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Dynamic segregation phenomena during oxidation of titanium ferrites
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The cationic composition of three types of titanium ferrite Fe, sTi, ;0,4 has been analyzed by XPS during their
oxidation in order to reveal dynamic segregation phenomena. These samples included two pulverised materials
obtained by high energy ball milling followed by a thermal treatment under a well controlled reducing atmosphere
(I) and by a ceramic process followed by grinding (II'), as well as a compact material obtained by a ceramic process
(III). In each case, under pure oxygen and under a linear increase of the temperature, the material was subject to
oxidation in the cation deficient phase i.e. without phase transformation below 350 °C. During this reaction, an
important modification of the chemical composition of the near surface layers has been revealed: the titanium ferrite
surface becomes richer in iron and poorer in titanium. For pulverised compounds, if the heating is extended above
400 °C, the oxidation in a cation deficient phase can proceed and some titanium can move back to the surface. Then,
from this temperature, the amount of titanium detected by XPS increases. For samples obtained by high energy ball
milling, this phenomenon can lead to a homogeneous compound. This is not so for the samples obtained by the
ceramic process. For these, a phase transformation of the compound appears which generates a-Fe,Oj; at the surface

of the material. The segregation phenomenon has been interpreted on the basis of the different mobilities of the
species Fe?*, Fe**, Ti** and cation vacancies present in the material.

1 Introduction

Mixed solid oxides are materials in which segregation
phenomena can be observed. In these compounds, two import-
ant types of segregation can be distinguished.!

The first type involves chemical segregation of elements
because of thermodynamic considerations.>™* Such a segre-
gation which occurs at free surfaces, grain boundaries and
macrodefects is due to a decrease in free energy: the segregation
which occurs at equilibrium depends on the differences in
binding energies of crystal atoms at the surface and in the
bulk due to the local environment. In this case, the segregation
ranges over some atomic layers in depth® and the mobility of
the elements in the segregation region determines the kinetics
of segregation.®8

The second important kind of segregation results from
kinetic factors and is denoted ‘dynamic segregation’. This kind
of phenomenon can be the result of a change in the thermo-
dynamic conditions at the material surface (temperature, gas
composition, efc.).”™1° This change induces a new equilibrium
state for the material. This new equilibrium state can generate
a new composition of the material at the surface first. In this
case, a concentration gradient develops between the surface
and the bulk and, in order to set up this new equilibrium state
(i.e. a new composition) in the whole sample, some elements
attempt to diffuse. Under these conditions, if, for example,
one of the elements which has to migrate from the bulk to the
surface cannot diffuse, segregation is observed. This effect can
have technological implications.!”

This study has been carried out in order to clearly reveal
this kind of phenomenon. With this aim, a well known
compound with a specific crystallographic structure has been
chosen: the titanium ferrite Fe, sTi, sO, which contains differ-
ent cations (Fe?*, Fe**, Ti*") located in two different crystal-
lographic sites: tetrahedral (or A) sites and octahedral (or B)
sites. At low temperature (<800°C) and under oxygen
(Po,>1Pa) this compound, as with most ferrites, is not in
thermodynamic equilibrium. Indeed, all the iron cations have
to be of valence +3 for this to be so and the structure is
metastable. Under these conditions, the material is susceptible

to oxidation. Then, two kinds of oxidation can be observed:
with or without phase transformation. For small crystal sizes
(diameter lower than 1 um) and at low temperatures (generally
lower than 450°C) the ferrites can oxidize without phase
transformation, i.e. as a cation deficient phase.'® The kinetics
of such a reaction are governed by the chemical diffusion of
the oxidizable cations.!®?° In this case, because of possible
differences in cation mobilities, segregation can be generated.

The aim of this work was to follow the concentration of
each element on the surface of three different samples during
their oxidation of the cation deficient phase. The evolution of
the cation contents during the reactions allowed an investi-
gation of the segregation phenomenon with respect to the
different cation mobilities.

2 Experimental

Three types of titanium ferrites, samples I-III, have been
prepared.

The first synthesis route is mechanical activation which
consists of milling starting precursors and then annealing
ground powders at low temperature to avoid grain growth.?!

The starting powders are anatase titanium dioxide (Degussa)
and iron(mr) oxide (TCR). Continuous grinding was per-
formed in a planetary ball mill (Fritsch Pulverisette 7) with a
powder to ball weight ratio R=1/20. The grinding tools were
made of steel (Fe-13%Cr), the volume of the vial was ca.
45cm?® and seven balls of diameter 13 mm were used. The
powders, in stoichiometric proportions, and balls were intro-
duced in the vial under air atmosphere and they were milled
for 8 h. The mechanical activation was followed by a reducing
treatment at 500°C for 3h under an O, pressure of
1.4 x 107 2* Pa obtained from suitable N,—H,-H,O gas mix-
tures and air-cooled.?? The crystallite size of as-obtained
powders was ca. 45+5nm and the samples were well
crystallized.

The second type of sample was synthesized by means of a
ceramic process. In this method the synthesis consists of a
solid—solid reaction between various oxide powders (a-Fe,O;,
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TiO,) and metallic iron previously homogenized in appropriate
molar ratios according to eqn. (1).

Fe,0,+0.5 TiO, +0.5 Fe — Fe, s Ti, s0, (1)

The reactant oxide mixture was introduced into a silica
ampoule which was degassed and sealed under vacuum
(1073 Pa). The sealed ampoule was placed into a programm-
able furnace at 1170 °C for 4 h then quenched in water to
room temperature. The grain sizes were in the range 540 um.
In order to enhance the reactivity, the samples were subjected
to dry grinding in an agate mortar for 10 min. The grain size
decreased to 200nm, and the size of the particles was
homogeneous.

The third type of sample was obtained by a very similar
route to the second but the same reactant oxide mixture was
first pressed under 15 MPa in order to obtain compact slices
of diameter 13 mm. These slices were then introduced in a
silica ampoule and subjected to the same treatment. The result
was very dense (99%) sintered Ti-ferrite slices.

The different global oxidation ratios were controlled by
thermal gravimetry. The samples (20 mg for the powders and
ca. 100 mg for the slices) were oxidized in a Setaram TGA 24
microbalance under different oxygen pressures with a linear
increasing temperature rate (e.g. 2°C min~!) or in isothermal
conditions. The reaction was stopped at different temperatures
by quenching the samples in order to perform X-ray diffraction
or XPS analysis of the compounds at different stages of the
oxidation reaction.

The X-ray photoelectron spectroscopy experiments were
performed using a Riber MAC2 instrument equipped with an
Al anode which was operated at an acceleration voltage of
12 kV with an emission current of 25 mA (300 W). Emerging
photoelectrons were analysed with the detector normal to the
surface. Spectra were recorded around the 2p peaks for Fe
and Ti with a total resolution of ca. 1.2 eV. After smoothing,
the backgrounds were removed by a Shirley routine® as
illustrated in Fig. 1. Then, the total area of the 2p,,, 2ps;
and satellite peaks for both Fe and Ti [4(Fe) and 4(Ti)] were
measured. This allowed the calculation of the Ti:Fe atomic
ratio according to eqn. (2)

Ti ky A(Ti)
—=—x
Fe kg, A(Fe)

where kv; and kg, are Ti and Fe sensitivity factors respectively.
Sensitivity factors were obtained from ionization cross sections
multiplied by 1/(E,;,)"* where E,;, is the photoelectron kinetic
energy.”* The attenuation of the photoelectron [oc (Ey;,)'?]
and the spectrometer transfer functions (oc 1/Ey;,) were then
taken into account.

X-Ray diffraction analyses were performed with an INEL

(2)
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Fig. 1 Principles for XPS quantitative analysis: example of spectra
[Fe (a) and Ti (b)] for Fe, sTi; 04 I obtained by high energy ball
milling and oxidized under pure oxygen up to 590°C. The dashed
zones correspond to the 2p;, and 2p;, peaks and satellites after
background removal using the Shirley procedure and represent the
areas used for quantification.
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CPS 120 diffractometer which uses the Ko radiation of a Co
anticathode.

3 Results and discussion

The X-ray data obtained for the three types of ferrite show
that for each preparation the compounds were pure and had
the spinel structure.

In a first approach, the evolution of the cationic surface
composition induced by oxidation was studied for the three
Fe, sTiy sO, samples for a reaction carried out up to 650 °C
under pure oxygen (Po,=100 hPa) with a linear increase of
temperature (2°C min~!). This reaction was followed by
thermal gravimetry and X-ray diffraction after different oxi-
dation times (i.e. temperature). It has been shown that the
sample (I) obtained by the high energy ball milling process is
oxidized in two steps:° the iron (1) ions located in octahedral
sites are oxidized between 60 and 220 °C and the iron(1r) ions
located in tetrahedral sites are oxidized between 200 and
420°C (Fig. 2). If the oxidation is carried out in a cation
deficient phase below 650°C, no phase transformation is
detected. These results are consistent with those established
by Gillot et al*>*° by thermal gravimetry and conductivity
analyses on nanometric samples synthesised by soft chemistry.

For the pulverised sample (II) obtained by the ceramic
process followed by grinding, the iron(m) ions located in
octahedral sites oxidize between 100 and 275°C and the
iron(1) ions located in tetrahedral sites between 240 and
600 °C (Fig. 2). The beginning of the reaction is on the cation
deficient phase but from 450 °C a phase transformation to o-
Fe,0; is detected by X-ray diffraction.?” In the case of the
sintered slices (III), the oxidation is detectable only from
400 °C with a phase transformation leading to a-Fe,O5. Below
this temperature, X-ray data show that the compound con-
serves its spinel structure, that is to say no structural transform-
ation is observed by X-ray analysis. The oxidation
temperatures observed from ground and sintered samples are
in accordance with the oxidation temperatures observed by
Readman and O’Really?® from differential thermal gravi-
metric analyses.

For each type of sample, the Ti/Fe atomic ratio has been
determined at different stages of the oxidation reaction with
the aid of XPS (Fig. 3). Up to 350 °C the surfaces of all the
samples are richer in iron and poorer in titanium. At 350 °C
titanium is absent from the surface of material I obtained
from high energy ball milling. Moreover, if the reaction is
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Fig. 2 Quantification of the oxidation of three Fe, sTi, O, samples
(Po,=100 hPa; linear temperature increase rate=2°C min~'); An, is
the amount of electrons exchanged between Fe?* and oxygen for one
formula unit; A: oxidation of Fe?* ions located in octahedral sites,
B: oxidation of Fe?* ions located in tetrahedral sites, C: phase
transformation to a-Fe,0;.
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Fig. 3 Evolution of the titanium/iron ratio determined by XPS analysis
on the surface of three Fe, sTi; 0,4 samples during their oxidation
(Po,=100 hPa; linear temperature increase rate=2°C min~").

(b)

extended above 400 °C, some titanium returns to the surface,
in particular for the pulverised samples. However, for the two
types of samples II and III obtained by the ceramic process,
the segregation phenomenon leads to a phase transformation:
heating at temperatures above 500 °C leads to a-Fe,O; forma-
tion as detected by X-ray diffraction, and only iron cations
can be detected by XPS (Fig. 3).

These observations can be interpreted from kinetic
considerations. Under oxygen pressure the oxidation process
begins by dissociative oxygen adsorption on the surface of the
particles. This induces an electronic exchange between the
surface Fe?" ions and the oxygen atoms [Fig. 4(a)]. These two
rapid steps generate Fe’" ions and cation vacancies on the
surface of the material and thus composition gradients between
the surface and the bulk [Fig. 4(b)]. These gradients do not
generate any crystallographic transformation but induce the
diffusion of the different cations: Fe** ions and cation vacanc-
ies have to diffuse from the surface to the bulk and Fe?* ions
and Ti** have to diffuse from the bulk to the surface. These
diffusion steps govern the oxidation process. Nevertheless,

initial surface

oxidized cation

cation vacancies
(new structural units)

phase transformation

Fig. 4 Scheme of the pulverised Fe, sTi, 0, oxidation mechanism during a linear temperature increase: (a) the initial non-oxidized metastable
ferrite, (b) the oxidized compound at room temperature, (c) below 350°C, (d) at ca. 400°C, (e) at ca. 450°C and (e') above 500 °C for the

ground ceramic processed sample II.
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because Ti** is a high valence ion, it is strongly bound to the
oxygen anions and consequently its mobility is lower than that
of iron ions. Under these conditions, at the begining of the
reaction, Ti** cations cannot diffuse to the surface.

The segregation phenomenon is a function of the degree of
the oxidation reaction. Since the reaction already occurs at
room temperature, even at 25 °C no sample has a titanium/iron
ratio on the surface equal to 0.2, the theoretical value for a
homogeneous material (Fig.3). Moreover, the low ‘initial’
titanium/iron ratio recorded for the pulverised sample II
synthesized by the ceramic process can be explained by the
effect of the grinding which induces a significant preoxidation
of the material.?*

The three different samples have different macroscopic
oxidation reaction rates (Fig. 2). Nevertheless, the amount of
adsorbed oxygen atoms on the material surface per unit area
is the same for each material. Indeed, the reaction rate
differences result principally from differences in specific surface
and particle sizes. Under these conditions, if the number of
new structural units generated per unit area is the same for
all samples, the segregation phenomenon has to be the same
for all three ferrites. However, the segregation rates are very
different (Fig. 3): the phenomenon is fastest for the smallest
sized particles. This can be explained by the strong stresses
which are present in small sized ferrite grains.?® Such stresses
speed up the beginning of oxidation in a cation deficient phase
while for large particles, the stresses are lower, the oxidation
reaction is slower and consequently the segregation
phenomenon is slowed down.

In order to further the understanding of the segregation
phenomenon other experiments have been performed: a sample
pre-oxidized at 350 °C was submitted to long annealing under
nitrogen pressure (in order not to change the global oxidation
state) either at 350 °C or at 400 °C. The results are presented
in Fig. 5 for the ground ceramic processed sample II. For the
350 °C annealing no change of the XPS Ti/Fe ratio could be
observed: below 350 °C Ti** cations cannot diffuse [Fig. 4(c)]
and thus no titanium ions can migrate to the surface. However,
upon annealing at 400 °C, an increase of the XPS Ti/Fe ratio
is observed: above 400 °C, the titanium mobility is now signifi-
cant and Ti can migrate to the surface [Fig. 4(d) and (e)]. It
should be noted that this appearance of titanium ions at the
surface is observed for the ground ceramic and soft chemistry
processed samples as evidenced in Fig. 6. In the particular
case of the sample I obtained by high energy ball milling, 10 h
annealing at 600 °C of a totally oxidized compound leads to a
homogeneous material. However for the sintered slices I11, the
return of the titanium to the surface cannot be observed
because of the transformation of the compound below 400 °C.

The above results can allow an estimate of a rough value
for the iron—titanium interdiffusion coefficient. From such an
estimate, we can conclude that titanium cannot diffuse below
400 °C. Then, in the case of the samples obtained by high
energy ball milling, below 400 °C we can anticipate the forma-
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Fig. 5 Evolution of the titanium/iron ratio on the surface of the
material during isothermal treatment at two temperatures under N,
for pulverised Fe, sTi, sO, sample II obtained by the ceramic process
(oxidation at 350 °C under O,) followed by grinding.
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Fig. 6 Evolution of the titanium/iron ratio on the surface of the
material during an isothermal treatment at 400 °C under N, for two
pulverised Fe, sTi; O, samples I and II which have been previously
oxidized at 350 °C under O,.

tion of a hypothetical pure iron oxide layer on the sample
surface. The depth of this layer can be easily estimated with
the help of the formalism of oxidation reactions in a cation
deficient spinel as previously suggested.>® Oxidation of
Fe, sTiy sO, can be written in terms of eqn. (3)

(Fey 5> " Feos® " Tigs* ") 0,2 +0.375 Oy —
1.19 (l:‘f32.113+Tio.4244r |:]0.47)0427 (3)

where [ represents a cation vacancy.

This depiction of the reaction is not realistic since the
oxidation does not lead to a homogeneous compound.
However, it allows an estimate of 19% for the increase in the
crystal volume. This volume increase corresponds to a radius
increase of ca. 6%, i.e. for the high energy ball milling sample,
about 3 nm. As 10 h annealing at 600 °C of a totally oxidized
and inhomogeneous compound leads to a homogeneous mate-
rial, we can estimate that the time for 3 nm interdiffusion is
ca. 10 h. This result can be compared with those obtained by
Freer and Hauptman®! at high temperatures and low titanium
content: viz. 216 days for 2 pm interdiffusion, ie. 7.8 h for
3 nm interdiffusion!

For samples I and II obtained by the ceramic process, a
phase transformation reaction is detected after the total oxi-
dation of the material: above 500 °C the ao-Fe,O; phase is
evidenced by X-ray diffraction. Moreover, in this case, only
iron cations can be detected by XPS (Fig. 3) and the a-Fe,0,
phase screens the ferrite surface [Fig. 4(e’)]. This is a conse-
quence of the segregation phenomenon. Indeed, the transform-
ation temperature of a metastable ferrite to a stable o phase
is a function of the cations which are present in the spinel
structure.!® For example, Ti** ions stabilize the spinel struc-
ture®? and the transformation temperature of an oxidized Ti-
ferrite is higher than the transformation temperature of the
maghemite y-Fe,O; (i.e. oxidized Fe;O,). Now, because of
segregation during the oxidation, the composition of the
external part of the ferrite is close to y-Fe,O;. Under these
conditions, the y—o reaction begins on the surface where
there is a low amount of Ti**. As Ti** cannot be incorporated
in o-Fe,0;, the transformation reaction generates pure o-
Fe,0; on the surface of the material which screens the ferrite.
Thus, titanium ions cannot be detected by XPS.

The y—a reaction is a function of the ferrite particle size.>?
This could explain why the small grain samples obtained by
high energy ball milling undergo transformation. The com-
pounds synthesized by the ceramic process contain defects
resulting from the quenching and the grinding. Under such
conditions the metastability of the spinel structure is lower
and a transformation is observed prior to total oxidation of
the material.

5 Conclusion

This study has revealed important dynamic segregation
phenomena during the oxidation of titanium ferrites. This



segregation results from the oxidation mechanism and is a
consequence of the differences in mobilities between the cat-
ions. Taking into account these phenomena is very important
in understanding the whole process which occurs during an
oxidation reaction in cation deficient phases.

It should be noted that the dynamic segregation processes
lead to a material with composition gradients which can have
a high thermal metastability. This gradient can induce high
stresses in the bulk?® and then can induce particular properties
in the material. For example, in the case of cobalt ferrites,
high stresses induce a high coercivity.>* Correct understanding
of the phenomenon allows selection of appropriate treatments
(oxidation and annealings at selected temperatures, substi-
tution of elements by more or less mobile ones, efc.) leading
to a material having a specific composition gradient inducing
the desired properties.
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