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Nanocrystalline Fe-based spinels with composition Fe, Ti,
O, were synthesized using two different routes: soft chemistry
and high-energy ball milling. In the first case, two steps were
involved: precipitation in an aqueous solution followed by ther-
mal annealing under a reducing mixture of N,/H,/H,O gases. In
the second case, the spinel phase was directly formed in the mill
at room temperature and under argon atmosphere from Fe,
Fe,0;, and TiO, in stoichiometric proportions. The as-prepared
powders are characterized by X-ray diffraction, scanning and
transmission electron microscopy, surface area measurement,
and Mossbauer spectrometry. In both cases, the crystallite’s size
is about 15 nm, but whereas in the case of mechanosynthesis, the
ball-milled powders consist of aggregates, those obtained by soft
chemistry are very well dispersed. In contrast to the soft chem-
istry route, both lattice defects and cation site inversion are
induced by high energy ball milling, as evidenced by X-ray
diffraction and thermogravimetric analysis. Finally, the particle
coercivity is studied and discussed according to particle size and
the degree of oxidation of Fe cations inferred from thermo-
gravimetry. © 1998 Academic Press

Key Words: Titanium ferrite; mechanosynthesis; soft chem-
istry; nanometric particles; spinels; X-ray diffraction; Mossbauer
spectrometry.

1. INTRODUCTION

The magnetic properties of powders of various iron-based
spinels Fe;_ M,O,4, where 0 <x <1 and M is a cation
such as Mn, Zn, Cr, Mo, V, Cu, or Ti (1-2), have been
thoroughly studied over many decades. A change of the
cation-to-anion ratio in the spinel phase leading to a devi-
ation 0 from stoichiometry, (Fe;_ M,); ;0,4 is possible.
When the compound contains only Fe cations, ¢ is directly
related to the fraction of Fe?* which is oxidized into Fe**.
It can be positive or negative according to the nature of the
defects: cationic vacancies (6 > 0) or cation interstitials
(0 < 0). When the compound also contains some M cations
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whose degree of oxidation can change, ¢ is further related to
its valence. In principle, ¢ could be varied in the spinel phase
from negative values to a maximum one corresponding to
the highest valence of each cation (d,,,, = 1/9 for Fe; _350,).
However, the full range of § has very rarely been investi-
gated for the spinel phase with a given grain size, so that
properties as simple as the thermodynamic relationship
between ¢ and pO, at a given temperature have never been
determined experimentally. For very small grain size
(<10nm), low temperatures are required to stabilize
nanometer-sized grains. Unfortunately, in room conditions
and even in less restricted conditions (temperature lower
than 500°C and pO, higher than 10~ > Pa), the Fe* " cations
are not thermodynamically stable and are almost com-
pletely oxidized to Fe®”, so that compounds with § ~ 0
cannot be investigated. In contrast, 6 cannot be increased
significantly without precipitation of some other phases in
spinels with grain sizes larger than 100 nm, which are gener-
ally synthesized at high temperatures. A phase transition
depending on grain size was indeed found by Multani (3) in
the case of y-Fe, O3 (y-Fe,O5 below a critical size of about
30 nm, a-Fe,O5 above). Dieckmann also showed that some
phase transition is observed for very small § in Fe-based
spinels with micrometer-sized grains annealed at high tem-
perature (4).

The present work is part of a general study of the evolu-
tion of the physical and thermodynamical properties of
some substituted magnetites with a spinel structure at
a given grain size as a function of 0. Toward that aim,
chemical composition and synthesis methods have been
selected as described in the following section.

2. SELECTION OF SPINEL COMPOSITION AND
SYNTHESIS METHODS

An intermediate grain size range (10-50 nm) has been
chosen, as M = Fe, y-Fe,O; powders (0 = ., have
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mainly been studied for grain sizes lower than 10 nm, while
Fe;0, powders (0 ~ 0) have been characterized for grain
sizes larger than 50 nm. Moreover, some M # Fe cations
must be introduced into magnetite both to stabilize the
spinel structure for high ¢ and to avoid grain growth. We
have thus selected M = Ti, which fulfills the required condi-
tions. The Ti content has been determined from two argu-
ments. First, a content close to that of natural titano-
magnetites, Fe, ,Tig 0,4 (5) has been chosen. Contrary to
what was believed in the seventies (6—11), rocks contain not
only micrometric inclusions but also nanometric clusters of
titanomagnetites (10). Further magnetic studies of these
compounds, very rarely found in the literature, may thus
provide new information to scientists who investigate the
history of Earth. Second, the selected titanomagnetite must
be easily synthesized by soft chemistry; as previous trials
with oxalate precursors have shown that the synthesis of
titanomagnetites Fe;_, Ti,O, with x > 0.5 is difficult and
has been performed only once (12, 13), a Ti content x = 0.5
has finally been selected.

In the spinel structure, two types of sites can be occupied
by the cations (14): tetrahedral (A) or octahedral (B). When
the ferrite contains some M cations, the cation distribution
is not as simple as it is in magnetite, where all the Fe** ions
are on B sites. In the case of titanium ferrite, the distribution
of cations has been extensively studied using several
methods. All the authors have found the Ti** cations resid-
ing on octahedral sites but the location of the Fe?* cations
is still controversial even when studied by the same tech-
nique. In the fifties, two extreme models were suggested.
Based on magnetic measurements, Akimoto proposed that
all the additional Fe?* cations are on A sites (15),

[Fei Feil Ja[Fe? "Feil,Tii 150u, [1]
while, according to Néel (16) and Chevalier (17), the distri-
bution of the cations, which depends on x, exhibits the
crystal-chemical preference of Fe? ™ for the B sublattice and
Fe** for the A one:

[Fe3*]a[Fe?t Feit, Tit* 130, for x <0.5

[Fe3*, Fesl (Ja[Fe3  Tit" 1504 for x >0.5. [2]

Since these two extreme suggestions, more sophisticated
distributions have been proposed. An intermediate model,
following that of Akimoto in the range 0.2 < x < 0.8 but
that of Néel and Chevalier otherwise, has been proposed by
O’Reilly (18). Moreover, the cation distribution has been
shown to be temperature-dependent from thermoelectric
coefficient measurements by Trestman-Matts (19) in accord-
ance with predictions by O’Neill and Navrotsky (20). In any
case the dispute may originate from differences in several
experimental conditions and control parameters, such as

temperature, grain size, deviation from stoichiometry, and
method of synthesis.

In this context two routes, soft chemistry and mechano-
synthesis, which lead to powder particles with nanometer-
sized grains of a given mean size but lead a priori to very
different states of powder aggregation, defect contents, and
probably also chemical-crystal preference of the cations,
have been selected.

Among the numerous methods of soft chemistry, a pre-
cipitation which yields a large quantity of powder (about
10 g) with nanometer-sized grains has been chosen (21, 22).
The as-prepared compounds are most often studied without
further thermal annealing. In the present paper, the precipi-
tation step was followed by varying treatments to eliminate
remaining impurities and to reach a stoichiometric state
(0 ~ 0). The annealing conditions were optimized to avoid
any significant grain growth up to 500°C. For these temper-
atures, oxygen partial pressures, pO,, of about 10~2°-10~ 23
Pa were applied to obtain very small deviations from
stoichiometry. These partial oxygen pressures are estab-
lished from N,/H,/H,O gas mixtures controlled using
a specific device previously described (23).

The second synthesis route is mechanosynthesis (24-26).
In this framework, three methods for obtaining nanometric
ferrites have been described in the literature:

— grinding of micrometric materials (comminution) eas-
ily prepared by classical solid state reactions,

— mechanical activation, which consists of milling some
starting precursors and then annealing ground powders at
low temperatures to avoid grain growth, and

— mechanochemical synthesis from a mixture of com-
pounds in stoichiometric proportions.

A redistribution of the M cations between the two sub-
lattices has been observed to take place during grindings of
Zn (27-29), Mg (28), Ni (28), and Ni—Zn ferrite (30). The
formation of Zn ferrite starting from mechanically activated
mixtures of Fe,O3 and ZnO by annealing at 800°C has been
reported (31). Finally, the direct mechanosynthesis of fer-
rites, such as Si (32), Ni (33), and Co (34) ferrites, has been
investigated. Except in the case of the Ni ferrite, a single
pure phase has never been obtained. Nanomagnetite has
also been prepared by dry-grinding of hematite under vac-
uum or argon atmosphere (35) or wet-milling of hematite in
water (36). Magnetite may also be obtained by grinding
a mixture of a-Fe,O3 and Fe (37-40). In all cases the
duration of mechanosynthesis is very long and may lead to
large Cr and Ni contamination (about 9 at%). In the present
work, we seek conditions for direct synthesis to obtain
a pure single phase without significant contamination.
Moreover, the synthesis of titanomagnetites is more com-
plicated than the mechanosynthesis of ferrites reported in
the literature. When the substituting cation is Ti**, 6 may
indeed vary due to the oxidation of some Fe?*. The
mechanosynthesis of titanomagnetites with well-controlled
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0 # Omax then requires an inert atmosphere to minimize
eventual oxidation of ground powders.

In this paper, we focus mainly on the formation of
Fe, sTiy 50, by mechanosynthesis, studying the influence
of the duration and the energetical conditions of milling on
the purity of the spinel phase and the grain size. The proper-
ties of as-milled ferrites are compared to those of ferrites
prepared by soft chemistry.

3. EXPERIMENTAL
3.1. Powder Synthesis

The soft chemistry in this experiment processes are:

(1) Suitable amounts of ferrous, ferric, and titanium
chloride are dissolved in HCI solution. Cation concentra-
tions (x~0.3 moll™!) and pH (<1) are low enough to
prevent any titanium or iron oxide and hydroxide precipita-
tion.

(2) The above solution is added into an ammonia solu-
tion. The system was continuously stirred at 800 rpm. The
precipitation is instantaneous. Precipitate is separated by
centrifugation. The equation of the reaction is

32 Fe** + Fe3* +1/2 Ti** + 8 OH™

— Fe,; sTip.sO4 + 4 H,O. [3]

(3) The solution is washed with deionized water under
ultrasonication for 5 min. and then separation by centrifu-
gation at 3,500 rpm for 5 min. After four washings centrifu-
gation is no longer possible; a sol is formed.

(4) The sol is freeze-dried.

(5) Calcination with a temperature ramp of 10°C.h ™! up
to 380°C for 10 h in air produces a homogeneous spinel
phase with all the Fe cations oxidized to Fe**. Therefore,
further annealing in defined conditions of temperature and
pO, is required to obtain a good ratio of oxygen to metal.

(6) Thermal treatment at 460°C is performed for 3 h under
1.4 x 10~ 2* Pa obtained from suitable N,/H,/H,O gas mix-
tures and air-cooled (23).

The second synthesis method consists of the following
idealized mechanical reaction:

Fe,O05; + 1/2 TiO, + 1/2 Fe - Fe, sTig sO4.  [4]
The starting powders are anatase titanium dioxide (De-
gussa), ferric oxide (TCR), and iron (Prolabo). Continuous
grinding was performed in a planetary ball mill (Fritsch
Pulverisette 7) with two different values of the powder to
ball weight ratio R, namely 1/40 and 1/20. The grinding
tools are made of steel (Fe—13%Cer), the volume of the vial is
approximately 45 cm?, and seven balls of diameter (5 ~ 13

mm were used. The powders, in stoichiometric proportions,
and balls were introduced in vials and sealed in a glove box

under argon atmosphere. The powders were milled for times
varying from 1 to 8 h. The specific shock power, P, released
by the balls to the powders during the ball-milling process,
which is the product of the shock frequency and the kinetic
energy, was calculated for our experimental conditions from
the model of Abdellaoui and Gaffet (41). P is about 2.7 and
1.3 W/g/ball for R = 1/40 and 1/20 respectively. Milling
experiments were also conducted on oxide powder mixtures
of «-Fe, O3 and TiO, to follow correctly the evolution of
reactants during the mechanochemical treatment and also
to test the miscibility of a-Fe,O; and TiO, oxides. The
powders were milled with a ball-to-powder ratio of 1/20
under air atmosphere. The influence of adding stearic
acid on the final particle size was also studied in the latter
case.

3.2. Techniques

The milled powders were chemically analyzed by ICP for
two elements, carbon and chromium, in order to determine
possible contamination by steel grinding tools.

The mean particle diameter of titanium ferrite powders
is inferred from specific surface area measurements
(AUTOSORB-1) and scanning electron micrographs
(SEM)(JEOL JSM-6400F). The specific surface area was
deduced from the BET equation using a least-squares re-
finement method.

The resulting powders were all characterized by X-ray
diffraction (XRD) using a D5000 diffractometer with CuKf
radiation and by *"Fe Mdssbauer spectrometry. The *"Fe
Maossbauer spectra are recorded with a constant acceler-
ation spectrometer and a >’CoRh source.

Data from XRD patterns were obtained with the
DIFFRACT-AT program. XRD line profile analysis was
performed to determine the average crystallite size and
strain. The correction for the instrumental broadening is
calculated from a standard reference material, annealed
BaF, (42). The information deduced from the peak broaden-
ing depends on the line shape. Two main cases are con-
sidered. First, if the experimental line shape is Lorentzian, as
in the case for ground powders (43), the peak broadening
due to the sample is calculated from

[5]

where f is the integral breadth, ¢ is the parameter linked to
crystallite or domain size and shape, and 7 is the parameter
related to strain. f* = fcos /4 and d* = 2sin /4 are the
reduced coordinates depending on the diffraction angle 6
and the wavelength 4. The average crystallite size and strain
are extracted from the so-called Williamson and Hall plot.
Second, if the experimental line shape is Voigtian, as for
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powders obtained by soft chemistry (44), the peak broaden-
ing is calculated from

*

B*Z — T + '12 % d*Z' [6]

The average crystallite size and strain are then extracted
from a Halder and Wagner plot.

Particle shapes and structural defects of some powders
were further characterized by high resolution transmission
electron microscopy (HRTEM).

The coercivity of samples was measured with a M2100 50
Hz hysteresymeter.

3.3. Powder Reactivity under Gas Mixture

The oxidation and reduction reactions in various samples
were studied by thermogravimetry (SETARAM TAG 24).
The experimental procedure has already been published
(23). The symmetric thermobalance is able to measure
weight variations of about 0.001%.

4. RESULTS AND DISCUSSION
4.1. Study of Ground Mixtures of a-Fe,05 and TiO,

Table 1 gives carbon and chromium impurity contents in
powders milled with steel grinding tools. The contamination
level becomes significant after 8 h of grinding but it remains
reasonable for the present study. In any case, it is much
lower than contamination often reported (37, 38).

The average particle diameters of powders ground with
or without stearic acid, deduced from surface specific
measurements, are compared as a function of milling time in
Table 2. They generally increase with milling time except
when stearic acid is added to powders. In that case, powder
particles tends to disaglomerate after a first step of aggrega-
tion, as stearic acid acts as a lubricant. Besides particle size,
the average crystallite size deduced from XRD analysis
decreases with milling time, while lattice strain increases.
A slight decrease of lattice strain is observed when crystallite

TABLE 1
Carbon and Chromium Contamination Amounts, Estimated
by ICP Analysis, as a Function of Milling Time for o-
Fe,0,+TiO, Powders

TABLE 2

69

Specific Area Measurements and X-Ray Diffraction Analyses

of a-Fe,0,;+TiO,

Milling Specific

BET & DRX &

Lattice

Lattice

time (h)  area (m?/g) (nm) (nm)  Strain constant a (1&) constant ¢ (1&)
o-Fe, 03 + TiO,, R = 1/20, under air temperature.

0 422 — — — — —

1 10.7 112 99 0.018 5.035 13.741
2 9.5 127 68 0.024 5.033 13.738
6 8.1 148 51 0.031 5.038 13.772
8 6.1 196 15 0.020 5.040 13.797

o-Fe, 03 + TiO,, stearic acid, R = 1/20, under air atmosphere.

0 422 — — — — —

1 114 100 297 0.018 5.030 13.731
2 124 92 133 0.021 5.036 13.761
6 16.7 68 29 0.016 5.037 13.775
8 18.2 62 28 0.015 5.034 13.757

a-Fe, 03 + TiO, + Fe, R = 1/20, under argon atmosphere.

0 10.3 — — — — —

1 9.0 133 49 0.017 5.039 13.751
2 8.0 150 57 0.023 5.045 13.739
4 7.4 163 35 0.025 5.046 13.768
6 44 271 44 0.030 5.055 13.777
8 4.6 261 5 0.015 5.059 13.809

o-Fe, 03 + TiO, + Fe, R = 1/40, under argon atmosphere.

0 10.3 — — — — —

1 6.3 182 0.035 5.049 13.800
4 41 279 12 0.021 8.465 —
6 3.8 306 8 0.009 8.457 —

8 4.0 290 8 0.013 8.462 —

Milling time (h) C (ppm) Cr (ppm)
0 — <100
1 440 385
2 504 200
6 485 350
8 753 605

Notes. The XRD line profile analysis is performed according to the Williamson and
Hall method; the determination of lattice parameters is based on a least-squares
refinement method.

sizes are smaller than 15 nm. This could be due to an
annihilation of defects at grain boundaries for grain sizes
smaller than 15 nm. In conclusion, as-milled powders con-
sist of polycrystals made from grains of about 10 nm.

The evolution of reactants and the intermixing of both
oxides have been followed during milling of a-Fe,O; and
TiO, mixtures. The XRD patterns show that titanium diox-
ide disappears rapidly and that only the corundum phase
remains during grinding. Such changes can be first ascribed
to the amorphization of TiO, and second to the progressive
formation of [(3 — x)/2](Fe,03)x(TiO,) solid solutions
during the milling process. No mixture of pseudobrookite
and corundum phases, although expected at low temper-
atures in the system Fe,O;-TiO,, is detected. For large
titanium contents, the stability range of the rhombohedral
phase is increased at high temperatures (45); XRD results
confirm once more that phases which are stable at high
temperatures may also be obtained in metastable conditions
by high-energy ball milling (46). In the case of pure TiO,, for
instance, milling allows the formation of high temper-
ature—high pressure phase II TiO, from anatase titanium
dioxide (47). The appearance of [(3 — x)/2](Fe,O3)x(TiO,)
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solid solutions may also be suggested by the variation of the
cell parameters of the rhombohedral phase as a function of
milling time (Table 2). Indeed, the insertion of titanium in
the corundum phase is accompanied by the replacement of
1 Fe** cation in octahedral coordination by 3/4 Ti** ca-
tions and 1/4 vacancies. Even if the Ti** ionic radius is
smaller than that of Fe®*, the very large oxygen-vacancy
distance may explain the increase of lattice parameters.
The effect of a reducing thermal treatment of ball-milled
o-Fe,O3 and TiO, powder mixtures was studied by ther-
mogravimetry. Figure 1 presents the mass loss derivative
curves as a function of temperature and milling time. As
noticed in Fig. 1a, the curve of unmilled powders displays
two features. The first corresponds to the transformation of
haematite into magnetite. It is followed by the precipitation
of metallic iron. For ground powders, the curves display
several features. The first is attributed to the phase trans-
formation: corundum structure (a-Fe,O3) to spinel struc-
ture with 6 = 0 (titanomagnetite Fe; _,Ti,0O,). The others,
beginning at points (1), (2), (3), (4), and (5) in Fig. 1, are
attributed to the precipitation of metallic iron, which can be
dissociated in two steps for short grinding times due to the
simultaneous insertion of titanium in the precipitate. Two

Temperature (°C)

200 250 300 350 400 450

0.001
(mg.min?)

d(Am)/dt (mg.min'")
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v

FIG. 1. DTG reduction curves dAm/dt =f(T) of a-Fe,O; + TiO,
milled 0, 1, 2, 6, 8 hours in stoichiometric amounts, under air atmosphere,
with a powder-to-ball ratio of 1/20. H, flow is 0.16 1/min and temperature
ramp 2°C/min.

phenomena, both related to the insertion of titanium in
a-Fe,O3 during the milling process, can be observed for
increasing milling times: a simultaneous increase of the
beginning temperature of precipitation of the metallic phase
and the mass loss at this temperature (Table 3). Before
precipitation, the transformation of the corundum phase
(Fe(e’lx8*6x)/(9+x)Tié;/(9+x)D2x/(9+x))O§_ to the spinel phase
with 6 = 0 (Fe?} Fe3*, . Tit*O2%7) is accompanied by the
reduction of some Fe®" cations to Fe**. The quantity of
Fe** to be reduced increases with the Ti content in the
rhombohedral phase. The mass loss increases, therefore, in
the same way and allows x to be estimated. The Ti content
x (Table 3) calculated from the mass loss recorded at points
(1), (2), (3), (4), and (5) is again consistent with the formation
of [(3 — x)/2](Fe,03)x(TiO,) solid solutions during the
milling process. Moreover, the increase, with milling time, of
the phase transformation temperature must also be at-
tributed to the insertion of titanium into the solid solution
since this cation is less mobile than iron cations. This is
inferred from the iron—oxygen distance (Table 4), which is
greater than the titanium—oxygen distance. Indeed, the mo-
bility of a species is inversely proportional to the forces
maintaining it in a defined position: since these forces,
mainly originating from electrostatic interactions, decrease
with the cation—oxygen distance, the mobility increases with
ionic radius (1). Thermogravimetry, used here to demon-
strate cation insertion during mechanical treatment, is seen
to provide results which agree with the X-ray results.

The mechanical activation of a-Fe,O3 + TiO, powder
mixtures followed by a reducing treatment allows titanium
ferrite to be synthesized at low temperature (about 400°C)
after only 6 h of mechanical activation. However, such ther-
mal treatment induces grain growth, leading to particles of
about 200 nm. The direct mechanosynthesis of titanium

TABLE 3
Temperature, Mass Loss, and Ti Content Corresponding to
the Formation of the Spinel Structure during the Reducing
Treatment of a-Fe,0,+TiO,

Ti context x in

Sample Temperature (°C) Mass loss (%) (Fe; _,Tiy), _ 504
(1)* 374 + 1 —2940.1 0.00
)P 384 4+ 1 —3.84+0.1 0.21
3) 397 +1 —394+0.1 0.24
4)* 406 £+ 1 —5340.1 0.53
(5)¢ 415+1 —544+0.1 0.54

Notes. Temperature ramp 2°C/min; dH, = 0.16 I/min; all milling was
realized with R = 1/20 under air atmosphere.

“starting materials.

®*Ground 1 h.

¢Ground 2 h.

4Ground 6 h.

¢Ground 8§ h.
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TABLE 4
Cation—Oxygen Distances (and Their References) Used for
Calculation of Lattice Parameters

Cation Oxygen—cation length (A) Reference
[Fe* "], 2.012 (54)
[Fe* '], 2.132 (55)
[Fe**], 1.858 (54)
[Fe* ], 2.020 (54)
[Ti**], 1.944 (53)

ferrite must thus be investigated to prepare ferrites with
nanometer-sized grains.

4.2. The Formation of the Fe, 5sTig 504 Spinel Structure
by Mechanosynthesis

As Fe, 05 is known to transform into Fe;O,4 under reduc-
ing conditions, iron has been added to the previous oxide
mixtures to mechanosynthesize the titanium ferrite directly.

The formation of the spinel phase is followed as a func-
tion of milling conditions by X-ray diffraction. With a pow-
der-to-ball weight ratio R of 1/20 and after eight hours of
milling, the diffraction peaks of a-Fe,O5 and Fe are always
clearly observed but are broadened due to crystallite size
reduction and accumulation of lattice strain. That means

Intensity (Arbitrary units)

that the grinding conditions are not sufficiently energetic to
induce a rapid-enough direct synthesis. With R = 1/40
(Fig. 2), the spinel phase appears after 1 h 30 min., and all
the peaks on the XRD pattern are assigned to the spinel
phase after four hours. This was confirmed by Mdssbauer
spectrometry (Fig. 3). As expected, Mossbauer spectra of the
starting powders display the classical sextuplets associated
with a-Fe,O; and Fe. After grinding for one hour, the two
sextuplets are always present but a dissymetric doublet
corresponding to the spinel phase is observed. With the
prolongation of milling time the hyperfine magnetic sextets
disappear and are gradually replaced by the dissymetric and
broadened doublet. The Mdssbauer spectrum of powders
milled for 4 h is identical to the spectrum for a powder
milled for 8 h.

The coercive field has been measured as a function of
milling time and R (Fig. 4). In the early stages of grinding, it
increases, and then it slightly decreases. The first step can be
attributed to the appearance of Fe?* in the crystalline
structure of Fe,O5 due to the reducing milling conditions,
which are known to improve the magnetostrictive proper-
ties of the material and would explain the increase in co-
ercive field (48). An assumption for the slight decrease of
coercive field may be the reduction of crystallite size. Indeed,
it is often reported that for grain sizes lower than a charac-
teristic value, a superparamagnetic behavior appears, caus-
ing a decrease in the coercive field (49, 50).

& FeusTij .0,
@ Fe

¥t o-Fe,03

25 30 35 40
2 theta (°)

45 50 55 60

FIG.2. X-ray diffractograms of a-Fe,O3 + TiO, + Fe ground (a) 1 h, (b) 1 h 30 min, and (c) 4 h in stoichiometric amounts, under argon atmosphere,

with a powder-to-ball ratio of 1/40.
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FIG. 3. °’Fe room-temperature Mossbauer spectra of «-Fe,O; +
TiO, + Fe milled (a) 1 h, (b) 1 h 30 min, (c) 2 h, and (d) 4 h in stoichiometric
amounts, under argon atmosphere, with a powder-to-ball ratio of 1/40.

In view of the results of previous sections, the general
mechanism of titanium ferrite mechanosynthesis may be
divided into at least two stages. The formation of solid
solutions [(3 — x)/2](Fe,03)x(TiO,) (Fig. 1 and Table 2),
which takes place by repeated fracture and welding of the
constituent powder particles, is followed by the nucleation
and gradual formation of the spinel phase (Figs. 2 and 3).

4.3. Comparison of the Mechanosynthesized
Titanomagnetite with Those Prepared by Soft Chemistry

Powders prepared by soft chemistry are very well disper-
sed and homogeneous, with a grain size of about 18 nm, as
shown in Fig. 5a. This value matches quite well the average

600
A
500 | A
[ ]
400 i
%
S 300 -
12
juss
200
A2) R=1/20
100 -
\ ®b) R=1/40
04 ; - ;
0 2 4 6 8

Milling hours

FIG 4. Coercivity of a-Fe, O3 + TiO, + Fe, milled under argon atmo-
sphere in stoichiometric amounts, as a function of milling time with
a powder-to-ball ratio of (a) 1/20 and (b) 1/40.

particle diameter deduced from specific area measurements
(Sger = 68.5m?- g~ !, which yields a diameter of 18 nm) and
the crystallite size deduced from XRD results, Zxrp = 19.7
nm. In contrast, ground powders consist of aggregates of
nanometric crystallites. The average size of the aggregates is
approximately 100-200 nm (Table 2) and the size of small
crystallites in aggregates is about 15 nm (Fig. 5b and
Table 2).

The oxidation behavior of both powders has been studied
by thermogravitry (Fig. 6). The oxidation in the spinel phase
leads to a weight gain of 4.1% for the powder obtained by
soft chemistry (Fig. 6a) and 4.64% for the ball-milled pow-
der (Fig. 6b). As the theoretical weight gain, 5.27%, is larger
than these values, there is already significant oxidation of
the Fe?* cations at ambient temperature. These oxidations
have been calculated: 22% for soft-chemistry powders
(6 = 0.040 in the formula (Fe, sTig s); -504); and 12% for
ground powders (6 = 0.022). This may be related to the
agglomeration state of ground powders, which limits the
oxidation process at ambient temperature. The difference in
the agglomeration state between the two powders also ex-
plains that the DTG peaks are shifted toward high temper-
atures for ground powders. Indeed, the reactivity of
a powder to oxidation is related to the gas/solid interface
which, according to the above-mentioned specific area
measurements, is considerably reduced during grinding.
Therefore, despite smaller crystallite size, the reactivity of
a ground powder is smaller than that of the sample obtained
by the soft chemistry route. The DTG curve displays one
single peak for the powder obtained by soft chemistry (Fig.
6a); it can be attributed to the oxidation of Fe®" being
located only in octahedral sites, as expected from the Neéel
model. In contrast, the two DTG peaks observed for
mechanosynthesized powders (Fig. 6b) may be explained in
terms of a cationic inversion induced by the milling process,
which could cause the appearance of Fe?* cations in A sites.
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FIG. 5. S.E.M. micrographs of Fe, 5Ti, sO, synthesized by (a) soft chemistry and (b) mechanosynthesis (4 h, R = 1/40, under argon).

Although the tetrahedral coordination is unfavorable ac-
cording to crystal field theory (51), Fe*" cations reside in
the two sublattices in the case of ground powders. Again the
effect of forced atomic jumps during ball milling on the
structure results in an enhancement of the trend toward
a random repartition between the two types of sites (52).
Cation redistribution during the grinding process is in
agreement with previous observations in Zn, Ni, and Mg
ferrites (29). In the case of Ti ferrites obtained by
mechanosynthesis, a rough quantitative analysis (1) from

0.0003+ @)

0.00025+

0.0002+

0.000151

0.0001+

dA m/dt (mg.min)

0.00005+

0 100 200

300

the area of the two DTG peaks allows calculation of the
Fe?" content for each site: (40 4+ 10)% in B sites and
(60 + 10)% in A sites. Indeed, the temperature at which
oxidation occurs is governed by the mobility of ions. As
explained previously, there is a correlation between the
mobility and the cation—oxygen bond length for both oc-
tahedral and tetrahedral sites of the spinel structure. B-site
Fe2* cations (0% —Fe?* length = 2.132 A) are more mo-
bile than A-site Fe2* cations (0>~ —Fe®* length = 2.012 A),
so they are oxidized near 200°C, whereas the cations in

4087 " T oo

Temperature (°C)

FIG.6. DTG oxydation curves dAm/dt = f(T) of Fe, 5Tiy 5O, synthesized by (a) soft chemistry and (b) mechanosynthesis (4 h, R = 1/40, under argon).
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A sites are oxidized only above 400°C (1). These oxidation
temperatures must be compared only for phases with the
same particle size and the same agglomeration state.

Figure 7 compares the XRD patterns of the spinel phases
synthesized by soft chemistry and mechanosynthesis. The
diffraction peaks are consistent with a single phase material.
The diffraction peaks of the mechanosynthesized spinel
phase are broadened due to crystallite sizes and lattice
strains. Indeed, the lattice strain in the ball-milled spinel
phase, n = 0.021, is higher than the comparable value for the
spinel phase obtained by soft chemistry, # = 0.000. The
lattice parameters of both materials are different, a, =
0.8403 nm (+ 0.0001) for the spinel phase obtained by soft
chemistry and a, = 0.8465 nm (+ 0.0001) for the ground
product. This is to be compared with the mean value re-
ported in the literature for titanium ferrites with large grains
ao ~ 0.844 nm (15-19). These differences can be explained
by two phenomena: the partial oxidation at ambient tem-
perature and the presence of Fe*™ cations in A sites. The
cation—oxygen distances used for the calculation of the
lattice parameter by the Poix method (53-55) are given in
Table 4, while experimental, calculated, and published lat-
tice parameters are compared in Table 5. The calculated
values are in good agreement with the experimental ones.
The increased lattice parameter measured for mechanosyn-
thesized powders can be explained by the redistribution of
Fe?* cations on tetrahedral sites during milling. It is consis-
tent with Fe?* cations located in both B sites (45%) and
A sites (55%). This distribution is in good agreement with
the oxidation DTG analyses. The decreased lattice para-
meter for powders synthesized by soft chemistry results
from a partial oxidation of the isolated nanometric crystal-
lites at ambient temperature.

HRTEM micrographs (Fig. 8) demonstrate that there are
no structural defects in powders synthesized by soft chem-
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TABLE 5
Experimental and Calculated (Poix Method) Lattice Para-
meters as a Function of Fe>* Amounts in A Sites and as a Func-
tion of the Deviation from Stoichiometry &

8 [Fe**], amount

0 0.5 0.7 1

a=8495 A
theoretical

a=8460 A

theoretical

a=28465 A
exp. (15)

0 a = 8.420A
theoretical
a=238425 A
exp. (16, 17)
a=28410 A
theoretical
a=38400 A
theoretical
a=28403 A
exp. soft
chemistry_
a=238337A
exp. soft
chemistry

a =8485 A
thoretical

a = 8.465 A exp.
mechanosynthesis

0.022

0.040

0.158

Note. Parentheses indicate references from the literature.

istry (Fig. 8a), a finding that is in agreement with XRD
results. The crystallites exhibit an hexagonal shape. This
particular shape is already observed in the precipitated
powders. A surrounding boundary of an amorphous nature
is formed on some particles after the reducing treatment.
This is consistent with the aforementioned partial oxidation
in room conditions, which should take place near the par-
ticle surfaces. Several defects—stacking defects and lattice
distortions—are observed in ball-milled powders in accord-
ance with XRD results (Fig. 8b). The crystallite size deter-
mined by HRTEM (about 10 nm) is the same as the size
derived from XRD analyses (12 nm).
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FIG. 7. X-ray diffractograms of Fe, 5sTiy 50,4 synthesized by (a) soft chemistry (b) mechanosynthesis (4 h, R = 1/40, under argon).
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FIG. 8. H.R.T.E.M. micrographs of Fe, sTiy 50,4 synthesized by (a) soft chemistry and (b) mechanosynthesis (4 h, R = 1/40, under argon).

Mossbauer spectra of the titanomagnetites synthesized
by mechanical alloying and by soft chemistry are shown in
Fig. 9. The two series of spectra are very different and very
complex. An interpretation of all details of the spectra is out
of reach. As emphasized by Russo et al. (56) for natural
spinels, the simultaneous presence of iron in different oxida-
tion states and coordination geometries and the existence of
a variety of more remote cation neighbors of a given Fe
atom give rise to an a priori unknown number of (generally
overlapping) peaks. Besides heterogeneities in chemical
composition, which are discussed below, size effects are
a source of further complexity of spectra, as is the case with
the asymmetry observed (Fig. 9a). Information can never-
theless be extracted from some undisputed features of the
observed spectra, namely the sextets with the largest hyper-
fine fields, S1 and S2, whose peaks on the negative velocity
side are indicated in Fig. 9a by A1 and A2. The spectrum of
the spinel phase synthesized by soft chemistry (Fig. 9a)
corresponds to the Mdssbauer spectrum expected for a fer-
rimagnetic polycrystalline material with the superposition
of more than two magnetic hyperfine sextets (57, 58). Clear
differences exist, however, from the spectrum published by
Melzer et al. for a titanoferrite of the same composition (58).
In particular, the hyperfine field of the outer sextet is much
larger in our case, H1 = 486 kG, than for the titanomagne-
tite investigated by Melzer et al., Fe, 5Tiy 504, H1 = 447
kG (58). The field value determined by Melzer et al. is
consistent with the results of Tanaka and Kono for
Fe;_,Ti,O4 (0 < x <0.33)(57), showing that the hyperfine
field described in the latter work decreases with Ti content
(Fig. 10). A reasonable range of values for the hyperfine field
H1 for x = 0.50 is 431(Q)-452(L) kG, calculated from a lin-
ear (L) and a quadratic (Q) extrapolation of the published
values. We must conclude that the outer sextet S1 that we
observe here cannot be associated with a titanomagnetite

whose Ti content is x = 0.50. The x dependence of the
hyperfine field (Fig. 10) is indeed mainly associated with
a titanoferrite whose Ti content is less than at most
x = 0.10. We have neglected a classical but small decrease of
the measured field related to particle size (59) (of the order of
3 kG) to derive the latter Ti content. An eventual change of
the hyperfine field of surface atoms has also been neglected:
for - and y-Fe, O3, the hyperfine field of surface atoms is
smaller than the field of Fe atoms in the bulk (by about 4%
for «-Fe,0O3) (50). In both cases, the upper Ti content is
overestimated, so that heterogeneities of the Ti content exist
in the analyzed powder. The aforementioned Mossbauer
characteristics are therefore accounted for by chemical com-
position variations inside each particle. Fe-Ti segregation
may be attributed to an immiscibility gap in the spinel
system below 500°C, as mentioned for Ti ferrites with high
substitution content (19). However, the particles are found
to be homogeneous by in situ X-ray investigations during
the reducing annealing. The heterogeneities are, then, re-
lated rather to kinetics effects linked to partial oxidation of
the iron cations occurring when nanoparticles are studied in
room conditions. Oxidation is controlled by transport with-
in the grains. Vacancies, which are created at the surface
during the incorporation of oxygen in the lattice, diffuse in
the particle. The vacancy diffusion occurs in conjunction
with the counterdiffusion of the more mobile cations, here
the iron cations (2). Therefore, whereas near the surface
there are mainly iron Fe®*" cations, in the bulk of the
particle the Fe?" and titanium cations are predominant.
The measured field H1 is indeed consistent with a Fe,O5
surface layer. The subspectrum S2 with broad lines has an
average field H2 of 455 kG. It results then from the super-
position of various contributions, including Fe®> " in A sites
of a Ti-rich titanomagnetite and Fe~?->* in B sites (arising
from electron hopping between Fe** and Fe?* pairs). Even
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FIG. 9. (a) "Fe Mosssbauer spectra of Fe, sTig sO,4 synthesized by

soft chemistry (room-temperature spectra). It displays several sextets; the
outer subspectrum S1, whose field is easily calculated, is related to Fe3™ at
A sites with a typical hyperfine field H1 of 486 + 2 kG. The subspectrum S2
has an average field H2 of 455 + 2 kG. A noticeable characteristic is the
asymmetry of the groups of lines A1 and A2. The first absorption minimum
Al on the negative velocity side around — 8 mm/s looks indeed much
smaller than the next minimum A2 around — 7 mmy/s. (b) 3’Fe Mdossbauer
spectra of Fe, sTiy sO,4 synthesized by high-energy ball milling (4 h,
R = 1/40, under argon): (b1) room temperature spectra; (b2) 200 K spectra;
(b3) 100 K spectra.

if other Fe ions’ environments with a distribution of iron
and titanium neighboring atoms also contribute to the
observed spectrum, the spectrum is mainly in agreement
with particles with a Ti-rich core and a Fe-rich shell.
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FIG.10. Room-temperature hyperfine field of the outer sextuplet S1 of
Maossbauer spectra of titanomagnetite as a function of Ti content.

The Mossbauer spectra of the mechanosynthesized
titanomagnetite (Fig. 9b) are similarly not simple to analyze.
The shape of the room-temperature spectrum (Fig. 9b1),
with a broad, featureless set of four external lines, a charac-
teristic field of about 420 kG, and an intense asymmetric
central doublet, suggests that superparamagnetic relaxation
takes place in the sample (50, 60, 61). The room-temperature
spectrum thus cannot be associated with classical magnetic
behavior, as it is quite different from the spectrum expected
for coarse-grained Fe, sTiy sO, or more generally for
coarse-grained Fe;_,Ti,O, for 0 < x < 0.5 (57, 58). For
0.5 < x < 1, the Néel temperature decreases to about 120 K
(62). The corresponding room-temperature spectra have
shapes (57, 58, 62) which differ from the one we observe. The
assumption of superparamagnetic relaxation, which is con-
sistent with an average crystallite size of 15 nm, is confirmed
by spectra recorded at 200 and 100 K (Fig. 9b2, 9b3). They
show a progressive increase of the magnetically split part of
the spectra when the temperature decreases. This increase is
related to a distribution of grain sizes, classically broad in
ground powders, which results in a distribution of blocking
temperatures: the bigger a grain, the higher its blocking
temperature (50). At 100 K, the spectrum consists of a broad
magnetic background and a set of narrower lines. The
hyperfine field associated with the two intense outer lines is
465 + 5 kG at 100 K, a value quite consistent with a Fe*
field at low temperature. A field of about 450 kG is indeed
calculated from the Mossbauer spectrum at 90 K of
Fe, 3Tip ,O,4 (50). The distribution of crystallite sizes in
titanoferrites prepared by soft chemistry has a slightly larger
mean but is narrower than the size distribution in mechano-
synthesized ferrites. This explains why superparamagnetic
behavior, which originates from the smallest crystallites, is
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clearly observed only in the latter case. The room-temper-
ature spectra (Figs. 9a and 9b1) finally show that the hyper-
fine fields associated with the biggest particles of the
mechanosynthesized ferrite are smaller than the field of site
S1 of the soft-chemistry ferrite. This is consistent with the
oxidation behavior of the two powders described above,
which results in much narrower fluctuations of composition
in the grains of the mechanosynthesized ferrite than in those
of the soft-chemistry ferrite.

The coercive field of titanomagnetite obtained by mech-
anosynthesis is about 430 Oe. This high value is due to the
bigger particles of ground powders creating a large size
distribution, as expected from Mossbauer results. This field
is approximately twice that of titanomagnetite obtained by
soft chemistry (270 Oe). Such differences may be partly
attributed to the difference of stoichiometry in oxygen be-
tween the powders. There are more Fe?* cations in the
ground spinel phase than in powder synthesized by soft
chemistry and some of them, as seen previously, are located
on tetrahedral sublattices. Due to the magnetostrictive
properties of Fe?* cations, in particular in A sites, the
coercive field of the mechanosynthesis powder is therefore
higher than the fields of powders obtained by the chemical
route. The aforementioned lattice strains in ground powders
should also increase the anisotropy and thus the coercivity.

5. CONCLUSIONS

Nanocrystalline Fe, 5Tiy sO,4 titanomagnetites have been
synthesized by direct milling of powder mixtures of Fe + o-
Fe,O;3 + TiO, in stoichiometric proportions. The spinel
phase is obtained after 4 h of grinding at room temperature
without significant contamination. Mechanical activation of
a-Fe, 03 + TiO, powder mixtures followed by reducing
treatments at low temperature ( < 400°C) also allows the
spinel phase to be synthesized, but with grain sizes around
200 nm. The Fe, 5Tiy sO,4 spinel phases obtained by direct
mechanosynthesis and by soft chemistry have been com-
pared. Mechanosynthesis leads to aggregates of nanocrys-
tallites ( ~ 15 nm) of ferrite and thus preserves é ~ 0 in room
conditions, whereas soft chemistry leads to grains of about
18 nm. In the latter powders, grains are separated from each
other. Oxidation phenomena thus occur at the surface of
grains in the soft chemistry powders and lead to materials
with a higher §. Mossbauer spectra agree with the previous
conclusions on the differences in oxidation behavior and in
crystallite size distribution. They demonstrate that hetero-
geneities of the titanium content exist in soft chemistry
powders, while superparamagnetic behavior is demon-
strated in the mechanosynthesized ferrites. The study of the
oxidation behavior demonstrates further that in powders
synthesized by soft chemistry, Fe*" are located in octahed-
ral sites, while in mechanosynthesized powders, Fe?* oc-
cupy both sites. A rough quantitative analysis from both

X-ray diffraction and thermogravimetric experiments gives
40 + 10% of Fe?™ in B sites and 60 + 10% in A sites.
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