RSC Advances
This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.
Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.
You can find more information about Accepted Manuscripts in the
Information for Authors.
Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the Ethical guidelines still
apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/advances

Page 1 of 6

RSC Advances

J
our
nal
Name

F. J. Pedrosa,a J. Rial,a K. M. Golasinski,a M. Rodríguez-Osorio,a G. Salas,a
D. Granados,a J. Camarero,a,b and A. Bollero∗,a

Synthesis of nanocrystalline Co-ferrite powders with tuneable magnetic properties is demonstrated by using co-precipitation and a novel flash-milling route. Milling times as short as a few
minutes are reported for the first time to be sufficient to refine microstructure and to induce microstrain, which act efficiently providing a 5-fold increase in coercivity. This is achieved with no compositional change during processing, but exclusively through microstructural modification. The
efficiency of this process and its feasible scalability pave the way for development of Co-ferrite
powders for permanent magnet applications.

1

Introduction

During the last years, substitution of materials and innovative
processing technologies in the permanent magnet industry are
focused to avoid the supply risks due to mining oligopoly or speculation as well as to find efficient technological processes. It is a
general consensus among the scientific community that complete
substitution of rare earth-based permanent magnets in all existing technological applications is not an option in a long term,
which is due to the unique combination of magnetic properties of
the Nd2 Fe14 B phase 1,2 . However, international research efforts
aim to find materials alternatives that allow optimizing the traditional indiscriminate use of rare-earth magnets, i.e. promoting a
well-focused use of these magnets in technological areas where
alternatives cannot match their magnetic performance (mainly
in terms of miniaturization where a high magnetic performance
is required in a reduced volume). The so-called maximum energy product, (BH)max , is typically used to describe the quality
of a permanent magnet 3 . This quantity provides a measure of
the magnetic energy density that can be stored in the considered material and it is defined as the maximum value of B × H
(B: magnetic induction; H: applied magnetic field) on the second
quadrant of the B-H hysteresis loop. One of the most immediate
objectives in the search of rare earth-free permanent magnets alternatives is the substitution of low-grade rare-earth bonded mag-
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nets with typical values of (BH)max of tens of kJ m−3 (depending
on the amount of polymer bonding employed). However, and
prior to the processing of fully dense magnets, an optimization
of the initial isotropic free-standing permanent magnet powders
is required. In order to achieve this goal -in particular, for the
reduction of rare-earth based materials- it has been proposed to
employ ferrites as a promising approach for high coercivity permanent magnet applications. 4 Coercivity is the ability to resist
demagnetization, including field demagnetization from the electric or magnetic circuit and thermal demagnetization from the
operating temperature. In this sense, cobalt-ferrite (CoFe2 O4 ) is
one of the most promising materials because of its high magnetic
anisotropy among ferrites, 5 so effective processing methods are
demanded.
CoFe2 O4 is an inverse spinel ferrite with most of Co2+ ions
occupying octahedral sites (B sites) and the Fe3+ ions on both
tetrahedral (A sites) and octahedral sites. Many synthesis techniques have been successfully applied to obtain the spinel phase
of CoFe2 O4 , such as the hydrothermal method, 6,7 microwave calcination, 8 sol-gel process, 9,10 thermal decomposition, 11,12 and
co-precipitation technique. 13 Among these techniques the coprecipitation route offers the possibility of easy scalability and
cost-efficiency under proper optimization of the preparation parameters. Coercivity in cobalt ferrite can be enhanced by controlling the particle size distribution and by inducing high level
residual strain through mechanical milling. For instance, CoFe2 O4
powders after milling for 1.5 hours have shown record values of
coercivity of about 5.1 kOe and an energy product, (BH)max =
15.9 kJ m−3 at room temperature (RT). 14 This enhancement is
probably due to the stress anisotropy and defects created during
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2.1

Experimental

Milled 30s

Chemicals

Commercial products iron(III) chloride hexahydrate Starting
(≥ 98%,
Sigma-Aldrich), cobalt(II) chloride hexahydrate (≥ 98%, SigmaAldrich), ammonium hydroxide solution (25% in water, SigmaAldrich), were used as received.
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Fig. 1 XRD spectra of CoFe2 O4 powders. From bottom to top: assynthesized, as-synthesized after heating at 1000◦ C (starting), milled (30
and 180 sec), and heated at 600 and 1000 ◦ C after milling (180 sec).
Reference lines correspond to CoFe2 O4 (Ref. 00-022-1086).

grams of the aforementioned CoFe2 O4 using a high-energy ball
milling equipment at a speed of 900 rpm with a ball-to-powder
ratio of 40:1. Tungsten carbide milling media (balls and vessel)
have been used to enhance the impact energy, i.e. accelerate an
efficient milling process, due to the larger density (14.95 g/cm3 )
by comparison with that of steel (7.8 g/cm3 ). The effect of postheating temperature on magnetic properties of CoFe2 O4 powders
milled for 180 seconds was assessed by heating in the temperature range of 400-1000 ◦ C using air atmosphere in a Carbolite
tubular oven model STF 15/450. The heating procedure consisted on an increasing temperature ramp of 10K/min from room
temperature to the goal temperature which was maintained for 1
hour before cooling down to room temperature.

Synthesis of cobalt ferrite

Starting Co-ferrite was synthesized by conventional coprecipitation method. A solution of CoCl2 ·6H2 O (11.9 g, 0.05
mol) in distilled water (200 ml) was added to another solution of
FeCl3 ·6H2 O (27 g, 0.10 mol) in distilled water (200 ml) as well.
The solution was heated to 77 ◦ C under vigorous magnetic stirring. Then, 75 ml of NH4 OH (25% in water) were added and a
black precipitate was formed immediately. The mixture was kept
at 77 ◦ C for 30 minutes under stirring and then allowed to cool
down to room temperature. Once the powder was settled on the
bottom of the recipient, the liquid phase was separated from the
precipitate with the aid of a water pump, and the remaining black
solid was washed three times with distilled water (3 x 500 mL)
following the same procedure. Finally, the solid was redispersed
in water (500 mL) and the particles were separated by centrifugating at 9000rpm during 5 minutes with water (2 x 250 mL) and
acetone (1 x 250 mL). After this process, the sample was heated
at 80 ◦ C during 12 hours to allow the evaporation of the liquid
phase, resulting in a brown powder.
The powder resulting from the synthesis was annealed during
1 hour at 1000 ◦ C to crystallize the inverse spinel structure of
CoFe2 O4 . High-energy ball milling experiments with a total duration of 30, 60, 90, 120 and 180 seconds were performed on 4
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2.3 Characterization
X-Ray diffraction (XRD) spectra were measured with a Highscore
X’pert θ -2θ diffractometer, with Cu-K α radiation source. Mean
crystallite size was calculated from the most intense peaks of the
measured XRD spectra using the Scherrer law, 16 and the quantification of residual strain was obtained from a Williamson-Hall
analysis. 17 Scanning electron microscopy (SEM) data were used
to obtain microstructural and morphological information, using a
Carl-Zeiss Auriga microscope at a filament voltage of 3 kV. Magnetization M-H curves were measured at room temperature with
a Lakeshore 7400 vibrating sample magnetometer (VSM). The parameters extracted from the loops include magnetization at maximum applied field of 20 kOe (M20kOe ), remanence (Mr ), and coercivity (Hc ). (BH)max has been evaluated, in order to quantify the
performance as permanent magnets and to assess the suitability
of our methodology.

3

Results and discussion

3.1 X-ray diffraction
Representative XRD patterns are shown on Figure 1. The diffractogram of the starting product of the co-precipitation reaction
shows broad and unresolved peaks as the synthesis of well de-
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2-Theta (º) and magnetic properties
particular, morphology, microstucture,
are discussed as a function of milling time and heating temperature, providing a comprehensive correlation between them, in
order to produce high performance isotropic Co-ferrites with energy products up to 17.8 kJ m−3 at room temperature. FurtherMilled 180s + heated 1000ºC
more, this efficient methodology provides a technological key to
manage the production of isotropic powders in processing times
of only a few minutes. The combination
of high
performance
Milled 180s
+ heated
600ºC
isotropic Co-ferrite powders with feasible scalable synthesis and
processing method in record time make them good candidates for
Milled 180s
rare-earth free permanent magnet applications.
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Microstructural analysis

The microstructure of powders can be visualized in Figure 3, for
different milling times (left images) and heat treatments (right).
It is clearly observed in inset of Figure 3(a) that the starting powder is constituted by polycrystalline micron-size particles with
well-defined crystals, as it has been reported previously for sintered CoFe2 O4 material. 22 The efficiency of this ultrafast milling
method in obtaining a refined and homogeneous powder in a
short milling time is evidenced when comparing particle size of
the starting material (Figure 3(a)) with that obtained after 30
and 180 seconds of milling (Figs. 3(b) and 3(c), respectively).
SEM images obtained for powders milled for 30 seconds (Figure
3(b)) demonstrates the coexistence of particles with two different size distributions; such a short milling time is not sufficient to
refine homogeneously the microstructure, resulting in a mixture
of remaining micron-size particles in addition to newly created
particles in the submicrometer regime. Homogenization of the
material is guaranteed through extended milling time of 180 s
(Fig. 3(c)).
Aggregates of submicrometer particles are observed in more
detail in inset of Fig. 3(f). SEM images included in Figures
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Fig. 2 Evolution of grain size (filled symbols) and residual strain (empty
circles) with (a) milling time, and (b) heating temperature for the 180 seconds milled sample. Lines are guides for the eye. Shadowed areas highlight the regions with the best combination of magnetic properties (see
Fig. 5).

3(d-f) show the microstructure of this latter sample after heating
at different temperatures. The images do not allow to observe
significant differences neither in morphology nor in particle size
by increasing the heating temperature from 400 to 600 ◦ C (Figs
3(d) and 3(e), respectively). By comparison, heating at 1000 ◦ C
results in significantly enlarged particles with polyhedral shapes
typical of sintered metallic materials.
3.3 Magnetic properties
Room-temperature magnetization curves of the starting CoFe2 O4
powder and after different milling times are represented in Figure
4(a). At a first glance, there is a strong increase in coercivity with
increasing the milling time accompanied by a change in the shape
of the hysteresis loop. The two-steps hysteresis loop measured
after milling for 30 seconds is characteristic of a magnetic material with an inhomogeneous microstructure consisting of particles
with a broad particle size distribution. This is in good agreement
with SEM observations (Fig. 3(b)) where large (up to 10µm) and
small (nanometric) particles are observed. Milling for 90 s leads
to a single hysteresis loop (Fig. 4(a)) while 180 s is sufficient
to homogenize the microstructure (Fig. 3(f)) resulting in a more
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The parameters extracted from XRD data are analyzed as a
function of milling time and post-milling heating temperature.
Figure 2(a) display the evolution of the values for the mean cryss + heated 1000ºC
tallite size and the microstrain of the starting and the as-milled
materials. The estimated average crystallite size of the starting
powder is 117.6 nm, which is reduced down one order of magni0s + heated 600ºC
tude to 15.9 nm after only 90 seconds of milling, well below the
CoFe2 O4 monodomain regime (40 nm). 21 The mean crystallite
Milled 180s
size after 180 seconds milling is 9.1 nm. Positive sign of calculated strains indicates a tensile strain induced during mechanical
Milled 30s
milling, increasing from 0.5 10−3 for the starting material prior to
milling to 9 10−3 after milling for 180 seconds. Post-milling heat
treatment causes a recrystallization of CoFe2 O4 powders followed
Starting
by grain growth effects. The evolution of the powder mean crystallite size and residual strain as a function of the post-milling
heating temperature is plotted in Figure 2(b). The mean grain
55
60 size65increases with increasing the heating temperature, from 13.4
to 114.2 nm for powders heated in the range 400-1000 ◦ C, respectively. It turns, the post-milling heating process results in a
relaxation of the strain induced during milling with a dramatical
decrease from 6.1 10−3 to 0.7 10−3 , for powders heated from 400
to 1000 ◦ C, respectively.
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Mean crystallite size (nm)

fined CoFe2 O4 nanoparticles usually requires higher temperatures
+ heated 600ºC
in accordance to previous reports. 18–20 Once the sample is anMilled 180s
nealed at 1000 ◦ C) or post-processed (milled and annealed afMilledter
30smilling) powders show just reflection peaks corresponding
to CoFe2 O4 phase, indicating the absence of any other phase or
possible contamination during the milling and heating process.
Starting
Milling for 30 and 180 s results in a progressive broadening of the
reflection peaks due to refinement of the microstructure. Subse◦
55
60 quent65heating treatments at 600 and 1000 C lead to narrower
peaks with increasing temperature indicative of the progressive
grain growth.
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Fig. 3 SEM images of CoFe2 O4 powders. (a) starting; (b)-(c) after
different milling times;(d)-(f) after heating at different temperatures the
180 s milled powder. Scale bar: 10 µm. Insets: Magnified images (scale
bar: 500 nm).

defined squareness of the hysteresis loop (Fig. 4(b)). Subsequent
heating of this milled powder at 600 ◦ C reduces coercivity in favor of enhanced remanence and saturation magnetization (Fig.
4(b)). The influence of heating on the magnetic properties of
milled powders is discussed in detail in the following.
The evolutions of the magnetic properties as a function of
milling time and heating temperature are shown in Figs. 5(a)
and 5(b), respectively. Milling for 90 s is sufficient to achieve
a coercivity well above 4 kOe (Fig. 5(a)) while extending this
milling time to 180 s results in a 5.5 times increase in Hc from
0.83 kOe for the starting material to 4.7 kOe for the as-milled
powder. This large increase in coercivity is the combined result
of a reduced mean crystallite size and the induced strain during
milling (Fig. 2(a)) that results in the creation of defects acting
as pinning centers during magnetization reversal. It is important to highlight that while other studies present same trend of
increasing coercivity with increasing milling time, 23 we have reduced the timescale of the process from several hours to a few
minutes. Furthermore, and by using this extremely short processing time, we have managed to obtain the best combination
of magnetic properties (Hc =4.7 kOe, Mr =35.8 emu/g) reported
in literature for high coercive Co-ferrite powders, with (BH)max
= 10.4 kJm−3 . Magnetization M20kOe decreases with extended
milling times, decreasing from 80.0 emu/g for the initial powder to 62.5 emu/g after milling for 180 seconds. This observation can be explained as an effect of surface-to-volume ratio
modification due the size reduction undergone on initial micronsize particles as well as its partial amorphization during extended
milling. An increased surface-to-volume ratio will evidence the
effect of the "dead layer" (due to spin disorder in a surface shell
region contributing less to the magnetization than the core due to
spin fluctuations at the surface) originating the decrease in M20kOe
and Mr . 24,25 Interestingly, and contrary to the trend followed by
M20kOe , Mr increases from 23.5 emu/g for the starting material
4|
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Fig. 4 Hysteresis loops evolution of CoFe2 O4 powders (a) after milling
with different milling times; and (b) after heating at different temperatures
the 180 s milled powder.

(defined in the following as synthesized by co-precipitation and
heated at 1000 ◦ C) to 37.7 and 39.9 emu/g after milling for 30
and 60 s, respectively, prior to a parallel decrease of M20kOe for
longer milling times. A extremely short milling time ( < 60 s) is
not sufficient for amorphization of the material but it is indeed
sufficient to diminish particle and grain size and approach the
monodomain regime. A maximum of (BH)max =12.8 kJm−3 is
attained after milling for 60 s. Milling time up to 180 s keeps increasing coercivity, but the progressive decrease in magnetization
results in reduced (BH)max . Longer milling times display as well a
coercivity reduction, similiar to previous studies 14 , resulting thus
detrimental for (BH)max .
Tuning of the magnetic properties and (BH)max enhancement
of the high coercive Co-ferrite powders is possible by subsequent heating of the as-milled powders in air. Figure 5(b) shows
the evolution of magnetic properties for powders resulting from
milling for 180 seconds followed by heat treatment in the temperature range 400-1000 ◦ C. As a first observation, heating of the
as-milled powders results in an increase of M20kOe due to crystallization of the amorphous phase and grain growth effect observed
with increasing temperature (Fig. 1). On the other hand, and by
comparison with the stepped increase in coercivity previously obtained for the powders with increasing milling time (Fig. 5(a)),
a post-heat treatment strongly degrades the attained coercivity
(Fig. 5(b)). As a clear example, post-heat treatment at 600 ◦ C
results in an enlarged remanence Mr =47.5 emu/g and a coercivity Hc =2.4 kOe, which is the half of the coercivity obtained
for the starting as-milled material. A further increased temperature of 1000 ◦ C leads to a reduced Hc =1.2 kOe. This behavior is
due to the combined effect of the increased mean crystallite size
-evolving from the monodomain (below 40 nm for T ≤ 700 ◦ C)
to the multidomain regime- in combination with relaxation of the
strain induced during milling (Fig. 2(b)). However, the latter
is playing a predominant role as proven by the fact that crystallite size does not vary significantly in the temperature range 400700 ◦ C while the mean strain drops, and accordingly the measured coercivity decreases dramatically from 4.7 to 2.1 kOe after
heating at 400 and 700 ◦ C, respectively. An increased heating
temperature results in a progressive elimination of the defects
that were acting as pining centers for magnetization reversal in
the as-milled powders, i.e. consequently decreasing coercivity.
Heating above 800 ◦ C affects the microstructure due to a con-

RSC Advances Accepted Manuscript

80

-5

Magnetization (emu/g)

(d)
(b)

Magnetization (emu/g)

Magnetization (emu/g)

80
(a)
(a)
60

Magnetization (emu/g)

-20 -15 -10
RSC Advances

RSC Advances

Crystallite size (nm)

40

40

Mr
M20kOe

20

0
5

0
5

4

4

3

3
2

Hc

1

1

0
18

0
18

15

15

12

12

9

9

6

(BH)max

3
0
Synthe.30

60

6
3

Magnetization (emu/g)

60

2

(BH)max (kJ/m3)

80

60

20

Coercivity (kOe)

(b)

Coercivity (kOe)

(a)

80

(BH)max (kJ/m3)

Magnetization (emu/g)

Crystallite size (nm)

Mean strain (x10-3 %)

siderable particle size growth (Fig. 3), and in this case, coercivity only decreases from 1.9 to 1.2 kOe after heating the milled
sample
at 800 and 1000 ◦ C, respectively. The combination
of
120
120
(a)
(b) and a still significant coan optimum remanence magnetization
9
9
90
90
ercivity
obtained in the range 600-700 ◦ C results in a maximum
6
6
−3
(BH)
well above the value determined for
60 max =17.8 kJm
60 the asmilled powders. This value compares
to
the
state-of-the-art
value
3
3
30
30
of 18 kJm−3 , reported for Co-ferrite nanoparticles synthesized by
0
0
0
0 advanthermal
decomposition of metal-organic
precursors. 5 The
Starting 30 60 90 120 150 180
Milled400 500 600 700 800 900 1000
time (s) methodHeating
Temperatureof(ºC)
tage of theMilling
here proposed
is the possibility
producing
large amounts of material with extremely short processing times.
It is interesting to note that heating of the as-milled powder at
1000 ◦ C results in practically complete reversibility in microstructural (Fig. 2) and magnetic properties (Fig. 5), i.e. obtaining values comparable to those measured for the starting material prior
to milling.

0
90 120 150 180 Milled 400 500 600 700 800 900 1000

Milling time (s)

Heating Temperature (ºC)

Fig. 5 Evolution of magnetic properties of CoFe2 O4 powders with (a)
milling time and (b) heating temperature. Lines are guides for the eye.
The regions with the best combination of magnetic properties are marked
by shadowed areas.

Therefore the study has a proven double functionality by allowing, first, gaining insight in the influence of grain size and
strain relaxation in the coercivity mechanism in milled Co-ferrite
powders. Secondly, it has allowed the right choice of processing
parameters (milling time and processing temperature) to maximize (BH)max at room temperature. From all experimental data,
the best performance regarding (BH)max is linked to a compliance
between nanostructuration and microstrain.

4

Conclusions

In conclusion this study has shown the possibility of achieving
a 5-fold increase in coercivity in CoFe2 O4 powders, with a maximum value of 4.7 kOe obtained after milling for 180 seconds.
Therefore, the timescale of the process has been reduced from
several hours typically used to a 3 minutes. The fundamental role

played by microstrain induced during milling in increasing the
coercivity has been discriminated from grain size effects. This
understanding has allowed the right choice of processing parameters (milling time and processing temperature) to obtain a
(BH)max = 17.8 kJm−3 in powders milled for 180s and heated
at 600 ◦ C. This combination of magnetic properties obtained for
isotropic CoFe2 O4 powders with effective processing times and
feasible scalable synthesis methods (co-precipitation and ultrafast milling), make them good candidates for permanent magnet
applications.
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