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a b s t r a c t

Chemical potential phase stability diagrams were calculated from relevant thermodynamic properties

and used to predict the thermodynamic driving force under prospective conditions of room tempera-

ture mechanosynthesis. One analysed the dependence of chemical potential diagrams on temperature

and partial pressure of evolving gases such as oxygen or carbon dioxide, as expected on using strontium

peroxide or strontium carbonate as precursor reactants for the alkali earth component. Thermodynamic

calculations were also obtained for changes in titania precursor reactants, including thermodynamic

predictions for reactivity of strontium carbonate with amorphous titania. Experimental evidence

showed that strontium titanate can be obtained by mechanosynthesis of strontium carbonateþanatase

mixtures, due to previous amorphization under high energy milling. Ability to perform mechanosynth-

esis with less energetic milling depends on the suitable choice of alternative precursor reactants, which

meet the thermodynamic requirements without previous amorphization; this was demonstrated by

mechanosynthesis from anataseþstrontium peroxide mixtures.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Repeated calcinations and re-grindings are often used to
improve the quality of powders obtained by solid state reaction.
Normally, this only yields milling to finer grain sizes, with
additional improvement in overall homogeneity, without contri-
bution to the formation of the intended resultant phase. However,
high energy milling may also offer effective room temperature
mechanosynthesis or mechanical alloying. Alkali earth precursor
oxides are commonly obtained by previous thermal decomposi-
tion [1–4], and usually combined with anatase [1,5] to obtain
corresponding titanates. Although one may find reports of
mechanosynthesis of alkali earth titanates from mixtures of
titania and hydroxides, there is convincing experimental evidence
that TiO2þalkali earth oxide mixtures yield faster elimination of
reactants and conversion to alkali earth titanates [3,6]. Direct
room temperature mechanosynthesis was reported also for cases
when the alkali earth precursor was barium peroxide BaO2 [7].
Note that barium oxide reacts readily with atmospheric gases,
causing the onset of barium carbonate or barium hydroxide [8].
Lead titanate or related perovskites also form readily by mechan-
osynthesis of PbOþTiO2 powder mixtures [9,10], without risks
ll rights reserved.
of unwanted reactions of lead oxide with atmospheric humidity
or CO2.

As prepared alkali earth titanate powders obtained by
mechanosynthesis often show poor crystallinity [5], even after
several hours of milling, and XRD analyses show the co-existence
of reactants with the reaction product. Nonetheless, incompletely
reacted powders show ready conversion to crystalline titanates
on heating to relatively low temperature, i.e., milling combines
the onset of room temperature mechanosynthesis with efficient
mechanical activation, which enhances faster conversion on
heating [11].

Some attempts to use high energy milling to obtain titanates
from corresponding TiO2þACO3 powder mixtures (A¼Mg, Ca, Sr,
Ba) are expected to act mainly as mechanical activation processes
rather than true room temperature mechanosynthesis [12–18].
However, other authors have ascribed peaks in X-Ray diffractro-
grams of mechanically activated TiO2þCaCO3 mixtures to the
onset of calcium titanate [6,19]; this seems rather surprising if
one considers the stability of alkali earth carbonates at room
temperature, and justifies a detailed examination of thermody-
namic restrictions on mechanosynthesis.

Strontium titanate is certainly one of the most interesting
study cases due to its wide range of demonstrated or prospective
applications. Strong microstructural effects on properties also
justify attempts to use different processing routes, including
mechanosynthesis [2] or mechanical activation [11], usually
after previous thermal decomposition of strontium carbonate.

www.elsevier.com/locate/jssc
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Mechanosynthesis has also been reported for other members of
the Srnþ1TinO3nþ1 series [7,20,21], using titania and strontium
oxide precursors. In contrast, Sr(OH)2 �8H2O was ill suited for
direct mechanosynthesis [20], even when this alkali earth hydro-
xide was combined with more reactive titania precursors (e.g.
tetrabutyl titanate [11]).
Table 1
Two-phase equilibria in the SrO–TiO2–CO2 system.

2-phase equilibria Reaction

TiO2ðsÞ=SrTiO3ðsÞ SrOþTiO2ðsÞ2SrTiO3ðsÞ

lnðaSrO=aTiO2
Þ ¼DG1=ðRTÞ; ðwith aTiO2

¼ 1Þ

SrOðsÞ=SrCO3ðsÞ SrOðsÞþCO2ðgÞ2SrCO3ðsÞ

lnðpCO2Þ ¼DG2=ðRTÞ

SrTiO3ðsÞ=Sr4Ti3O10ðsÞ SrOþ7SrTiO3ðsÞ22Sr4Ti3O10ðsÞþTiO2

lnðaSrO=aTiO2
Þ ¼DG3=ðRTÞ

SrTiO3ðsÞ=SrCO3ðsÞ SrOþSrTiO3ðsÞþ2CO2ðgÞ2TiO2þ2SrCO3ðsÞ

lnðaSrO=aTiO2
Þ ¼ �2lnðpCO2ÞþDG4=ðRTÞ

Sr4Ti3O10ðsÞ=SrCO3ðsÞ SrOþ1=3Sr4Ti3O10ðsÞþ7=3CO2ðgÞ2TiO2þ7=3SrCO3ðsÞ

lnðaSrO=aTiO2
Þ ¼ �7=3lnðpCO2ÞþDG5=ðRTÞ

Sr3Ti2O7ðsÞ=SrCO3ðsÞ SrOþ0:5Sr3Ti2O7ðsÞþ2:5CO2ðgÞ2TiO2þ2:5SrCO3ðsÞ

lnðaSrO=aTiO2
Þ ¼ �2:5lnðpCO2ÞþDG6=ðRTÞ

Sr2TiO7ðsÞ=SrCO3ðsÞ SrOþSr2TiO4ðsÞþ3CO2ðgÞ2TiO2þ3SrCO3ðsÞ

lnðaSrO=aTiO2
Þ ¼ �3lnðpCO2ÞþDG7=ðRTÞ

TiO2ðsÞ=SrCO3ðsÞ SrOþCO2ðgÞ2SrCO3ðsÞ

lnðaSrO=aTiO2
Þ ¼ �lnðpCO2ÞþDG8=ðRTÞ; ðwith aTiO2

¼ 1Þ

Sr2TiO4ðsÞ=SrOðsÞ Sr2TiO4ðsÞ2TiO2þ2SrOðsÞ

lnðaSrO=aTiO2
Þ ¼DG9=ðRTÞ; ðwith aSrO ¼ 1Þ

Sr3Ti2O7ðsÞ=Sr2TiO4ðsÞ SrOþ3Sr3Ti2O7ðsÞ2TiO2þ5Sr2TiO4ðsÞ

lnðaSrO=aTiO2
Þ ¼DG10=ðRTÞ

Sr4Ti3O10ðsÞ=Sr3Ti2O7ðsÞ SrOþ5Sr4Ti3O10ðsÞ2TiO2þ7Sr3Ti2O7ðsÞ

lnðaSrO=aTiO2
Þ ¼DG11=ðRTÞ
2. Elaboration of chemical potential diagrams

Evidence of room temperature mechanosynthesis from titania
and strontium oxide [2] powders may suggest a relatively simple
overall reaction

SrOþTiO2-SrTiO3 ð1Þ

However, this is an oversimplification when one takes into
account that several other members of the Ruddlesden–Popper
(RP) series Srnþ1TinO3nþ1 may also be formed [20]. The ternary
system TiO2–SrO–CO2 system may also be considered to obtain
wider thermodynamic guidelines for mechanical activation from
commonly used titaniaþcarbonate precursors. Interactions of
strontium titanate and several intermediate Srnþ1TinO3nþ1

phases (n¼1, 2, 3) with CO2 essentially depend on the activity
of the alkali earth species, which does not remain strictly
constant, even within the stability window of a single solid state
phase. Thus, phase stability diagrams for ternary systems are
usually presented in triangular representations. Yet, Yokokawa
et al. [22,23] proposed alternative planar phase stability diagrams
as a function of a relevant activity ratio. This was used to analyse
redox equilibria for a variety of systems such as La–M–O with
M¼Ni, Co, and Fe. In the present work one assumes that oxide
components remains redox stable under powder preparation
conditions, thus allowing reference to a pseudo-ternary SrO–
TiO2–CO2 system, rather than the complex quaternary system
Sr–Ti–O–C.

For the SrO–TiO2–CO2 system one identifies the single oxide
phases SrO and TiO2, the carbonate phase (SrCO3), and several
titanate phases (Sr2TiO4, Sr3Ti2O7, Sr4Ti3O10, and SrTiO3), inter-
acting with a single reactive gas (CO2) in the atmosphere.
In this case, equilibrium diagrams for SrO–TiO2–CO2, at a given
temperature, may be represented by plots of log(aSrO/aTiO2

)
vs log(pCO2), and will include three types of reactions, corre-
sponding to:
SrTiO3ðsÞ=Sr4Ti3O10ðsÞ SrOþ7SrTiO3ðsÞ22Sr4Ti3O10ðsÞþTiO2

lnðaSrO=aTiO2
Þ ¼DG12=ðRTÞ
(i)
 equilibria depending on pCO2 only (e.g. reaction 2 for SrO/

SrCO3 equilibrium);

(ii)
SrO
Sr Ti O
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equilibria exclusively dependent on the activity ratio aSrO/
aTiO2

(e.g. reaction 3 for SrTiO3/Sr4Ti3O10);
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2 4

equilibria corresponding to interdependence between the
activity ratio and pCO2 (e.g. reaction 4 for SrTiO3/SrCO3).
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Fig. 1. Thermodynamic predictions of equilibrium diagram for the system TiO2–

SrO–CO2 at 298 K. Thick lines were computed with thermodynamic properties of

rutile, whereas thinner lines show the corresponding diagram for anatase, and the

dashed lines for amorphous titania [28].
SrOðsÞþCO22SrCO3ðsÞ ð2Þ

SrOþ7SrTiO3ðsÞ2TiO2þ2Sr4Ti3O10ðsÞ ð3Þ

SrOþSrTiO3ðsÞþ2CO222SrCO3ðsÞþTiO2 ð4Þ

For the case of reaction 2 one may take into account that the
activity in a single component calcia phase is unity, thus yielding
a very simple expression for the equilibrium constant and

RT lnðpCO2Þ ¼DG2 ð5Þ

For reaction 3, one expressed equilibrium with unit stoichio-
metric coefficients for both oxide components in order to obtain
direct correspondence between the activity ratio and mass action
constant; this yields

RT lnðaSrO=aTiO2
Þ ¼DG3 ð6Þ
Finally, reaction 4 was also written with unit stoichiometric
coefficients for both oxide components, to simplify the relation
between activity ratio and partial pressure of the reacting gas, i.e.:

RT lnðaSrO=aTiO2
Þ ¼�2RT lnðpCO2ÞþDG4 ð7Þ

Similar approaches were used to obtain the corresponding rela-
tions for other 2-phase equilibria in the system SrO–TiO2–CO2

(Table 1). A suitable database [24] was then used to extract
thermodynamic properties required to compute the relevant
Gibbs free energy changes for those reactions, and to obtain the
dependence of chemical activity ratio on partial pressure of
carbon dioxide (Fig. 1), with an alternative predictions for rutile,
anatase, and amorphous titania. Indeed, more advanced ab-initio
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methods may be used to predict the reactivity of solids and
decomposition reactions; this may be required for clarification of
complex mechanisms (e.g. [25]), for fundamental studies of
interactions of solids with atmospheric gases (e.g. [26]), to
analyse tolerance of materials to contaminants (e.g. [27]), etc.
However, ab-initio calculations are ill suited to show comprehen-
sive correlations for multiphase systems, as exemplified in Fig. 1.
In addition, ab-initio calculations are usually based on dedicated
software packages and often require relatively long computing
times. Our classical thermodynamic predictions can be based on a
simple EXCEL spreadsheet (or similar widely available software),
and calculation times are in the order of seconds.
3. Thermodynamic requirements for mechanosynthesis
and mechanical activation.

The chemical potential diagram at room temperature (Fig. 1)
predicts the co-existence of strontium titanate with rutile or
anatase down to low values of partial pressure of carbon dioxide,
i.e. far below typical contents of CO2 in air (300–350 ppm). This
emphasises that, from a thermodynamic perspective, one should
not expect the formation of strontium titanate by mecanosynth-
esis of TiO2þSrCO3 powder mixtures in air, and that substitution
of rutile by anatase would still be insufficient to meet the
required thermodynamic conditions for room temperature synth-
esis. Nevertheless, thermodynamic calculations still suggest that
room temperature mechanosynthesis may occur when using
amorphous titania as a precursor. Note that the energy of
amorphisation of anatase may be as high as 32 kJ/mol [28].
Indeed, the initial stages of mechanosynthesis or mechanical
activation usually show gradual amorphisation of precursors, as
revealed by XRD. However, these effects depend on the conditions
of attrition, which may even cause transformation of anatase to
the more stable polymorph (i.e. rutile) [29].

The predictions in Fig. 2 also provide a guideline of the
thermodynamic driving force for reaction between titania and
strontium carbonate, after mechanical activation. For example,
the difference between two-phase equilibria for SrCO3/SrTiO3 and
SrTiO3/TiO2 (Fig. 2), represent a combination of the overall
chemical potential differences for the component oxides, i.e.:

RT lnða00SrO=a00TiO2
Þ�RT lnða0SrO=a0TiO2

Þ ¼ RT lnða00SrO=a0SrOÞ

�RT lnða00TiO2
=a0TiO2

Þ ¼DmSrO�DmTiO2
ð8Þ

Thus, one may take these chemical potential differences as a
thermodynamic driving force. Note that kinetic models for solid
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Fig. 2. Temperature dependence of chemical potential diagram for the TiO2–SrO–

CO2 systems at 350 ppm of CO2.
state reactions are usually related to one of these chemical
potential differences [30,31]. For example, the kinetic constant
for diffusion controlled formation of generic AB2O4 spinel with
preferential transport of the divalent A2þ species and oxygen ions
may be related to the chemical potential difference of the divalent
oxide reactant, which corresponds to the Gibbs free energy change
DmAO ¼�DGR of the overall reaction AOþB2O3-AB2O4 [30].
Similarly, one may take

DmAO ¼�DGR ð9Þ

For a typical reaction

ACO3þTiO2-ATiO3þCO2 ð10Þ

where DGR is the Gibbs free energy change of the overall reaction. In
addition, local equilibrium in the perovskite phase implies
dmAO ¼�dmBO2

and thus:

0:5ðDmAO�DmBO2
Þ ¼ 0:5DRT lnðaAO=aBO2

Þ ¼�DGR ð11Þ

This shows that chemical potential diagrams combine infor-
mation on phase stability fields and also on the thermodynamic
driving force for synthesis of individual phases. For example, the
dashed line in Fig. 2 shows the chemical potential driving force
for reaction between titania and strontium carbonate at 400 1C.
Indeed, mechanical activation is still needed to overcome kinetic
limitations, namely by yielding highly defective and nanostruc-
tured reactant particles.

Slow kinetics may also impose additional limitations on
formation of titanate phases even after mechanical activation.
For example, Hungria et al. [20] did not detect the formation of
reaction products after heat treatment of mechanically activated
SrCO3þTiO2 powders at 250 1C, for 12 h and only found traces of
SrTiO3 after calcinations at 600 1C, for 12 h. Note that the
dependence on temperature probably combines Arrhenius-type
activation and also a gradual increase in thermodynamic driving
force, as shown in Fig. 2.

Fig. 3 compares the thermodynamic predictions for a CO2

atmosphere and in nearly CO2-free conditions, as expected for
mechanosynthesis of TiO2þSrO mixtures. Note that the initial
atmospheric content of CO2 in a closed reactor should be readily
exhausted without significant formation of strontium carbonate,
displacing the corresponding equilibrium conditions along the
line a-a0. Thus, one may assume that SrO effectively imposes
CO2-lean conditions and the thermodynamic conditions required
for formation of strontium titanate at room temperature. Indeed,
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this buffer effect may be lost [8], after very long mechanical
activation or if the reactor is opened to the ambient atmosphere.

Other results reported by Hungria et al. [20] for
SrCO3:TiO2¼3:2 are in close agreement with the chemical poten-
tial diagram shown in Fig. 3, namely the co-existence of SrTiO3

and SrCO3 for up to about 800 1C, and then complete reaction of
strontium carbonate at TZ900 1C. Fig. 3 is also consistent with
the transformation of SrTiO3 to other Srnþ1TinO3nþ1 phases. The
narrow chemical chemical potential difference across the domain
of Sr3Ti2O7 may explain the difficulties in preparation of this
material as a single phase.

Peroxides are also possible precursors for alkali earth species.
These precursors decompose to the corresponding oxides on
heating at relatively low temperatures. Since very reducing
conditions are needed to reduce alkali earth oxides to correspond-
ing metals, or to reduce titania, one may assume that only the
alkali earth peroxide undergoes oxygen losses as follows:

2SrO2-2SrOþO2 ð12Þ

Thus, one may derive equilibrium diagrams for the corresponding
TiO2–SrO–O2 system by considering the set of 2-phase equilibria
shown in Table 2. The relevant thermodynamic data for SrO and
SrO2 can be found in Ref. [32], and were combined with previous
information to obtain the relevant Gibbs free energy changes and
the resulting chemical potential diagrams (Fig. 4). In this case, the
chemical potential diagram predicts the onset of different titanate
phases in contact with strontium peroxide, in the sequence
Sr4Ti3O10-Sr3Ti2O7 -Sr2TiO4 as the atmosphere changes from
pure O2 towards slightly reducing conditions. However, the actual
thermodynamic driving force for formation of SrTiO3 is much
higher than that of other Srnþ1TinO3nþ1 phases. Note also that the
atmosphere is likely to remain close to pure oxygen, because this
gas species evolves by the reaction between titania and strontium
peroxide; further contributing to lower the driving force for the
formation of secondary phases. In addition, mechanically assisted
reactions are likely to progress after complete consumption
Table 2
Two-phase equilibria in the SrO–TiO2–O2 system.

2-phase equilibria Reaction

SrOðsÞ=SrO2ðsÞ 2SrOðsÞþO2ðgÞ22SrO2ðsÞ

lnðpO2Þ ¼DG=ðRTÞ

Sr2TiO4ðsÞ=SrO2ðsÞ SrOþSr2TiO4ðsÞþ1:5O2ðgÞ2TiO2þ3SrO2ðsÞ

lnðaSrO=aTiO2
Þ ¼�1:5lnðpO2ÞþDG=ðRTÞ

Sr3Ti2O7ðsÞ=SrO2ðsÞ SrOþ0:5Sr3Ti2O7ðsÞþ1:25O2ðgÞ2TiO2þ2:5SrO2ðsÞ

lnðaSrO=aTiO2
Þ ¼�1:25lnðpO2ÞþDG=ðRTÞ

Sr4Ti3O10ðsÞ=SrO2ðsÞ SrOþ1=3Sr4Ti3O10ðsÞþ7=6O2ðgÞ2TiO2þ7=3SrO2ðsÞ

lnðaSrO=aTiO2
Þ ¼�7=6lnðpO2ÞþDG=ðRTÞ

SrTiO3ðsÞ=SrO2ðsÞ SrOþSrTiO3ðsÞþO2ðgÞ2TiO2þ2SrO2ðsÞ

lnðaSrO=aTiO2
Þ ¼�lnðpO2ÞþDG=ðRTÞ

TiO2ðsÞ=SrO2ðsÞ SrOþ1=2O2ðgÞ2SrO2ðsÞ

lnðaSrO=aTiO2
Þ ¼�1=2lnðpO2ÞþDG=ðRTÞ; ðwith aTiO2

¼ 1Þ

Sr2TiO4ðsÞ=SrOðsÞ Sr2TiO4ðsÞ2TiO2þ2SrOðsÞ

lnðaSrO=aTiO2
Þ ¼DG=ðRTÞ; ðwith aSrO ¼ 1Þ

Sr3Ti2O7ðsÞ=Sr2TiO4ðsÞ SrOþ3Sr3Ti2O7ðsÞ2TiO2þ5Sr2TiO4ðsÞ

lnðaSrO=aTiO2
Þ ¼DG=ðRTÞ

Sr4Ti3O10ðsÞ=Sr3Ti2O7ðsÞ SrOþ5Sr4Ti3O10ðsÞ2TiO2þ7Sr3Ti2O7ðsÞ

lnðaSrO=aTiO2
Þ ¼DG=ðRTÞ

SrTiO3ðsÞ=Sr4Ti3O10ðsÞ SrOþ7SrTiO3ðsÞ22Sr4Ti3O10ðsÞþTiO2

lnðaSrO=aTiO2
Þ ¼DG=ðRTÞ

TiO2ðsÞ=SrTiO3ðsÞ SrOþTiO2ðsÞ2SrTiO3ðsÞ

lnðaSrO=aTiO2
Þ ¼DG=ðRTÞ; ðwith aTiO2

¼ 1Þ

T (ºC)

Fig. 5. Temperature dependence of chemical potential diagram for synthesis of

strontium titanate and other intermediate phases (Sr2TiO4, Sr3Ti2O7 and Sr4Ti3O10)

from TiO2–SrO2 in oxygen atmosphere (pO2¼1 atm).
of strontium peroxide, by reaction between intermediate
Srnþ1TinO3nþ1 phases and residual titania, provided that the over-
all composition corresponds to the stoichiometric ratio Sr:Ti¼1.

The evolution of chemical potential diagrams with increasing
temperature is shown in Fig. 5, for pO2¼1 atm. This confirms
thermodynamic conditions for the onset of intermediate second-
ary phases by reaction between titania and strontium peroxide or
strontium oxide. Nevertheless, kinetics are also likely to promote
ready reaction of intermediate titanate phases with residual
titania, except possibly for cases when the overall composition
deviates significantly from the intended stoichiometric ratio.
4. Experimental procedure and results

TiO2þSrCO3 or TiO2þSrO2 were used as alternative precursors
for mechanosynthesis of SrTiO3, using anatase (Aldrich, 99.8%
purity) combined with the corresponding stoichiometric quanti-
ties of strontium carbonate (Aldrich, 99.9% purity), or strontium
peroxide (Aldrich). Strontium peroxide was found to contain
slight fractions of carbonate or hydroxide, which were deter-
mined by thermogravimetry, using the SETARAM TG-DTA/DSC
Labsys Instrument. Donor-doped compositions SrTi1�xNbxO3

were also prepared from powder mixtures of anatase, strontium
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peroxide, and Nb2O5 to assess changes in aSrO : aTiO2
activity ratio

[33]. Mechanosynthesis or mechanical activation was performed
in a planetary ball mill (Retsch PM200) at 650 rpm or 350 rpm,
with tetragonal zirconia balls (Tosoh Co.) and in a zirconia vial
(Retsch). Powder:balls weight ratio was fixed at 1:10, and milling
was performed by a series of 5 min steps with 5 min interruptions
for cooling and to reverse direction of rotation after each inter-
ruption. Phase identification was performed by powder X-Ray
diffraction with a Rigaku Geigerflex D/Max B diffractometer using
CuKa radiation (over the range 201r2yr701 with a stepwidth of
0.021 and a scan rate of 31/min). The presence of residual
reactants (i.e. SrCO3 or SrO2) after mechanical activation or
mechanosynthesis was monitored by thermogravimetry on heat-
ing at 5 1C/min, in air.

Fig. 6 confirms the ready formation of strontium titanate from
a TiO2þSrO2 mixture milled at 650 rpm, thus confirming thermo-
dynamic predictions that strontium peroxide is an efficient alkali
earth precursor. In fact, the onset of strontium titanate is already
obvious after 1 h, most probably combining the high thermo-
dynamic driving-force with the ready amorphization of the
precursor powders. The intensities of main XRD peaks of stron-
tium titanate still increase even after flattening of precursor
peaks, which suggests increased crystallinity of the titanate phase
and/or further reaction of amorphous precursors.

The chemical potential diagram (Fig. 5) suggests the formation
of Sr4Ti3O10 at room temperature (Fig. 5). Thus, one cannot
exclude the co-existence of this phase with strontium titanate,
mainly because the main (110) peak of SrTiO3 is distinctly
asymmetric and too broad to be distinguished from correspond-
ing reflections of RP phases such as Sr4Ti3O10 and/or Sr3Ti2O7.
Note also that co-existence of SrTiO3 and Sr3Ti2O7 was found on
heating mechanically activated TiO2þSrCO3 powder mixtures at
intermediate temperatures [20].

Anatase and strontium peroxides are also suitable precursors
for the main components of SrTiO3-based materials with slight
composition changes, as found for the nominal composition
SrTi0.95Nb0.05O3 (Fig. 7) milled at 650 rpm. In this case, partial
substitution of Nb5þ by Ti4þ may cause significant changes in
aSrO : aTiO2

activity ratio, as revealed by onset of SrO-rich precipi-
tates and, thus, A-site deficiency [33]. For preferential charge
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compensation by A-site vacancies, as expected in air, one may
assume that the SrO-rich precipitates correspond to RP-type
phases, as follows:

SrOþð1�yÞTiO2þ0:5yNb2O5-ð1�0:5ÞSrx
Srþ0:5V00Sr

þð1�yÞNb�TiþyTix
Tiþ3Ox

Oþ0:5SrORP ð13Þ

The chemical potential diagram for the TiO2–SrO–CO2 system
(Fig. 1) suggests that direct room temperature mechanosynthesis
of strontium titanate should not be possible on combining
strontium carbonate with anatase or rutile. Thermodynamic
inhibition is predicted for up to about 100 1C in contact with
atmospheric CO2 in air (300–350 ppm), and for up to about 200 1C
in contact with a pure CO2 atmosphere (Fig. 3). Nevertheless, the
results in Fig. 8 show clear evidence that strontium titanate was
obtained by mechanosynthesis of anataseþstrontium carbonate
mixtures at 650 rpm. Similarly, recent reports on mechanosynth-
esis of calcium titanate from anatase and calcium carbonate
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[6,19] also contradict the predicted thermodynamic inhibition.
Nevertheless, Figs. 1–3 may still provide explanations for this
apparent contradiction, namely by taking into account that
thermodynamic inhibition can be suppressed by amorphization.
Indeed, the XRD results demonstrate that synthesis of reaction
products is preceded by amorphisation (Fig. 8). This analogy is in
agreement with the work of Steinike and Tkáčová [34] and also
Boldyrev and Tkáčová [35], who suggest that the creation of
mechanical activation induced defects leads to storage of energy
in the solid, modifying the thermodynamic state. An alternative
analogy is that relatively long milling times may lead to signifi-
cant heating, especially if the experimental conditions correspond
to a high ball to reactant ratio, and relatively long periods of
milling before interruptions for cooling, as indicated in Ref. [6].

Thermogravimetry (Fig. 9) was used to confirm that a sig-
nificant fraction of strontium carbonate converted during
mechanical activation of TiO2þSrCO3 mixtures. In addition to
initial losses at To150 1C, possibly due to adsorbed humidity, one
may distinguish different trends for typical ranges below and
above about 620 1C. Indeed, decomposition of residual carbonate
may be a complex process, as shown in Fig. 1, probably evolving
from further formation of strontium titanate from amorphous
reactants (TiO2þSrCO3-SrTiO3þCO2) to direct decomposition to
strontium oxide (SrCO3-SrOþCO2) at the highest temperatures.
The overall weight losses suggest that the residual carbonate
content after mechanical activation is as high as �82%, in a
mostly amorphous form as found by XRD (Fig. 8).

Fig. 9 also shows incomplete reaction after mechanosynthesis
from TiO2þSrO2 mixtures after 7 h of milling at 650 rpm. In this
case, decomposition of residual reactants occurs in two main
stages, suggesting decomposition of residual peroxide in the
range 300–400 1C and then decomposition of strontium carbonate
at 750–850 1C. Note that the starting peroxide reactant is far from
phase pure, and contains a significant fraction of carbonate. From
the actual weight losses one estimates about 81% conversion
during the mechanosynthesis, with about 8% unreacted peroxide
and 11% carbonate in the residual reactant fraction.

Amorphization of anataseþSrCO3 mixtures is slower on low-
ering the rotation speed, and cannot be reached even after 42 h at
350 rpm (Fig. 10). Hence, this speed is insufficient to overcome
the thermodynamic inhibitions. Note that there are still
uncertainties concerning onset of traces of the titanate phase
after 42 h, which is only suggested by a shoulder in the expanded
insert shown in Fig. 10. The main difference between the results
in Figs. 8 and 10 is, therefore, due to the ability of attaining
sufficient amorphization of precursors. Less energetic milling was
clearly insufficient to attain amorphization and failed to suppress
the thermodynamic gap.

However, 350 rpm is still sufficient to promote mechanosynth-
esis from anataseþSrO2 mixtures, as shown in Fig. 11. In this case,
the reaction is thermodynamically favourable (Fig. 5), and the
progress of reaction is mainly dependent on the ability to convey
enough energy to overcome kinetic limitations. Note that the
onset of strontium titanate is already obvious after 8 h of
mechanical activation, and massive conversion to strontium
titanate is found after 42 h.
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5. Conclusions

Thermodynamic analysis can provide useful guidelines for pro-
spects of mechanosynthesis at room temperature, or ready conver-
sion of mechanically activated powder mixtures on heating to
intermediate temperatures. Chemical potential diagrams were calcu-
lated to describe phase stability conditions, and to predict favourable
conditions for room temperature synthesis. Although slight differ-
ences between the thermodynamic properties of different poly-
morphs may contribute to lower thermodynamic restrictions, this is
unlikely to be sufficient to overcome those restrictions. Yet, this may
be feasible for highly amorphous precursors, as predicted for the
synthesis of strontium titanate from strontium carbonate and amor-
phous titania. In this case, high energy milling may contribute to
meet thermodynamic conditions by previous amorphization of pre-
cursor reactants. Experimental confirmation was demonstrated by
mechanosynthesis of strontium titanate from initial mixtures of
strontium carbonate and anatase. This reaction is feasible under
highly energetic milling and failed for less energetic milling. More
efficient and faster mechanosynthesis was found when the starting
precursor reactants ensure sufficient thermodynamic conditions, as
demonstrated by mechanosynthesis of strontium titanate from
mixtures of anataseþstrontium peroxide. In this case, the main role
of high energy milling is to enhance the kinetics of mechanosynthesis.
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