity of the powder is con-
rolled by XRD analysis. Then, the ferrite phase was dried in
ir at 50 ◦C (samples A). Finally the as-prepared powders have
een thermally treated during 6 h at 300 ◦C under air to remove
he remaining adsorbed organic species (samples B).

.2. Nanopowder sintering techniques

The bulk nanostructured materials have been obtained using
park Plasma Sintering (SPS) and Hot Isostatic Pressing (HIP).

Using the SPS (SPS Syntex society model 515S), we sintered
g of sample B. The powder is placed in a graphite matrix 8 mm

n diameter between two electrodes under argon flow. Simultane-
usly, uniaxial pressure and a high pulsed DC current are applied
etween the two electrodes and thus on the graphite matrix and
he powder inside them. The direct current pulsing duty cycle
as set at 12 pulses on and 2 pulses off for 3.3 ms each. The

intering process is operated under dynamic vacuum with par-
ial pressure of argon while being heated at a rate of 100 ◦C/min
nd under a pressure of about 100 MPa for a temperature range
rom 500 ◦C to 700 ◦C. All samples were kept for 5 min at the
intering temperature of 500 ◦C (sample F), 600 ◦C (sample G)
nd 700 ◦C (sample H) (Table 1).

The consolidation of 6 g of sample B has been performed by
IP method. In this case we fill with nanopowders a cylindri-

ally shaped stainless steel container (diameter 2 cm) using a
ydraulic press. The capsule is then evacuated to extract gases
ntroduced during the previous step. Due to the nanometric char-
cter of the particles, the evacuation of gas molecules from the
apsule is long and complex. It requires rise to about 120 h of
ime to reach a vacuum lower than 10−3 Pa. Then the container
s sealed by soldering and placed in a furnace. At the beginning,
ressure is applied to the sample then temperature increases
nd pressure changes consequently. The powder is consolidated
nder high pressure up to 200 MPa, which is possible using
n inert gas such as argon. This method almost guarantees a
igh dense material with a fine grain size and eliminates porous

egions produced by agglomerates or the burn-out of organic
nclusions.23,24 An important characteristic of the system, here
sed, is to monitor the change in density during the whole sin-
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Fig. 1. Rietveld refinement profile of CoFe2O4 as-obtained powder. Calculated
(black line) and measured (red dots) patterns are explained in the up right leg-
end. Bragg reflections positions expected for Fd3̄m space group are indicated
with green lines. In the bottom of the graph difference between calculated and
observed diffraction intensities is shown (blue line). (For interpretation of the
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ering process. The compaction device used in this study had a
pecial expansion cell within the hot press permitting the mea-
urement of the capsule height or width during compaction. This
ives information on sample density25 and determines the tem-
erature and time limit as from which there is a drop in the
ensification rate in the absence of grain growth. HIP sintering
as conducted under a temperature of 600 ◦C and a pressure
arying in the range 150–200 MPa.

In order to study the effect of sintering temperature on the
roperties of nanostructured bulk materials we also performed
intering of CoFe2O4 nanopowders in air, at atmosphere pres-
ure for 6 hours at several temperatures 400 ◦C (sample C),
00 ◦C (sample D) and 800 ◦C (sample E).

Powder and compacted powder processing conditions are
ummarized in Table 1.

.3. Characterization techniques

Several techniques have been used in order to study the struc-
ural and magnetic properties of our samples.

X-ray diffraction (XRD) patterns were recorded at room tem-
erature using an INEL diffractometer equipped with curved
osition linear detector (cobalt anticathode (λ = 1.7809 Å)) with
20◦ of aperture and step of 0.015◦ between two channels.
or the data collection only the range 10–90◦ was taken into
ccount. The experimental data were collected during an acquisi-
ion time of 720 min with precision of ±0.03◦. Rietveld standard
efinement of the data in order to obtain lattice parameter was
erformed using the FULLPROF program with a pseudo-Voigt
iffraction line profile.26 Crystallite size and strain were inferred
rom the broadening of the diffraction peaks using the following
ell-known Eq. (1) 27:

cos θ = λ

D
+ η sin θ (1)

here β is, in radians, the full width at half maximum (FWHM)
alue of diffracted peaks, θ is the Bragg angle, λ is the wave-
ength of the X-rays used (Co-K�1 radiation: λ = 1.7809 Å), D
s the crystallite size and η is the strain. The determination of

needs to be made after correction of the instrumental X-Ray
attern estimated by the Cagliotti method using polycrystalline
aB6 as standard.28

Particle morphologies, sizes and nanostructuration of
orresponding bulk materials have been studied by MEB-
EG (ZEISS SUPRA 40VP) and by Transmission Electron
icroscopy (TEM) using High Resolution Electron Microscope

EOL 2011 (200 kV, resolution 0.19 nm). Thin foils for TEM
bservations were prepared using a Gatan precision ion polish-
ng system (PIPS), with a current of 0.5 mA and a voltage of 5 kV
t starting angles of ±7◦. Grain boundaries of approximately 100
rains were depicted manually with the IMAGE TOOL software

sing TEM bright field images to determine the grain size.

The densities of the nanostructured massive materials were
easured by the Archimede method at room temperature by

mmersing the samples in a xylene medium.

(
p
m
P

eferences to colour in this figure legend, the reader is referred to the web version
f this article.).

Micro-hardness measurements were conducted on the plane
erpendicular to the pressing direction using a Duramin 20 Vick-
rs device under a test force of 1.916 N for 5 s.

The thermal decomposition behavior of the as-synthesized
owder was examined by means of thermo-gravimetric analysis
TGA) using a SETSYS Evolution-1750 SETARAM instrument
n an argon atmosphere at a heating rate of 10 K min−1.

Magnetic susceptibilities, χ(T), have been measured with a
anic Faraday-based magnetosusceptometer equipped with a

urnace. The data have been collected in zero-field cooling (ZFC)
nd field cooling (FC) modes in a temperature range from 300 K
o 830 K for an applied magnetic field of 450 Oe. For ZFC mea-
urements, samples were heated up to 830 K (higher then the
locking temperature) under zero magnetic field applied and
hen cooled down to 300 K. After the application of a mag-
etic field at 300 K, magnetic moments were measured up to
30 K. Then FC measurements were collected when cooling
own again. A hysteresis loop, M(H), was carried out using
Physical Property Measurements System (Quantum Design

ryostat PPMS 6000) between 80 K and 400 K.

. Results and discussion

.1. CoFe2O4 nanopowders

X-ray powder diffraction patterns of as-elaborated nano-
owder (Fig. 1) reveal a CoFe2O4 single-phase composition
JCPDS Card Number 22-1086). All the peaks observed are
ell indexed in terms of the cubic symmetry Fd3̄m space group

a = 8.37 Å) (due to the very wide diffraction peak, the cell

arameter cannot be precisely calculated, here we give an esti-
ated value). The cell parameter was also inferred from the
oix relation (2) giving the cell parameter as a function of the
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(D) was obtained by extrapolation using Eq. (1). D goes from
6.5 nm to 41 nm as the annealing temperature increases from
ig. 2. (a) TEM image of CoFe2O4 as- grown nanoparticles, (b) CoFe2O4

anocrystal size histograms distribution measured by TEM micrographs.

ation–anion distances in both tetrahedral (dTd) and octahedral
dOh) sites of the spinel structure29,30

= 2.0995dTd +
√

5.8182(dOh)2 − 1.4107d2
Td (2)

The cell parameter obtained considering the cation
istribution previously reported for such a compound17:
Co0.16Fe0.84)[Co0.84Fe1.16]O4 is in keeping with that inferred
rom experimental data (8.384 Å compared to 8.37 Å).

Transmission Electron Microscopy (TEM) (Fig. 2a) shows
ell-dispersed and homogeneous nanoparticles and makes pos-

ible to estimate the distribution of particle size. The latter is
entered at 4 nm with a dispersion deviation less than (Fig. 2b).

his is pratically in keeping with the X-ray calculations (5 nm)
nd clearly demonstrates that the as-obtained nanoparticle is a
ono-crystallite system.

F
s
s

Fig. 3. TG–DT analysis of as-obtained nanopowder.

The TGA curve for the as-obtained powder is shown in Fig. 3.
t reveals a weight loss of about 3% occurring at 200 ◦C that it
ould be due to the departure organic species such as polyol
dsorbed on the surface of nanoparticles in good agreement
ith previously works dealing with the synthesis of inorganic
aterials in polyol medium.31–33

Fig. 4 shows XRD patterns of nanopowders obtained at dif-
erent annealing temperature (i.e. samples A–E, see Table 2).
ll these powders show a CoFe2O4 single phase, no secondary
hase is also detected after annealing. The diffraction peak’s
idth significantly decreases when the annealing temperature is

ncreased. This clearly indicates that the crystallite size increases
ith increasing annealing temperature.
Fig. 5 clearly shows that the variation of β cos θ versus sin θ is

inear for all our samples as expected by Eq. (1). Crystallite size
ig. 4. CoFe2O4 nanopowders X-ray diffractograms of sample A: after synthe-
is, sample B: after annealing at 300 ◦C, sample C: after annealing at 400 ◦C,
ample D: after annealing at 500 ◦C and sample E: after annealing at 800 ◦C.
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Table 2
Summary of structural properties of as-obtained and annealed powders and sintered nanostructured materials studied by X-ray diffraction and TEM images.

Sample Lattice parameter
“a” (Å)

Apparent density
(g/cm3)

Relative
density (%)

Crystallite size ΦXRD

(nm) (Williamson and
Hall)

Particle size:
ΦMET (nm)

Nanopowders
A 8.37a – – 5.0 (2) 4–5
B 8.33a – – 6.5 (2) 10–12
C 8.346(3) – – 9.5 (5) 12–15
D 8.352(5) – – 11.0 (7) 15–20
E 8.346(2) – – 41 (9) 40–100
Bulk materials
F 8.366(4) 4.83(5) 92 11.5(8) 10
G 8.385(4) 4.91(6) 93 13.5(6) 12–15
H 8.378(6) 4.90(9) 93 31(4) 40–50
I 8.394(4) 5.06(3) 96 56(8) 0.2–2 �m

aThis is an estimated value. Due to very large diffraction peaks, the lattice parameter cannot be determined with precision for the powders obtained just after synthesis
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nd after the first annealing.

00 ◦C to 800 ◦C (see Table 2). It is interesting to note that all
urves present almost identically very small slope values indicat-
ng the absence of strain in our particles. Thus the soft chemistry
echnique used here is the best way to minimize the internal
train of nanoparticles along with an optimized crystallinity in
omparison with several other processing methods.15,16,34

The morphologies of CoFe2O4 nanopowders are presented in
ig. 6. The effect of annealing on particle shape and size is clear.
he mean particle size determined from recorded TEM micro-
raphs for each sample is referred in Table 2. It increases from
0 to 100 nm as the annealing temperature increases from 300 to
00 ◦C. The as-obtained CoFe2O4 “mono-crystal nanoparticles”
eated at 300 ◦C (Fig. 6a) presents almost spherical shape. As
he annealing temperature increases, the particle size increases
Fig. 6b). At 800 ◦C, particles seem to fuse together to form
igger aggregates of larger polycristalline particles [samples D
nd E] due to the grain growth and aggregation of the particles
Figs. 6c and d). We can also notice that increasing annealing
emperature increases the polycrystalline character of nanopar-

icles.

Fig. 5. Strain graphs β cos θ versus sin θ for the CoFe2O4 nanopowders.
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.2. Bulk nanostructured CoFe2O4 samples

.2.1. Sintering
Fig. 7 shows the typical temperature variation and z-axis dis-

lacement behavior of the sample during SPS sintering. After
eaching its maximum value, the voltage between electrodes
tarts to decrease (Fig. 7a) and this can be related to the increase
f the sample temperature35 (Fig. 7b). The displacement profile
hown in Fig. 7b reveals that the shrinkage of the material begins
mmediately during the heating cycle as indicated by the rapid
-axis decrease. This first shrinkage observed for temperature
etween 20 and 300 ◦C may be attributed to the release of still
dsorbed organic species as evidenced by the TGA analysis dis-
ussed above. It can also be due to the large large rearrangement
f particles due to the temperature and applied pressure actions.
he densification effect starts really after 400 ◦C in the exam-
le shown. For the as-processed powder, this effect occurring
etween 400 and 600 ◦C seems to be more important. Kodash
t al.36 reported that if the sintered powder presents initially a
ide distribution of particle size, this may contribute to the grain
rowth during sintering. Also, Groza and Dowding37 reported
hat non-agglomerated particles sinter at a lower temperature.
n our case the as-elaborated CoFe2O4 particles present either
he advantage of non-agglomeration configuration or the mono-
ispersion of size, which is the cause of the limited grain growth
nd the relatively low sintering temperature observed. The max-
mum sample displacement is observed during the heating cycle
around 85% of the total displacement) then it remains constant
uring the dwell sintering and increases during the cooling of
he sample due to the thermal expansion effects.

The shrinkage curves recorded during the SPS experiment
s reported in Fig. 8. The sintering temperature induces an
ncrease of the final density sample. The bulk densities of the
s-sintered samples are slightly lower than the theoretically
alculated density (5.274 g/cm3) (see Table 2). Thus bulk nanos-

ructured material with relative density between 92 and 93%
an be obtained within a short sintering time (5 min) using SPS.
oreover the SPS treatment affects in a relatively modest man-
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CoO when SPS sintering is conducted at 1000 C under vacuum.
Lowering the temperature to 800 ◦C allowed these authors to
obtain pure CoFe2O4.9 In the present work, we succeeded in pro-
ig. 6. TEM pictures of nanopowders after different annealing temperatures: (
ample E calcinated at 800 ◦C.

er the CoFe2O4 grain size, which are maintained between 10
nd 35 nm (see Table 2) and this was one of our main goals in
he sintering of nanostructured bulk magnetic oxides.

Fig. 9 shows an example of the HIP heating and pressure
ycle. A pressure of 150 MPa is initially maintained in the
IP press, in order to slowly increase with the oven temper-

ture. A first step of the powder densification is observed due
o this pressure effect. This displacement is then attributed to a
old compaction of the powder. At this stage the temperature
ncreases (375 ◦C/h) causing an increase in pressure (Fig. 9). As
n SPS sintering, 85% of the powder densification takes place
uring the heating ramp cycle. Finally, the temperature and pres-
ure are maintained at 600 ◦C and 200 MPa during the dwell
intering (60 min) and we observed a constant z-axis displace-
ent during the holding sintering. This HIP treatment applied

o sample B produces an ultra-fine grained material (see Table 2,
ample I) with a final relative density of 96%, which it is going
o be a useful comparison to previous samples.

.2.2. Relative density as a function of the consolidation
ethod and X-ray study
In order to limit particle growth caused by diffusion during the
ompaction, we applied relatively low temperature (not exceed-
ng 700 ◦C) and we limited the applied pressure to 100 MPa
hen using SPS method and to 200 MPa for HIP method. In

hese conditions all compacted materials present an apparent

c
a
a
i

ple B calcinated at 300 ◦C; (b) sample D calcinated at 500 ◦C and (c and d)

ensity close to the theoretical one (see Table 2: relative density
etween 92 and 96%). The porosity of each sample is calculated
ccording to the formula (3)38:

=
[(

1 − ρ∗

ρs

)
× 100

]
(3)

here ρ* is the apparent density of compacted samples and ρs
he theoretical density of CoFe2O4 (g cm−3). Samples G and

present almost identical porosity (7%; Table 2). Sample I
btained by HIP compaction is less porous than by SPS com-
action (4%). This may be due to the needs of higher pressure
or the HIP compaction.

X-ray diffraction patterns for the nanostructured bulk systems
re shown in Fig. 10. A secondary phase namely hematite Fe2O3
s observed when SPS experiments are conducted under primary
acuum. Millot et al. also observed a secondary phase namely

◦

essing pure cobalt ferrite phase using dynamic vacuum under
rgon instead of primary vacuum during SPS compaction. It is
lso interesting to note that despite the high pressure employed
n HIP compaction, a pure CoFe2O4 phase is observed.
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Fig. 7. Typical voltage, current, pressure and temperature variations and z-axis
displacement behavior during Spark Plasma Sintering technique. Here we report
t
(

3

a
m
e
o
(

F
t

Fig. 9. Typical pressure, temperature and z-axis displacement variations during
HIP sintering of CoFe2O4 nanopowders (sintering temperature is 600 ◦C and
holding time is 60 min).
he example of CoFe2O4 nanopowders sintered sample at temperature of 600 ◦C
sample G).

.3. Temperature effect on the structural properties

In Fig. 11, we report cell parameter variation versus
nnealing/sintering temperature of our nanopowders and bulk
aterials. The as-synthesized nanopowders have a lattice param-
ter of 8.37 Å (Table 2). A decrease in the cell parameter is
bserved when the as-obtained nanopowder is heated at 300 ◦C
8.326(2) Å). Further annealing at a higher temperature led the

ig. 8. Shrinkage of the CoFe2O4 nanopowders sintered systems (sintering
emperatures are: 500 ◦C, 600 ◦C and 700 ◦C and sintering time is 5 min).

Fig. 10. X-ray diffractograms of CoFe2O4 samples after sintering by HIP
and SPS. Sample A: nanopowders after synthesis; sample F: SPS at
500 ◦C/100 MPa/Argon/5 min; sample J: SPS: 500 ◦C/100 MPa/Vacuum/5 min;
sample I: HIP at 600 ◦C/200 MPa/Argon/60 min.

Fig. 11. Lattice parameter variation versus the annealing/sintering temperature.
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Fig. 12. (a) TEM observation of SPS nanostructured bulk system: sample F –
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S
confinement at the surface of the grains.

Vickers microhardness measurements were realized for all
the massive materials (Fig. 13). Those results shown high
950 S. Imine et al. / Journal of the Europe

ell parameter to increase. Both temperature and pressure in SPS
nd HIP compaction continue to increase the cell parameter of
he compacted nanopowder. The cell parameter of the Hipped
anostructured system is close to that of the bulk parameter
a = 8.395(5) Å39).

In the case of nanopowder, the evolution of the lattice parame-
er versus the annealing temperature is similar to that previously
eported by Malats I. Riera et al.40 and Millot et al.9 The cell
arameter obtained in the present work when the sample is
nnealed at 300 ◦C is very close to that reported by Malats
. Riera et al. (8.321 Å compared to 8.29 Å). These authors
ttributed the decrease of the lattice parameter, of the as-prepared
ample at 300 ◦C compared to the as-obtained one, to the oxi-
ation of the cobalt cation Co2+ to Co3+. This oxidation is less
bserved when the sample is heated at a temperature higher than
00 ◦C. It should be noted that the redistribution of the cations
etween the two sites may also explain this cell parameter varia-
ion. However this hypothesis should be ruled out in our samples
ince Chinnasamy et al.41 have shown that the cation distribu-
ion sites is size independent for nanoparticles 8 to 100 nm in
iameter which is our case (all our samples have a diameter less
han 40 nm, see Table 2). Thus oxidation of cobalt cations9,40 is
t the origin of the observed cell parameter variations. Further-
ore, using the method of characteristic distances developed by
oix, the amount of Co2+ transformed into Co3+ was estimated

o be about 15%. Indeed the cell parameter calculated in the
ypothesis of Co3+ located in octahedral sites (8.34 Å) agrees
ell with the observed one (8.33 Å).

.4. Microstructures and mechanical behavior

The sample microstructure compacted by SPS and HIP was
haracterized by TEM imaging (SPS sample) and by SEM-FEG
espectively, as shown in Fig. 12. The first clear result is that the
wo methods induced different microstructural characteristics.
he SPS compaction does not significantly change the particle
ize. Indeed, the samples appear to be made up of grains of homo-
eneous nanometric size (Fig. 12a: image is representative of all
ictures taken on this sample). Even more, if we compare this
ize to those of the nanopowder particles sintered at the equiva-
ent temperature used for compaction (i.e. sample D, annealing
t 500 ◦C/6 h/air), then we discover that they are equal within
he experimental error. In both cases, the nanoparticles/grains
ppear to be monocrystalline. The higher the sintering tem-
erature, the higher the crystallite size (see Table 2). On the
ther hand, the HIP compaction induced significant changes
Fig. 12b). The grains morphology becomes polygonal and their
izes reach the micrometric value (0.2–2 �m). However the crys-
allite size remains in the nanometer range (55 nm) even if this
s considerably higher than in the SPS samples.

As we just reported, the grain size of SPS bulks sintered mate-
ial is smaller than that observed in the HIP sintered sample. This

ould be related on one hand to the greater pressure applied in
he HIP case, which increases the surface activity of the particles
nd accelerates the dynamic grain growth. On the other hand,
he rapid heating rate and the very short dwelling time in the

F
i

00 ◦C/100 MPa/Argon/5 min; (b) SEM-FEG observation of HIP nanostructured
ulk material: sample I – 600 ◦C/200 MPa/Argon/60 min.

PS process, both play an important role in the diffusion matter
ig. 13. Vickers microhardness (HV) variation versus the sintering temperature
n SPS and HIP compaction methods.
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Table 3
Magnetic properties of as-grown powder, annealed and synthesized nanostructured materials.

Sample Particle size: ΦMT

(nm)
Saturation
magnetization at
300 K (emu/g)

Coercive field at
300 K (Oe)

ZFC–FC Tmax (K) ZFC–FC Tdiff (K) Ref.

Nanopowders
A 4–5 69 10 320 320 17

B 10–12 57 140 380 380 This work
C 12–15 61 210 430 480 This work
D 15–20 64 550 440 500 This work
E 40–100 85 835 550 660 This work
Bulk materials
F 10 51 580 490 600 This work
G 12–15 69 525 520 630 This work
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Below this critical temperature noted Tdiff (Table 3), the ZFC
decreases while FC increases.
40–50 70 660
0.2–2 �m 85 600

ardness in the SPS compound compared to the HIP com-
ound sintered at the same temperature (600 ◦C). Regarding
he SPS samples, we should note that the Vickers microhard-
ess increases linearly with the sintering temperature as clearly
hown by Fig. 13. This can be related to the increase in the
ensity according to temperature. The microhardness obtained
t 700 ◦C (value around 600 HV) is very close to that previ-
usly reported for ZnFe2O4

42 and MgAl2O4.43 The interesting
esult in Fig. 13 is that the SPS compaction process allows us
o obtain nanostructured spinel CoFe2O4 with tunable hardness
hich varies from that of metal (low hardness) to that of ceramic
aterial (high hardness). This property can simply be driven by

djusting the sintering temperature.

.5. Magnetic static properties

The main magnetic results are summarized in Table 3.
The saturation magnetization (Ms) has been calculated thanks

o the well-known Eq. (4) in the hysteresis loop data at 300 K.

MES = Ms

(
1 − a

H

)
(4)

here MMES is the magnetization measured at each magnetic
eld applied Ms is the saturation magnetization value and H is the
pplied magnetic field. The as-prepared powder presents a high
aturation magnetization (69 emu/g) close to that of the CoFe2O4
ulk material (80 emu/g), this once again confirms the pure phase
f our as-obtained powder and its improved crystallinity. When
he powder is calcinated at 300 ◦C, the saturation magnetization
alue decreases slightly. This variation is similar to that of the
ell parameter and is in keeping with results previously reported
y Malats I. Riera et al.40 who suggested that this diminution
an be due to the oxidation of Co2+ into Co3+ a diamagnetic
ation. Then Ms linearly increases following the increasing crys-
allite size (i.e. increasing annealing temperature) and it again
eaches the value of the bulk material for the bulk nanostruc-

ured compacted systems (see Tables 2 and 3). Such increase in
he magnetization saturation with the annealing temperature has
ecently been reported for Ni-Zn ferrite nanoparticles annealed
t various temperatures up to 600 ◦C.44

F
n
(

570 640 This work
650 720 This work

The ZFC–FC measurements for all nanopowders and consol-
dated samples are reported in Figs. 14 and 15 respectively.

A clear irreversible behavior is observed between ZFC and
C magnetization measurements. Indeed, for each sample, there
xists a critical temperature above, which the ZFC and FC sus-
eptibilities overlap and decrease as the temperature increases.
ig. 14. Temperature dependence of ZFC–FC magnetization measurements of
anopowders annealed at 300 ◦C (sample B), at 400 ◦C (sample C), at 500 ◦C
sample D) and at 800 ◦C (sample E).
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Fig. 15. Temperature dependence of ZFC–FC magnetization measurements of
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Fig. 16. Magnetization curves for sample F: SPS sintered at 500 ◦C, sample G:
SPS sintered at 600 ◦C, sample H: SPS sintered at 700 ◦C and sample I: HIP
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anopowder sintered by SPS at 500 ◦C (sample F), at 600 ◦C (sample G), at
00 ◦C (sample H) and by HIP at 600 ◦C (sample I).

Hysteresis loop magnetization measurements at different
emperature as function of the applied magnetic field up to 2.5 T
ere also performed. As shown in Fig. 16 both nanopowders

nd consolidated samples present, below the critical temperature
diff, open hysteresis loops with a coercive field (Hc) and high
emanent magnetization (Mr). Those hysteresis cycles shrink to
ero when T approaches the overcome of the critical temperature
diff value.

All together these characteristics may be due to the exis-
ence of the superparamagnetic or ferrimagnetic character of the
amples studied. In the first hypothesis Tdiff will represent the
locking temperature (TB) while in the second case this temper-
ture will characterize the Curie temperature (TC). It should be
oted that the Curie temperature is usually determined from the
inimum of the temperature dependence of M (M = 0, T = TC),
hich corresponds very closely to the onset of the increase in
agnetization.45–47 Taking into account this definition, one can

emark looking at Figs. 14 and 15 that Tdiff cannot correspond to
urie temperature. Indeed as shown in Figs. 14 and 15, the Curie

emperature is around 750–800 K close to that of the bulk cobalt
errite (790 K).47 This value is in keeping with that recently
eported (820 K) by Franco et al. for cobalt ferrite nanoparticles

48
2 nm in diameter.
Finally the samples studied here can be classified into two

ets. Sample E (nanopowder calcined at 800 ◦C) and sample I
HIP consolidation) present a particle size greater than 40 nm the

m
t
p
(

intered at 600 ◦C at 80 K, 200 K and 300 K.

ritical size for cobalt ferrite monodomain particle.41 For this set,
he superparamagnetism character appears to play a minor role.
hus the irreversibility observed in this case between ZFC/FC
usceptibilities can mainly originate from the domain wall
epinning32,49 in cobalt ferrite bulk coarsened multi-domain
articles rather than from superparamagnetic behavior.

Samples with particle size lower than 40 nm can be consid-
red as superparamagnetic systems (SP) with Tdiff representing
he blocking temperature. It should however be noted that two
ritical temperatures are generally defined for superparamag-
etic nanoparticles Tdiff at which ZFC and FC curves overlap
nd Tmax at which ZFC curve reaches a maximum, the latter
eing usually taken as the blocking temperature.

The existence of these two critical temperatures is generally
ssociated to the dispersion of the size of superparamagnetic
articles.50 The blocking temperature (Tmax) is associated with
n average size of the particles. The point at which the ZFC–FC
urves start to diverge (Tdiff) is associated with the blocking
emperature of the bigger particles. The difference between these
wo temperatures reflects the distribution in the particle size. This
s obviously the case in the systems studied (see Figs. 14 and 15).
C behavior observed below the blocking temperature is gen-
rally interpreted as a combination of two main processes51,52

agnetic particle structure and dipolar interactions between par-

icles. For non-interaction ferromagnetic and/or ferrimagnetic
articles, magnetization increases with decreasing temperature
T < blocking temperature). This is obviously not the case in our
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Fig. 17. M/Ms versus H/T curves for temperatures between TB and
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uperparamagnetic–paramagnetic transition phase temperature for sample D:
ano-powder annealing at 500 ◦C and sample F: nano-powder sintering by SPS
t 500 ◦C.

easurements as we did not use any precaution to avoid their
nteractions as we wanted to be able to compare the magneti-
ation of nanoparticles to that of the corresponding compacted
aterial. In fact, in our case for temperature below 300 K, sat-

ration magnetization values calculated from hysteresis cycles
re constant within error bars (Fig. 16).

In conclusion, according to Tronc et al.,53 the SP sys-
ems studied here present a modified superparamagnetic regime
ainly due to aggregation and dipolar interactions between

anoparticles. Furthermore, the blocking temperature increases
ith the size of the (see Table 3), in good agreement with

he Dormann relation.54 It reaches value significantly higher
han room temperature (550 K). To the best of our knowledge,
nly one work recently reported on calcinated Ni-Zn ferrite
anoparticles with a probable blocking temperature higher than
30 K (temperature not measured).44 Finally, in order to con-
rm the superparamagnetic behavior, we performed hysteresis
ycles also for T above blocking temperature and below the
urie temperature where magnetization starts to be negligible.
ue to the fact that the range between Tdiff and TC is narrow,

he measurements were only conducted at two temperatures
or each sample. For all SP samples, M/Ms versus H/T curves
lmost coincide in a universal curve so confirming the super-
aramagnetic behavior for all our samples54,55 (we show as an

xample in Fig. 17 results obtained for the nanopowder heated at
00 ◦C – sample C – and the corresponding SPS sintered bulk at
00 ◦C – sample F).
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Processing nanostructured spinel with a superparamagnetic
haracter and a blocking temperature significantly higher than
oom temperature, has been possible in this work thanks to SPS
hich appears the most powerful sintering technique allow-

ng consolidation of nanopowders into engineering components
ith limited growth of nanoparticles. This leads to bulk nanos-

ructured material whose physical properties are close to those
f the as-started nanoparticles (here superparamagnetism).

. Conclusion

In this work we combined soft chemistry synthesis of
anoparticles and unusual compaction methods namely SPS and
IP to nanostructure spinel CoFe2O4 ceramics. The SPS method

llowed us to produce bulk nanostructured materials with rel-
tive density about 92% in which nanoparticles maintain their
ize. Furthermore, the nanoparticles appear to be monocristalline
ince their size coincides, within the experimental error, with
hat of crystallite. On the contrary, HIP consolidation leads
o polycrystalline micrometric particles (0.2–2 �m) while the
anopowder particles before consolidation are nanometric. We
lso observed that the mechanical hardness of the nanostructured
ulk materials increases linearly with the sintering temperature.
or the first time to our knowledge, it was possible to drive

he hardness of the consolidated samples from that type of duc-
ile metal to that type of ceramic such as spinel MgAl2O4 and
his simply by controlling the SPS consolidation temperature.
nother remarkable result here reported is that nanostructured
ulk SPS sintered samples present superparamagnetic behavior
videnced by a blocking temperature. This critical temperature
ncreases when the particle size increases. A critical temperature
ignificantly higher than room temperature can be reached by
imply controlling the sintering parameters. Furthermore, all the
onsolidated materials present a high magnetization saturation
pproaching that of the corresponding bulk spinel. In order to get
ore insight into the magnetic behavior of our systems, com-

lementary magnetic studies are currently in progress and will
e presented in another work focusing on magnetic properties.
o conclude all these magnetic properties along with the tunable
ardness open such materials for several promising applications.
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