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a  b  s  t  r  a  c  t

The  mechanochemical  activation  of  Ti/Fe2O3 powder  mixtures  with  molar  ratio 1 and  1.5  was  performed
with  the  aim  of  understanding  the  effects  of  the  starting  composition  on  the  reactivity  and  structure  of  the
produced  phases.  The  solid  mixture  was  characterized  by scanning  electron  microscopy,  X-ray  diffrac-
tion, vibrating  sample  magnetometry  and  Mössbauer  spectroscopy.  The  consumption  of the  reactants
and  the  formation  of  metallic  iron  are  observed  at short  activation  times.  After  3  h,  the redox  reaction
eywords:
omposite materials
össbauer spectroscopy
agnetometer
agnetic properties
echanochemistry

completes,  yielding  a composite  powder  formed  by  nanocrystalline  Fe  particles  dispersed  in  an  oxide
matrix.  The  mixture  with  the  highest  Ti/Fe  ratio  leads  to  the  formation  of  a TiO2 matrix,  whereas  the
other  composition  forms  FeTiO3.  Both  composite  materials  have  very  high  saturation  magnetization  and
moderate  coercivities.  Under  subsequent  thermal  treatment  at 700 ◦C,  the  activated  solids  show  a  pro-
gressive  crystalline  ordering  with  partial  oxidation  of  Fe  (mainly  to  FeTiO3 and  Fe2O3) and  crystallization
into  the  rutile  phase  of  TiO2.  This  leads  to  a significant  decrease  of magnetization  and  coercivity.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Mechanochemical activation is a powder-processing method
onducted in high-energy ball-mills which results in the generation
nd storage of excess energy in crystalline solids, through a signif-
cant accumulation of structural defects and strains which affect
he chemical reactivity of the studied system. High-energy ball-

illing has acquired great importance during the last years as a tool
or the preparation of precursors in the synthesis of new materials
nd metastable phases not obtainable by conventional techniques
1–3]. The formation of precursors in comparatively mild condi-
ions, or even, the ignition of self-sustained reactions close to room
emperature has been reported for metal–oxide systems [4,5]. The
eactions between inorganic oxides and active metals have been
sed for decades in the production of metal–ceramic composite
aterials [6–8]. Also, the use of metals instead of simple oxides as

tarting materials has proved to favor the reactivity in the formation
f complex oxides, such as spinels or perovskites [9,10].  During the

illing, plastic deformation of metal particles on the oxide parti-

les takes place, increasing the contact interface between both solid
eactants.

∗ Corresponding author. Tel.: +54 2234816600x238; fax: +54 2234810046.
E-mail address: pbotta@fi.mdp.edu.ar (P.M. Botta).

254-0584/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2012.01.125
In particular, the Fe–Ti–O system displays a very rich phase
diagram, which contains a variety of continuous solid solutions
including ulvöspinel-magnetite (Fe3−xTixO4), ilmenite-hematite
(Fe2−xTixO3) and pseudobrookite (Fe1+xTi2−xO5) [11–13].  Most of
these compounds show magnetic properties which are strongly
dependent on the composition and cation distribution in the
crystal structure [14]. Recently, we have published two  articles
reporting the mechanical activation of the Ti/Fe2O3 system in
a molar ratio of 0.5 [15,16]. In those mixtures, two solid solu-
tions of composition Fe3−xTixO4 were obtained: one with a Ti
content higher than 0.5 and the other one containing a Ti frac-
tion lower than 0.5. A small amount of metallic iron was  also
formed during the milling. Considering those results, the increase
of the Ti/Fe2O3 molar ratio could be advantageous to produce
solid solutions of composition Fe3−xTixO4 which are richer in
Ti. Besides, the increase of metal Ti could favor the reduction
of iron, leading to materials composed by a dispersion of metal
Fe in an oxide matrix. This kind of systems could exhibit high
magnetization and coercivity, making them potentially useful as
materials for information storage devices and permanent magnets
[17,18].
In this work, Ti/Fe2O3 solid mixtures with two  molar ratios (1
and 1.5) were mechanochemically treated with the aim of deter-
mining the effect of the Ti/Fe ratio on the reactivity of the system
and the magnetic properties of the obtained materials.

dx.doi.org/10.1016/j.matchemphys.2012.01.125
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:pbotta@fi.mdp.edu.ar
dx.doi.org/10.1016/j.matchemphys.2012.01.125
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. Experimental

.1. Samples preparation

The reactive mixture was prepared from metallic Ti (98 wt.%)
nd hematite (97 wt.%), both commercial reagents. The initial mix-
ures Ti:Fe2O3 – with molar ratio 1 and 1.5 – were activated in a
aboratory planetary ball-mill (Fritsch Pulverisette 7) with vials and
alls of hardened Cr-steel. The mixtures were prepared and acti-
ated under Ar atmosphere (PO2 < 1 Pa) during 1, 2 and 3 h. The
xperimental method assured there was no incorporation of oxy-
en from the outer atmosphere into the vials. The milling bowls
ere loaded with 5 g of powder and 7 balls of 15 mm diameter

ach, resulting in a ball-to-powder mass ratio of 20:1. The vials were
otated at 1500 rpm during measured time intervals. The activated
owders were then submitted to a thermal treatment at 700 ◦C
nder flowing Ar, using a heating rate of 10 ◦C min−1, and a soaking
ime of 30 min  at the final temperature. The series of activated sam-
les were labeled TiH1−x and TiH1.5−x  for Ti/Fe2O3 molar ratio 1
nd 1.5 respectively, being x the activation time in hours.

.2. Samples characterization

The microstructure of the activated samples was  examined by
canning electron microscopy (SEM) with a Philips 505 microscope.

The crystalline phases were characterized by XRD on a Philips
020 goniometer with a PW 3710 controller, using Fe-filtered CoK�
adiation and operating at 40 kV and 30 mA.  The scannings were
erformed between 10◦ and 80◦ in 2�. The instrumental width was
etermined measuring the (3 1 1) peak of a silicon pattern, giving

 value of 0.15◦ 2�. Mössbauer spectra were taken at room tem-
erature (RT) in a conventional constant acceleration spectrometer

n transmission geometry with a 57Co/Rh source. The absorber
hickness was chosen to be the optimum according to the Long
t al. criterion [19]. Least-squares fitting of the spectra was per-
ormed by using the Normos program [20]. Isomer shift (IS) values
re given relative to that of �-Fe at room temperature. Magnetic
easurements were performed at RT using a vibrating sample mag-

etometer Lakeshore 7300. The powders were shaped into disks
f 6 mm diameter by 1 mm height and uniaxially compacted at
.5 ton cm−2. Hysteresis loops were obtained varying the applied
eld between ±15 kOe.

. Results and discussion

XRD patterns of the TiH1 series and the one for TiH1-3-700 are
hown in Fig. 1a. The vanishing of the peaks corresponding to the
eactant components (Ti and hematite) is complete after 1 h of acti-
ation. At that moment, intense signals corresponding to metallic
ron (�-Fe) and ilmenite (FeTiO3) can be observed. This oxide has

 rhombohedral structure with lattice parameters slightly higher
han those of hematite. Since Ti is a stronger reducing agent than
e, the presence of ilmenite can be related to the partial reduction
nd replacement of Fe3+ in the hematite structure by Ti4+, during
he activation.

Fig. 1b shows XRD diagrams for samples TiH1.5. A decrease
f the diffracted intensities is observed as the activation time
ncreases. Similarly to samples TiH1, 1 h of mechanical treatment
roduced the complete consumption of both reactants. Diffrac-
ograms exhibit very intense peaks corresponding to metallic iron

main peak at 2� ∼52.6◦), but there is no evidence of ilmenite in the
olid. The absence of peaks belonging to phases with titanium sug-
ests that metallic Ti has been oxidized to a low-crystalline phase,
robably TiO2.
Fig. 1. (a) XRD patterns for the series of samples TiH1-x  and TiH1-3-700. (b) XRD
patterns for the series of samples TiH1.5-x and TiH1.5-3-700. Fe: metallic iron, H:
hematite, I: ilmenite, R: rutile, Ti: titanium.

In this way  we can propose mechanochemical reactions (1) and
(2) for the two series of samples TiH1 and TiH1.5, respectively:

Ti + Fe2O3 → Fe + FeTiO3 (1)

3Ti + 2Fe2O3 → 4Fe + 3TiO2 (2)

These equations indicate that in both cases a redox reaction
between Ti and Fe2O3 proceeded, but a different Ti/Fe ratio of the
starting mixtures led to unlike materials.

In both series of samples, for activation times longer than 1 h
there are no significant changes except for the decreasing intensity
and widening of the iron peaks. The crystallite size calculation per-
formed using Scherrer’s equation reveals values of around 20 and
10 nm for samples activated for 1 and 3 h, respectively.

Calcination at 700 ◦C produced the narrowing of the
diffracted peaks as a consequence of the growth of crys-
tallite size (for Fe crystals Scherrer’s equation gives around
50 nm), the healing of structural defects and a significant
increase of the crystalline order. Both mixtures TiH1-3-700 and
TiH1.5-3-700 show small peaks corresponding to hematite, prob-
ably formed by partial oxidation of metallic iron. The pattern of
sample TiH1.5-3-700 also shows peaks corresponding to ilmenite,
formed by reaction between Fe and TiO2 in an air atmosphere.

Another phase detected after the heat treatment is rutile (TiO2),
whose presence is explained by the crystallization of the poorly
crystalline or amorphous TiO2 formed during the reaction (Eq. (2)).
In fact, the examination of the TiH1.5-3 diffractogram shows broad
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Fig. 2. Scanning electron micrographs of un-milled (TiH1-0 

nd low-intensity peaks which could be assigned to this titanium
xide (rutile).

The effect of mechanical activation on the microstructure of

he powders can be observed in Fig. 2. SEM micrographs of the
nmilled samples reveal a small size of both Ti and hematite
articles, being smaller than 500 nm.  After 3 h of mechanical treat-
ent the microstructure of the system notably changes towards

ig. 3. Fitted RT Mössbauer spectra of TiH1-x (left column) and TiH1-x-700 (right column)
�-Fe2O3, T-M. (For interpretation of the references to color in this figure legend
H1.5-0) and milled samples for 3 h (TiH1-3) and (TiH1.5-3).

agglomerates of a few microns constituted by micrometric rounded
particles. This is a consequence of the formation of metallic Fe at
expenses of hematite and Ti (according to XRD results). A more

exhaustive observation of samples TiH1-3 and TiH1.5-3 suggests
that the particles which form the agglomerates are stuck by a more
plastic phase (probably Fe). This is more evident for TiH1.5-3, where
the metal content is higher than in TiH1-3. It is worth remarking

. • Experimental points, convolution of the subspectra, �-Fe, FeTiO3,
, the reader is referred to the web version of the article.)
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hat the average particle size is much larger than the mean crystal-
ite size determined by Scherrer’s equation (10 nm), indicating that
e particles are polycrystalline.

Fig. 3 shows the Mössbauer spectra at RT for samples TiH1
btained at different milling times (1, 2 and 3 h), with and without
eat treatment at 700 ◦C. It is important to keep in mind that Möss-
auer spectroscopy only detects Fe-bearing compounds (because

n this case a 57Co source was used). For the as-milled samples,
pectra were fitted to a sextet with a hyperfine magnetic field
round 33 T, typical of metallic Fe, and a quadrupole-split dou-
let. From Table 1, where the relative abundances of Fe-bearing
ompounds detected in each one of the samples is displayed, it
an be seen that �-Fe percentage is nearly constant at about 50%
or the different activation times. The other 50% is represented
y a wide quadrupole-split doublet with hyperfine parameters
haracteristic of ilmenite mechanically treated in a high energy
all-mill [21], whose quadrupole splitting value is almost three
imes greater than that from an ilmenite without mechanical pro-
ess. Then, it can be concluded that Ti reduces Fe ions in the
ematite lattice to Fe2+ and to metallic iron in equal amounts and
hat the crystalline hematite reduction is completed in only 1 h of
ctivation.

On the other hand, the heat-treated samples were fitted to a
yperfine field distribution with two sextets and three quadrupo-

ar doublets. In every case the hyperfine field distribution with
axima at 37 T, 43 T and 49 T was assigned to the presence of

itanomagnetite (T-M) [22]. Table 1 displays the median value of
he distributions. The sextets with hyperfine field values of 51 T and
3 T correspond to hematite and to metallic Fe respectively. One
f the three doublets, having the characteristic hyperfine parame-
ers of natural ilmenite, appears together with the other two  which
nly come out in ilmenite obtained by high-energy ball milling
23]. This effect could be due to the distorted structure and the
mall crystalline grains induced by the mechanical process. In these

eat-treated samples, metallic Fe is in a lower proportion than that
resent in the as-milled samples, remaining the ilmenite amount
bout one half of the total iron-bearing compounds. In addition,
e–Ti mixed-oxides were formed.

able 1
yperfine parameters and relative abundances of Fe-bearing compounds obtained by Mö

S:  isomer shift, QS: quadupole splitting, 2�: quadrupole shift, Bhf: hyperfine magnetic fie

Sample IS (mm  s−1) QS (mm  s−1) 2� (mm

TiH1-1
0.00 – 0.00 

1.01  1.76 – 

TiH1-2
0.00  – 0.00 

1.00  1.84 – 

TiH1-3

0.00  – 0.00 

1.01  1.86 – 

0.38  – −0.26 

0.00  – 0.00 

TiH1-1-700

1.08  0.68 – 

0.84  1.53 – 

0.72  0.30 – 

0.32  – 0.00 

0.42  – −0.31 

0.00  – 0.00 

TiH1-2-700

1.08  0.68 – 

0.88  1.56 – 

0.69  0.33 –
0.31 – 0.00 

0.42  – −0.28 

0.00  – 0.00 

TiH1-3-700

1.08  0.68 – 

0.88  1.58 – 

0.68  0.34 – 

0.31  – 0.00 
 and Physics 133 (2012) 971– 976

Fig. 4 displays the Mössbauer spectra of the series of samples
TiH1.5 acquired at RT, while Table 2 shows the corresponding
hyperfine parameters and the relative abundances of each Fe-
bearing compound present in the samples. Spectra corresponding
to TiH1.5-2 and TiH1.5-3 were computer-fitted using one sextet
and a quadrupole-split doublet, while the spectrum correspond-
ing to TiH1.5-1 was better fitted adding also an extra quadrupole
doublet. The sextet with hyperfine magnetic splitting around 33 T
observed in all the samples denotes the presence of metallic iron.
From Table 2 it follows that its relative abundance grows with
increasing activation time and it is always the predominant phase.
After 3 h of activation, the Mössbauer spectrum shows metallic Fe
as being practically the only phase present in the system (95% of
relative abundance). The spectrum also reveals a small contribu-
tion of FeTi2O5 as the only Ti-bearing phase detected. This fact
agrees with XRD results (Fig. 2), which indicate that most of the Ti
appears as poorly crystalline TiO2. Taking these results into account,
it can be concluded that the displacement reaction (2) is almost
complete after 3 h of mechanochemical activation. Both doublets
included in the fitting procedure were assigned to a solid solution
with general formula Fe1+yTi2−yO5 (0 ≤ y ≤ 1). The end compounds
are known as ferropseudobrookite (FeTi2O5) and pseudobrookite
(Fe2TiO5), being the former a ferrous compound and the latter a fer-
ric one. For intermediate compositions both phases coexist [11]. In
our case, this coexistence is evident in TiH-1.5-1, whose spectrum
was fitted with a quadrupolar doublet associated to a ferrous (Fe2+)
ion and another one related to a ferric (Fe3+) ion. For TiH1.5-2 and
TiH1.5-3 instead, the only solid solution detected is FeTi2O5. From
Table 2 it follows that the relative abundance of this minor phase
decreases to almost disappearance at 3 h of activation time. For
TiH1.5-1-700 two sextets and two  doublets were used in the fitting
routine. The sextet with hyperfine field around 51 T corresponds
to �-Fe2O3 whereas the other sextet corresponds to �-Fe, which
remains as the major phase just as in the samples without heat-

treatment (Table 2). The parameters of the quadrupole doublets are
compatible with divalent and trivalent iron sites. The first doublet
(corresponding to Fe2+) has the hyperfine parameters characteristic
of ilmenite (FeTiO3) while the second one (corresponding to Fe3+)

ssbauer spectroscopy analysis for samples TiH1. *: median value of the distribution.
ld, Rel. Ab.: relative abundance, T-M: titanomagnetite.

 s−1) Bhf (Tesla) Assignment Rel. Ab. (%)

33.05 �-Fe 48
– FeTiO3 52

33.05 �-Fe 48
– FeTiO3 52

32.98 �-Fe 50
– FeTiO3 50

51.85 �-Fe2O3 8
32.85 �-Fe 35

–
FeTiO3 47–

–
47.61* T-M 10
51.43 �-Fe2O3 6
32.85 �-Fe 24

–
FeTiO3 57–

–
48.88* T-M 13
51.60 �-Fe2O3 5
32.85 �-Fe 29

–
FeTiO3 55–

–
49.10* T-M 11
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ig. 4. Fitted RT Mössbauer spectra of TiH1.5-x (left column) and TiH1.5-x-700 (rig
eTiO3, �-Fe2O3, FeTi2O5, Fe2TiO5, Ti(Fe)O2/Fe2TiO5. (For inter
ersion of the article.)

ould be associated to the presence of a pseudorutile-type phase, as
eported in [24] for a high-energy ball-milled natural ilmenite. Nev-
rtheless, taking into account the obtained hyperfine parameters, a
ixture of Fe in rutile and in pseudobrookite (Ti(Fe)O2/Fe2TiO5) –

ifficult to resolve due to their very low proportions in the sample
 appears as more probable, as it was also observed in mechanical
lloyed Fe-doped TiO2 [25].
Fig. 5 shows the magnetic hysteresis loops of samples TiH1 and
iH1.5 activated for 1 and 3 h. Clearly, TiH1 series has saturation
agnetization (Ms) values lower than those for TiH1.5 series. The

xplanation for this is the difference in the iron content. According

able 2
yperfine parameters and relative abundances of Fe-bearing phases for the samples TiH
agnetic field, Rel. Ab.: relative abundance.

Sample IS (mm  s−1) QS (mm s−1) 2� (mm  s

TiH1.5-1 0.01 – 0.00 

0.31  0.81 – 

0.99  2.16 – 

TiH1.5-2 0.00  – 0.00 

1.01  2.10 – 

TiH1.5-3 0.00  – 0.00 

1.01  2.23 – 

0.37  – −0.22 

TiH1.5-1-700 0.00  – 0.00 

1.08  0.72 – 

0.42  0.87 – 

0.40  – −0.28 

TiH1.5-2-700 0.00  – 0.00 

1.10  0.69 – 

0.42  0.90 – 

0.39  – −0.24 

TiH1.5-3-700 0.00  – 0.00 

1.09  0.71 – 

0.51  0.93 – 
lumn). • Experimental points, convolution of the subspectra, �-Fe,
ion of the references to color in this figure legend, the reader is referred to the web

to Mössbauer spectroscopy, the relative abundance of �-Fe in sam-
ples TiH1-1 and TiH1-3 is about 50%, whereas for samples TiH1.5-1
and TiH1.5-3 this is 80 and 95%, respectively (Tables 1 and 2). For
the series TiH1.5, very large Ms values (higher than 100 emu  g−1)
can be noticed.

Considering that reactions (1) and (2) occur completely after 3 h
of milling, it is then possible to calculate the weight percentage

of each component in the whole mixtures. For sample TiH1 this
calculation gives 27% Fe and 73% FeTiO3, and for sample TiH1.5 the
composition is 48% Fe and 52% TiO2. Assuming that iron is the phase
which mainly contributes to the total magnetic moment (FeTiO3

1.5. IS: isomer shift, QS: quadupole splitting, 2�: quadrupole shift, Bhf: hyperfine

−1) Bhf (Tesla) Assignment Rel. Ab. (%)

33.0 �-Fe 80
– Fe2TiO5 8
– FeTi2O5 12

33.04 �-Fe 88
– FeTi2O5 12

33.04 �-Fe 95
– FeTi2O5 5

51.42 �-Fe2O3 16

33.05 �-Fe 70
– FeTiO3 11
– Ti(Fe)O2/Fe2TiO5 3

51.89 �-Fe2O3 12

33.05 �-Fe 76
– FeTiO3 9
– Ti(Fe)O2/Fe2TiO5 2

51.74 �-Fe2O3 9

33.13 �-Fe 69
– FeTiO3 18
– Ti(Fe)O2/Fe2TiO5 4
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ig. 5. M vs H curves for the series of activated samples TiH1 and TiH1.5. The inset
isplays an enlargement of the low-field zone showing differences in coercivities.

s paramagnetic and TiO2 diamagnetic), and taking the Ms of bulk
-Fe as 220 emu  g−1 at 293 K [26] it can be concluded that the com-
ositions of samples TiH1-3 and TiH1.5-3 nicely agree with the
toichiometric calculations. For both series of samples, coercivity
easurements show a significant increment between the first and

hird hour of activation. This increase could be due to the large
mount of defects generated by the activation in the early stages
hich hinder the mobility of magnetic domain walls, originating a
igher coercive field.

When the activated samples were heated at 700 ◦C, a marked
ecrease in Ms was observed (Fig. 6). This fact is explained by
he partial oxidation of metallic iron and the formation of oxides
ith lower magnetization. According to Mössbauer spectra, in

oth systems some hematite is formed as a consequence of atmo-
pheric oxidation of �-Fe. On the other hand, metallic iron is
xidized to Fe2+, giving rise to mixed oxides such as ilmenite
TiH1 and TiH1.5) and titanomagnetite (TiH1). These phases are
ormed together with a mixture of Ti(Fe)O2 and Fe2TiO5 (in a much
ower proportion), as Table 2 shows. The very weak ferromagnetic

esponse of these oxides leads to a magnetization decrease with
espect to the as-milled samples. Coercivities of the calcined sam-
les are significantly lower than those measured for the as-milled

ig. 6. M vs H curves for samples TiH1-x-700 and TiH1.5-x-700. The inset displays
n  enlargement of the low-field zone showing differences in coercivities.
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powders. Thermal treatments produce elimination of defects and
grain boundaries, lowering the magnitude of the coercive field.

4. Conclusions

Mechanochemical activation of Ti/Fe2O3 mixtures in molar ratio
1 and 1.5 induces rapid redox solid-state reactions at room tem-
perature. For the system with the lowest Ti/Fe ratio the complete
reduction of hematite occurs in only 1 h of mechanical treatment.
The so obtained material is composed of 27% �-Fe and 73% FeTiO3,
showing a saturation magnetization of 60 emu g−1 and a coercivity
between 180 and 470 Oe, depending on the milling time. On the
other hand, the mixture with molar ratio 1.5 reacts more grad-
ually, yielding a composite powder of �-Fe particles dispersed
in a low-crystallinity TiO2 matrix, after 3 h of milling. Mössbauer
spectroscopy analysis also reveals the formation of phases with
intermediate oxidation states (Fe2TiO5 and FeTi2O5) whose con-
centration is reduced by extending the milling time. This powder
exhibits a high saturation magnetization (120 emu g−1) and a rela-
tively high coercivity (300 Oe).

For both systems, the heat treatment in Ar atmosphere at 700 ◦C
increases the crystallinity of the activated solids and favors the oxi-
dation of the metallic Fe and its reaction with TiO2 to form small
quantities of Fe2-xTixO4, Fe2O3 and/or FeTiO3. This fact produces a
marked decrease of the magnetization and coercivity of the mate-
rials.
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