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ABSTRACT

Among the lead-free titanate-based materials, strontium titanate
(SrTiO3), pure or modified, is of particular importance. SrTiO; is an
incipient ferroelectric with high dielectric permittivity and low losses,
which finds application in tunable microwave devices due to a dependence
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of the permittivity on the electric field, or in grain-boundary barrier layer
capacitors, taking advantage of highly resistive grain boundaries. The grain
boundary characteristics and, therefore, electrical properties of
polycrystalline SrTiO; are dependent on the defect chemistry and
microstructure, which are thus fundamental in establishing the utility and
value of the material. In their turn, such factors as Sr/Ti ratio, second
phases or sintering conditions strongly affect the microstructure and alter
the defect chemistry. Therefore, if properly understood these factors may
be intentionally used to tailor the electrical response of electroceramics.
Starting from discovery of the grain growth anomaly in Ti-rich strontium
titanate ceramics, impedance spectroscopy became a very useful tool in the
investigation of this phenomenon, in addition to traditional defect
chemistry and grain growth analysis. Three discontinuities in the
Arrhenius-type temperature dependence of grain growth, which take place
at sintering temperatures around 1500, 1550 and 1605°C, are accompanied
by discontinuities in the dependence of the activation energy for grain
boundary conductivity, which can be eliminated by annealing in oxygen.
These results will be discussed briefly in the introductory section. This
section of the chapter will be completed by a summary of an impedance
spectroscopy study of SrTiOs; ceramics with different Sr/Ti ratios (from
0.995 to 1.02). Bulk and grain boundary conductivity, activation energy
and capacitance reveal strong systematic variations with the degree of
nonstoichiometry. In the experimental results section of the chapter the
effect of nonstoichiometry on the grain growth of SrTiO; ceramics is
discussed. The grain boundary mobility assessed from grain growth data at
1450°C for Ti-rich, stoichiometric and Sr-rich compositions increases with
decrease of the Sr/Ti ratio. An exponential increase of the grain boundary
mobility with the grain size is also found independently of the Sr/Ti ratio,
being more pronounced for the Ti-rich composition.

Keywords: nonstoichiometry, grain growth, grain boundaries, impedance
spectroscopy, electrical properties

INTRODUCTION

Strontium titanate (SrTiOs, STO) has been attracting a considerable
interest from the fundamental point of view for a long time, often being used
as a model system. STO is a quantum paraelectric [1], in which the dielectric
permittivity monotonously increases upon cooling down to near 0 K, and no
ferroelectric-type anomaly is observed due to quantum fluctuations. The
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low-temperature paraelectric phase is thus unstable, and the ferroelectric
state can be induced in STO by the application of a high electric field [2],
uniaxial stress [3], oxygen isotope exchange [4] or chemical substitutions in
the lattice [5]. In addition, the dielectric permittivity of STO reveals a
dependence on the applied bias electric field, called tunability and used in
tunable microwave devices [6, 7]. Besides quantum paraelectric behaviour,
interesting properties of STO include a structural phase transition [8],
semiconductivity [9], superconductivity [10], and thermoelectricity [11],
among others. Because of these properties, as well as good temperature and
applied voltage stability at elevated temperatures, STO has been widely used
in various grain boundary layer capacitors [12, 13] and varistors [14, 15].
The electrical properties of grain boundaries in STO, and their differences
to the bulk, play a critical role in these devices [16]. For these applications,
the material is usually heat-treated in a reducing atmosphere and with a
donor addition to build a microstructure of semiconducting grains separated
by insulating grain boundaries [12, 13]. Other potential application fields for
STO range from high-density non-volatile memories [17, 18] or gate
dielectrics in metal oxide semiconductor field effect transistor (MOSFET)
devices [19], to sensors [20] or solid oxide fuel cells (SOFC) anodes [21].

Crystal Structure and Defect Chemistry of SrTiO3

STO belongs to a class of ternary oxides, exhibiting a crystallographic
structure related to that of calcium titanate (CaTiO3) or perovskite. This
family of oxides with perovskite structure is represented by the general
formula ABO; and has a cubic unit cell, where A-cations are placed at the
cube corners, small B-cations are located at the body centre position and
oxygen ions (O%) at the centre of the faces [22], as schematically represented
in Figure 1. The structure can also be regarded as a three-dimensional
framework of BOg octahedra, arranged in a simple cubic pattern. In the
octahedron unit, the B-atom is at the centre with the oxygen atoms at the
corners shared by different octahedra and A-cations occupying the
interstitial positions between the octahedra [22]. A-cations are 12-
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coordinated and B-cations are 6-coordinated, and the ideal perovskite unit
cell contains one formula unit, i.e., one A-cation, one B-cation and three
oxygen ions.

(a) (b)

Figure 1. Two representations of the ideal cubic perovskite structure: (a) the cubic unit
cell with octahedral coordination of the B-cation and (b) a corner sharing array of BOg
octahedra.

A measure of the perovskite structure’s stability is the Goldschmidt
tolerance factor [23, 24], tg, that relates the ionic radii of the constituents of
the perovskite lattice:

ra+ro

% = Fatratro) @

where r; (i = A, B, O) denotes the average ionic radii of the constituents of
the ABO3; compound in the respective sites. The tolerance factor is also a
measure of the deviation from the ideal packing while maintaining a stable
perovskite structure. For tg < 1, the size of the unit cell is governed by the
B-site ion and the A-site ions are allowed to fluctuate in their sites. For tg >
1, the B-site ions have too much space to vibrate whereas the A-site ions are
closely packed. For tg = 1, both A and B ions are closely packed.

STO is considered an example of the ideal cubic perovskite structure
[8]. In STO, A-sites are occupied by Sr** ions and B-sites by Ti*" ions. At
room temperature, STO has an undistorted cubic perovskite structure of the
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space group Pm3m and its lattice constant is 3.905 A [24, 25]. STO presents
a phase transition from cubic to tetragonal phase (space group 14/mcm)
around 105-110 K [8, 26], related with tilting of the oxygen octahedra
around one of the [100] axes [27]. Therefore, the tetragonal phase is
centrosymmetric and no polarization is induced in STO below the transition
temperature.

The tolerance factor for STO is tg = 1 [4], implying a high (ideal)
packing degree. Therefore, it is generally accepted that interstitial
occupation is not likely in STO [4]. Moreover, the solubility limits for either
Sr- or Ti-excess in the STO lattice are quite low, as has been discussed for
decades [28, 29, 30, 31]. Nevertheless, some incorporation is still possible
[32]. Titanium vacancies are generally considered unlikely defects because
of its high effective charge that corresponds to a major disruption of the
chemical bonding of the crystal. On the other hand, theoretical calculations
within STO defect models indicate that vacancy disorder is predominant in
this material [33]. Accordingly, oxygen vacancies are known to be easily
formed in perovskite compounds [29, 34], and strontium vacancies are often
assumed to be the most important defect compensation mechanism in STO
[33, 35, 36, 37, 38, 39].

Table 1. Possible incorporation mechanisms of excess oxide,
SrO or TiO, in STO

Incorporation mechanism Eq. Refs.
SrO-excess

SrO— Sr, +V,;, +0Oy +2VS* @) [28, 29, 32]
2SrO — Sr, +Sr;, +20, +VJ° 3) [28, 29]
TiO,-excess

TiO, =V, +Tiy; +20, +V¢° 4) [28, 29, 32, 40]

After these considerations, excess oxide, SrO or TiO, may be
incorporated in the perovskite lattice as shown in Table 1 and described in
the following text. The incorporation of SrO-excess requires the formation
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of interstitial strontium and oxygen, which are not likely and therefore
neglected, or titanium and oxygen vacancies [28, 29, 32] according to Eqg.
(2). However, considering the high charge of titanium vacancies, the
incorporation of Sr-excess would not be very favourable. On the other hand,
part of the Sr** ions can occupy B sites as presented in Eqg. (3) and was
observed in some perovskite related compounds [28, 29], not allowing to
one exclude this form of SrO-excess incorporation.

According to Witek et al. [28], the solubility limit of SrO-excess does
not extend beyond Sr/Ti = 1.002. Nevertheless, SrO-excess is known to
accommodate in the STO lattice as a three-dimensional mosaic of single-
layered rock-salt blocks, forming the so-called Ruddlesden—Popper
structures with the formula SrO-(SrTiOs), [29, 32, 40, 41].

On the other hand, neglecting interstitial occupation, the incorporation
of TiOy-excess into the lattice requires the formation of strontium and
oxygen vacancies [28, 29, 32, 40] according to Eq. (4). As mentioned above,
the ease of formation of oxygen vacancies in perovskite compounds, and the
fact that strontium vacancies are assumed to be the most important
compensation mechanism in STO [33, 35, 36, 37, 38, 39], support this model
as the way of incorporating TiO,-excess. The presence of TiO, (rutile) as a
second phase [28, 42] was reported for STO with TiO,-excess of 0.5 mol%
(Sr/Ti =0.995).

Point defect models discussed above for STO assume that the material is
a homogeneous and isotropic system with a diluted concentration of defects.
However, grain boundaries are present in polycrystalline materials and
greatly affect the local defect chemistry and, thereby, the overall
microstructural evolution and electrical behaviour of ceramics. Moreover,
defects may be directly related to the structure of grain boundaries. For
example, Chung et al. [35] reported that high ionic vacancy concentration
can induce interface roughening in STO.

On the other hand, charge transport in a heterogeneous material may
involve bulk pathways and transport across boundaries as well as along
boundaries. The behaviour of the material, therefore, turns out to depend
significantly on the properties of the grain boundaries, which are markedly
affected by its defect chemistry, rather than on the properties of the bulk
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grains [35, 43, 44]. In fact, as previously mentioned, some electrical
properties required for particular applications, such as boundary layer
capacitors, low-voltage varistors, or positive temperature coefficient
thermistors, are a consequence of highly engineered grain boundary
electrical barriers [45]. In these cases, grain boundaries are often affected by
depletion effects, and exhibit highly resistive behaviour [16, 45, 46] acting
as barriers to the transport of charge carriers. The basis for the formation of
a charged surface or grain boundary in ionic solids is the difference in the
individual defect formation energies [45].

For undoped and acceptor-doped alkaline earth titanates, positively
charged grain boundary interface states seem to be active even at sintering
temperatures [45]. A space charge layer model was developed for grain
boundaries in acceptor-doped titanate ceramics, which is valid for nominally
undoped materials as well due to uncontrolled impurities [45, 46, 47, 48].
Due to the existence of positively charged grain boundary states, the regions
close to the grain boundaries are depleted of mobile charge carriers with the
same charge sign as the grain boundary states (oxygen vacancies and holes
are repelled from the vicinity of the grain boundary). At the same time,
electrons are accumulated because the positive grain boundary charge has to
be compensated by a negative space charge on both sides of the grain
boundary built up by the immobile bulk acceptors.

This redistribution of charges leads to the formation of the space charge
layer. The grain boundary resistivity can be explained by the fact that the
major charge carriers have to overcome this positively charged barrier. The
width of the grain boundary depletion layer in acceptor-doped STO has been
determined to be 30-200 nm, decreasing with increasing acceptor
concentration [46].

The structural accommodation between two grains occurs
approximately over only a few nm [44]. The investigations of the grain
boundary region in BaTiO; and STO by Chiang and Takagi revealed a strong
segregation of acceptor impurities at the grain boundary [45, 47]. In contrast,
a segregation of donors was not observed. However, another study revealed
slight donor segregation [44] at the grain boundaries in polycrystalline STO.
Chiang and Takagi also found Ti in excess at the grain boundaries and no
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systematic variation in the excess of Ti with the overall composition,
including A site/B site cation stoichiometry [45].

Other investigations confirm the presence of Ti-rich layers at grain
boundaries [34, 49, 50]. Oxygen deficiency at the interfaces due to
unoccupied lattice sites and oxygen vacancy segregation at the boundary has
also been reported [49]. These vacancies are compensated by electrons
resulting from the lowering of the Ti valence, which form an n-type layer at
the interface.

More recently, B&urer et al. [51], using scanning transmission electron
microscopy (STEM) coupled with energy dispersive spectroscopy (EDS),
observed local nonstoichiometry at the grain boundaries of strontium titanate
as well. Ti-rich, neutral and Sr-rich grain boundaries were detected,
independently of the bulk composition (Ti or Sr- rich) [51]. This indicates
that grain boundaries bring additional degree of freedom in a phase diagram,
where compositions not stable as a bulk phase are possible. Ti-rich
boundaries showed a retarding effect on grain boundary mobility, probably
due to a solute drag mechanism. On the other hand, long (100)-facets, which
were neutral or Sr-rich, showed the highest mobility [51]. This was
correlated to the high number of Ti and O vacancies in these grain
boundaries [52, 53]. It is important to note here that the nonstoichiometry at
the grain boundaries must be compensated by defects accommodating the
excess of the other species in the bulk. Ti or Sr-excess accommodation will
be reviewed ahead.

Grain Growth and Grain Boundary Phenomena in SrTiO3;

Grain growth in titanates is very complex and generally depends on
many factors such as oxygen partial pressure, dopant species and
concentration, nonstoichiometry and sintering temperature, among others,
which affect the grain boundary characteristics. All these factors are
important to understand the microstructure evolution of titanates during
sintering. In this way, if understood and controlled, they may be used to
obtain the desired final microstructures.
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The grain growth of STO has fundamentally and technologically
interested researchers for a long time, and new revealing results have been
published in recent years [54]. Particular attention has been given to grain
boundaries and their relationship with the grain growth of STO. The main
observations are summarised in the following text.

Related to high interface anisotropy, the faceting of grain boundaries of
STO has been related to the origin of abnormal grain growth [55]. Due to a
nucleation energy barrier for new atomic layers on a singular surface, some
grains may grow abnormally if favoured by the existence of attachment sites
[56], such as dislocations [57]. This nucleation-limited growth theory was
experimentally validated for STO grain coarsening in a Ti-rich liquid [35,
56]. The phase diagram of the SrO-TiO, system has the eutectic point at
about 1440°C for Ti-rich compositions [58]. When a nonstoichiometric
ceramic with Sr/Ti < 1 is sintered above this temperature, a Ti-rich liquid
phase forms and affects the densification and grain growth of this material.
In the case of the Sr-excess side of the diagram, the eutectic is at 1830°C,
far above the generally used sintering temperatures.

Accordingly, Chung and Kang [57, 59] showed that dislocations
enhance the mobility of faceted flat interfaces in the presence of a thin liquid
film between grains in STO. Dislocations did not play any role on grain
growth promotion when the interfaces were curved. Additionally, the effect
of dislocations occurred only when the grain boundaries were wetted by an
intergranular amorphous phase [59]. From these observations, the authors
suggested that an uneven distribution of dislocations might be a cause of
abnormal grain growth in polycrystalline STO.

Lee et al. [60] used high-resolution electron microscopy to investigate
the temperature dependence of faceting of an asymmetric boundary between
two STO crystals in the temperature range of 1100 to 1600°C. The boundary
was faceted with changes in facet symmetry occurring at 1300°C. At
1600°C, faceting disappeared and the grain boundary became defaceted,
indicating the occurrence of a grain boundary faceting-defaceting transition
[60]. In a related investigation [61], the authors observed that the defaceting
transition occurred suddenly between 1570 and 1590°C.
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Further developments were made using a combination of impedance
spectroscopy (IS), high resolution TEM (HRTEM) and electron energy loss
spectroscopy (EELS). The rough grain boundary observed at 1600°C
contained more oxygen vacancies than the faceted grain boundaries
observed below 1600°C [62]. Moreover, the disordering of the grain
boundary by the defaceting transition caused an abrupt appearance of grain-
boundary impedance at 1600°C in Nyquist diagram, demonstrating a
relation between the change in grain boundary impedance, grain boundary
electronic structure and the grain boundary faceting-defaceting transition
[62].

The presence of an intergranular glassy film (IGF) has a significant
effect on the grain growth of STO [59, 63]. The distribution of such
amorphous phases is important and may change considerably, depending on
the annealing path and conditions [59]. In Ti-excess STO with a low donor
concentration, a continuous liquid film wets the grain boundaries and faster
grain growth occurs [63]. It was also reported that in the presence of a thin
liquid film between grains, dislocations promote the grain growth of STO
[57,59]. In another work, 1 mol% TiO, was added to STO powders to create
a TiO,-excess liquid above the eutectic temperature [35]. TEM showed a
liquid phase in the triple junction of the grains, and the interface between the
STO grains and the liquid was faceted [35].

Thus, nonstoichiometry is an important aspect influencing grain growth
in titanates, and particularly in STO. It is often found that TiO,-excess
improves densification while SrO-excess deteriorates it, as observed by
Chen et al. [64]. A strong influence of nonstoichiometry on the densification
of STO was observed in dilatometric experiments [32, 42] with higher
densification rates measured for Ti-rich compositions [32]. In fact, our
previous studies revealed two peaks in the dependence of the densification
rate on the temperature for stoichiometric and Ti-rich samples (more
pronounced in the latter case), whereas a single mode curve characterised
the Sr-rich composition [32]. The position of the peaks varied systematically
with the Sr/Ti ratio and was below the eutectic temperature; this might be
related to the formation of IGFs, leading to subsolidus activated sintering,
as previously discussed.
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The densification behaviour of stoichiometric compositions is usually
closer to that of Ti-rich compositions than to that of Sr-excess ones [32, 42].
Additionally, coarser-grained microstructures and higher grain growth rates
are observed with the decrease of the Sr/Ti ratio [32, 64, 65, 66]. Sr-excess
normally leads to normal grain growth, whereas abnormal grain growth is
often observed for Ti-rich compositions [64, 67].

The changes in the sintering behaviour of STO induced by
nonstoichiometry have been correlated with changes in the defect chemistry
of the material introduced by the incorporation of the excess oxide [32, 42],
as previously discussed. It is also important to recall that, although the liquid
phase may form above 1440°C for Ti-excess STO compositions, enhancing
matter transport, abnormal grain growth in STO without detected liquid
phase has also been reported [51, 68].

Thus, recent grain growth studies of nonstoichiometric STO ceramics
sintered in an oxygen atmosphere from 1425 to 1600°C [51] reported that
both Ti-rich (Sr/Ti = 0.996) and Sr-rich (Sr/Ti = 1.002) compositions show
the same overall grain growth behaviour, with abnormal grain growth being
observed in both cases. On the other hand, in a composition with higher SrO
excess, Sr/Ti = 1.005, grains grew normally but with a grain boundary
mobility that was similar to the mobility of the abnormal grain growth of the
other compositions.

A deeper correlation between grain growth behaviour and grain
boundaries in STO was attempted using HRTEM and STEM-EDS. Grain
boundaries of normal and abnormal grains were investigated [51]. Four
types of grain boundaries were reported. Type A grain boundaries were
atomically flat with a boundary plane parallel to the (100) plane in one of
the adjacent grains; type B had the same boundary plane orientation but were
atomically disordered or rough; type C were stepped boundaries and type D
boundaries were curved. Grain boundaries of types C and D did not show a
preferred crystallographic orientation of the grain boundary plane for either
of the adjacent grains [51].

The grain boundary chemistry was also evaluated and nonstoichio-
metry at the grain boundaries was found, weakly correlated to boundary
morphology [51]. Ti-rich, neutral and Sr-rich grain boundaries were
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detected, independently of the bulk composition. The boundary chemistry
showed an important effect on the boundary kinetics, with neutral or Sr-rich
(100)-faceted boundaries showing the highest mobility. On the other hand,
Ti-rich boundaries revealed a retarding effect on grain boundary mobility,
which was attributed to a solute drag mechanism [51]. Sr-rich boundaries
were only detected in the types A and B, whereas no Ti-rich type A boundary
was observed. Additionally, type A boundaries were not detected in Sr/Ti =
1.005 that did not show abnormal grain growth. In agreement, abnormal
grains in the Sr/Ti = 0.996 composition exhibited the largest fraction of this
type of boundary and only a small fraction of type D ones. In the Sr/Ti =
1.005 composition, type B boundaries were the largest fraction. On the other
hand, the normally grown grains of the Ti-rich composition had more similar
fractions of all four kinds of boundaries.

The grain boundary types observed in STO were correlated to the
boundary complexions defined in alumina doped with silica or calcia by
Harmer and co-workers [69, 70, 71]. By intensive grain growth studies in
alumina, six different types of kinetic behaviour were identified and each of
them was associated with a grain boundary structure or “phase”, which was
called complexion [69]. Complexion | is related to sub-monolayer
adsorption in the boundary core of dopant cations that results in solute drag.
Complexion II shows no segregation, is a ‘‘clean’’ grain boundary of
undoped alumina. Complexion Il consists of bilayer adsorption that
enhances grain boundary mobility relative to undoped alumina. Complexion
IV contains a disordered layer that is associated with multilayer adsorption.
The mobility of these grain boundaries is about one order of magnitude
higher than that of clean grain boundaries. Complexion V is associated with
a thin equilibrium thickness amorphous intergranular film, often referred as
intergranular glassy film. This interface has typical grain boundary
mobilities that are a factor of 50 faster than those for normal grain growth in
undoped alumina. Finally, complexion VI is associated with a wetting grain
boundary film. This complexion has a mobility that is over two orders of
magnitude larger than that of undoped alumina.

Thus, in STO the low-mobility Ti-excess boundaries were compared to
complexion | where the movement is retarded by segregation of species. The
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stoichiometric boundaries were found to be of type 11, whereas high-mobility
nonstoichiometric boundaries were associated with complexion Il [51].
However, Béurer et al. [51] did not report any amorphous films at the grain
boundaries for either normal or abnormal grains, which would be essential
for the formation of complexions of types IV to VI, as observed by Dillon et
al. [69]. Nevertheless, it should be possible to induce these complexions in
STO by the stabilisation of a liquid film at the grain boundaries, leading to
higher grain boundary mobilities [51]. According to Béaurer et al. [51], the
observation of the different grain boundary types in STO is in agreement
with the explanation of abnormal grain growth by the co-existence of two or
more grain boundary complexions [69], with the correspondent differences
in mobility.

In a related investigation, a grain growth anomaly in STO was observed
[72]. Baurer et al. studied the grain growth behaviour of STO sintered in
oxygen in the temperature range of 1200 to 1600°C. They reported two drops
in the grain boundary mobility with increasing temperature, independent of
the A-site to B-site stoichiometry. The grain growth kinetics did not follow
the classical Arrhenius-type temperature dependence, indicating changes in
the basic mechanism of grain boundary motion [72].

The unexpected grain growth behaviour observed in STO was related to
structural changes of the grain boundaries at high temperatures, such as
changes in the faceting behaviour [52, 72]. In samples sintered at 1425°C, a
high preference for grain boundary planes oriented parallel to the [100]
direction of one of the adjacent grains was found [51], which did not exist in
the lower temperature regime (samples sintered at 1300°C) [52]. This was
pointed out as a possible explanation for the change in grain growth rate
[52].

Discontinuities in the evolution of grain growth with the sintering
temperature were also reported by some of us in a 0.5 mol% Ti-rich STO
composition (Sr/Ti = 0.995), and we have defined four grain growth
regimens with transitions at temperatures around 1500, 1550 and 1605°C
[73]. These transitions correspond to grain size decreases, despite the
increasing sintering temperature, as shown in Figure 2. Moreover, this
anomalous behaviour is directly related to the presence of a liquid phase, the
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amount of which varies discontinuously with the temperature. A first order
reverse change of complexions driven by the temperature effect on the grain
boundary wettability and electrostatic potential was suggested to explain
these anomalies.
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Figure 2. lllustration of the dependence of the average grain size (solid lines),
percentage of liquid phase (dashed lines), activation energy for grain boundary
conductivity (dotted lines) and grain boundary thickness (dash-dot lines) on the
sintering temperature (adapted from Ref. [73]). There is a clear relation between all
these parameters, unambiguously defining four regimens.

Effects on the electrical properties were also verified by IS. The
correlation between discontinuities in grain growth behaviour and grain
boundary electrical response was observed for the first time [73]. Grain
boundary electrical response was much more affected by the sintering
temperature than that of the bulk counterpart. Furthermore, changes were
detected in the activation energy for grain boundary conductivity and grain
boundary thickness, as also seen in Figure 2, in correlation to the formation
of an amorphous phase and to the grain growth regimens detected by
scanning electron microscopy (SEM) [73]. A levelling-off in the grain
boundary conductivity activation energy, which increases for up to 1.2 eV,
and a four-fold decrease in the grain boundary permittivity, were observed
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after annealing these ceramics in oxygen atmosphere, thus, confirming a key
role of oxygen vacancies in the relation between the grain growth and grain
boundary conductivity anomalies of as-sintered Ti-rich STO ceramics [74].

The effect of nonstoichiometry (Sr/Ti ratio from 0.995 to 1.02) on bulk
and grain boundary contributions to the electrical response of STO ceramics
was also systematically investigated by us, and compared with the
microstructure development [75]. With the exception of the highest Ti
excess, the grain size distribution was enlarged and grain size increased with
the decrease of the Sr/Ti ratio. However, IS, being a very sensitive and
powerful technique for the study of the effect of small stoichiometric
variations, revealed that the resistivity of bulk and grain boundaries
systematically decreased in both Ti-rich and Sr-rich STO as compared to
stoichiometric ceramics. The effect is much stronger for the grain boundaries
as compared to the bulk. Therefore, it was suggested that defect chemistry
plays a much more important role in the electrical response of STO than
microstructural development [75]. Indeed, very small variations in the
stoichiometry induce a high number of defects, in which ionisation increases
the charge carrier concentration, leading to a strong reduction of the
resistivity, particularly at the grain boundaries.

Moreover, systematic dependences on the nonstoichiometry were also
observed for the conductivity activation energy and capacitance (much more
affected in the case of the grain boundary rather than the bulk contribution)
[75]. These observations are also consistent with the strong impact of
nonstoichiometry induced defect chemistry and correspondent modification
of grain boundary complexions, which lead to different microstructure
evolution and diverse electrical responses. Thus, nonstoichiometry enables
the design of the electrical properties and grain boundary engineering of
ceramics.

Hence, although only in collaboration with defect chemistry,
microstructure engineering can help to anticipate the electrical and other
properties of STO. Therefore, a study of the effect of nonstoichiometry on
grain growth, particularly the grain boundary mobility, of STO ceramics
sintered at 1450°C is presented here.
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METHODS

Ceramics of STO compositions with Sr/Ti ratios of 0.995, 1.000, and
1.020 (hereafter named as ST 0.995, ST, and ST 1.02, respectively) were
prepared by conventional mixed oxide method. Raw powders of SrCO; and
TiO; (pro analysis (purity > 99%), Merck) were ball milled in alcohol in a
planetary mill for 5 h, using Teflon pots with zirconia balls. After
calcination, at 1100°C for 2 h, the powders were monophasic. Powders were
then milled again under the same conditions, uniaxially pressed at 50 MPa
and further isostatically pressed at 200 MPa.

Grain growth studies were performed at 1450°C with isothermal times
from 0.1 to 12 h. Ti-rich ST 0.995 samples were heated up to the sintering
temperature of 1450°C with a heating rate of 20°C/min. At the end of the
isothermal sintering time, the samples were removed from the furnace. After
sintering for 0.1 h ST 0.995 ceramics presented a relative density of 98 +
1%. Stoichiometric (ST) and Sr-rich (ST 1.02) ceramics used in the grain
growth studies at 1450°C were previously densified at 1350°C for 2 h. The
attained relative density was 96 + 1% in both cases. In order to eliminate the
remaining porosity, the samples were then submitted to a step of hot isostatic
pressing for 1 h at the same temperature of 1350°C and a pressure of 50
MPa. The hot-pressed samples were 99 + 1% dense, close to full
densification. The dense ceramics were then introduced into a tubular
furnace at the intended temperature of 1450°C and annealed in air for several
isothermal times. The equivalent high density of the different ceramic
compositions is important for further comparison of grain growth data
because it assures that all the ceramics had reduced pore restraining effects
on coarsening.

Polished and thermally etched sections of the sintered ceramics were
observed by SEM (Hitachi S-4100). Using ImageJ software, the grain size
distribution of the sintered ceramics was determined, taking more than 600
grains in, at least, three SEM micrographs. The area of the section of the
grains was measured and then its circular equivalent diameter calculated.
The average grain size, G, was determined from the average equivalent
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diameter, by using a multiplying factor of 1.22. The error bars were derived
from the standard deviation of the values measured in the different images.

RESULTS AND DISCUSSION

In spite of the stoichiometry variations between the compositions, the
X-ray diffraction (XRD) patterns of the calcined powders showed the peaks
consistent with the cubic perovskite crystallographic structure of STO in all
cases [32]. No second phases were detected in any of the compositions,
within the detection limit of the XRD technique. The particle size
distribution of calcined powders analysed by laser diffraction (Coulter) has
shown equivalent particle size and size distribution for all the compositions.
A bimodal size distribution could be observed in all the cases, with peaks
around 0.2 and 2-3 um. The first peak of the distributions is always below 1
um whereas the second one corresponds mainly to agglomerates in the
powder suspensions that are destroyed after pressing [32].

Grain growth studies were performed, and grain boundary mobility was
evaluated using ST 0.995 (Ti-rich), ST (stoichiometric) and ST 1.02 (Sr-
rich) compositions. Figure 3 presents SEM micrographs of the
stoichiometric and nonstoichiometric STO ceramics after the thermal
treatment at 1450°C, for several isothermal times.

Coarsening of the microstructure with increasing isothermal time is
observed for all the three compositions. Moreover, larger grain size is
attained for the Ti-rich composition, ST 0.995 (with a lower magnification
in Figure 3, left). Detailing these observations, the evolution with the
isothermal time of the equivalent diameter (representing grain size)
distribution and the average grain size obtained from these distributions are
presented for the three compositions in Figure 4 and Figure 5, respectively.
In agreement with previously reported results [32, 65], the enlargement of
the grain size distribution and the increase of the attained grain size with the
decrease of Sr/Ti ratio are clearly observed.
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ST 0.995
0.1h

Figure 3. SEM micrographs of the three compositions: Ti-rich, ST 0.995 (left),
stoichiometric, ST (middle) and Sr-rich, ST 1.02 (right) after thermal treatment at
1450°C for several periods. Coarsening of the microstructures is visible, as well as the
increase of the attained grain size with the decrease of the Sr/Ti ratio.

Despite the effects of the nonstoichiometry on the grain size and grain
size distribution, the data regarding the three compositions is consistent with
a normal grain growth mode for all the cases under study. The grain growth
data in Figure 5 was used to assess the effect of nonstoichiometry on the
grain boundary mobility of STO. As previously mentioned, the grain
boundary mobility, M, is the proportionality factor between the driving force
for grain growth and the average grain boundary velocity [76, 77].
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Figure 4. Equivalent diameter distribution evolution with the isothermal time at
1450°C for the three compositions: (a) Ti-rich ST 0.995, (b) stoichiometric ST and (c)
Sr-rich ST 1.02. Larger grain size and enlargement of the grain size distribution are
observed with the increase of the Ti content.
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Figure 5. Average grain size evolution with the isothermal time at 1450°C for the Ti-
rich (ST 0.995), stoichiometric (ST) and Sr-rich (ST 1.02) compositions. Along the
entire sintering cycle, larger grain size is attained with the decrease of the Sr/Ti ratio.

The grain growth Kkinetics is typically described as [69, 76]:

G™— GI" = kAt (5)
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with Gy the initial average grain size at the time t,, G the average grain size
at the time t, m the grain growth exponent and k the grain growth factor. In
order to extract grain boundary mobilities from grain growth data, m must
be assumed to be 2 (parabolic kinetics), implying a dense system with clean
grain boundaries [69]. However, parabolic Kinetics does not typically
provide the best fit for normal grain growth data, since drag effects [78]
normally cause the grain growth constant to be greater than two. In other
words, the grain boundary mobility is not constant and decreases with
increasing grain size due to the decrease of specific grain boundary area and
a consequent increase of the impurity drag effect [69, 78].

Nevertheless, the decrease in mobility is typically small, and the
exponent m = 2 was indeed shown to adequately fit the normal grain growth
data [51, 69, 70, 71, 72]. In these conditions, the growth factor k is given by
the following equation [76]:

k =2ayM (6)

where « stands for a geometrical factor of the order of the unit and y for the
grain boundary energy, which is not expected to vary significantly from
grain boundary to grain boundary in most ceramics [69], and the possible
changes in boundary energy are small compared to the overall changes in k
[51].

The grain size (G* — Gy°) versus time at 1450°C for the three
compositions, assuming parabolic Kinetics, is presented in Figure 6 (a).
According to Eq. (6), this plot yields a linear relation, as can be effectively
observed. This means that parabolic kinetics provide a reasonable fit of the
grain growth data. The growth factor k may then be extracted from the slope
of the lines, and can be used as a comparable value for the “effective
mobility” of the grain boundaries. However, for long sintering times, some
deviation from linearity is observed. As previously mentioned, this may be
related to increased impurity drag effects due to increasing grain size, and a
consequent decrease of the grain boundary area [78].

The deviation from linearity, when long sintering times are considered,
is almost negligible for the ST 1.02 composition, but significantly increases
with increasing Ti content. This is seen when comparing the linear fits for
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data with (dashed lines) and without (solid lines) the longest heating periods
in Figure 6 (a). Nevertheless, for short isothermal times, parabolic kinetics
were revealed to fit the data adequately regarding the three compositions. In
these conditions, the effect of possible impurities is lessened and the grain
boundary mobility can be properly assessed. Therefore, the growth factor
was calculated excluding the data corresponding to the longest isothermal
times, as presented in Figure 6 (a) (solid lines). The results are presented in
Figure 6 (b) plotting the dependence of the growth factor k on the Sr/Ti ratio.
A marked increase of the growth factor with decreasing Sr/Ti ratio is clearly
observed.

These observations of a strong dependence of the grain boundary
mobility on the Sr/Ti ratio are in agreement with previous results on the
effect of the nonstoichiometry on the densification kinetics of STO [32]. In
that work, Ti excess (Sr/Ti = 0.997) enhanced matter transport during
sintering, whereas Sr excess (Sr/Ti = 1.02) decreased it. However, the
present findings differ from the results of Badirer et al. [51, 72], where no
substantial differences in the effective mobility with the variation of the
Sr/Ti ratio from 0.996 (Ti-excess) to 1.005 (Sr-excess) was observed. At the
sintering temperature of 1450°C, the growth factor reported by Badrer et al.
[51, 72] was around 4 x 10™" m%s for normal grain growth in ceramics with
Sr/Ti ratios of 0.996 and 1.002, while for abnormally grown grains it was
around 1 x 10 m?s, this being the same as for normal grain growth of the
Sr/Ti = 1.005 composition. The growth factor values obtained in the present
work, and presented in Figure 6 (b), on average are closer to the later value
(1 x 10" ms). The growth factors found for the Ti-rich and stoichiometric
compositions are higher than the referred-to value by factors of ~4 and 1.3,
respectively, whereas the value for ST 1.02 is approximately half of that
value.

Nonetheless, in addition to the differences in the Sr/Ti ratios used in the
two works, the ceramics studied by Badlrer et al. were sintered in an oxygen
atmosphere [51, 72], which may have a strong impact in the sintering
process. In fact, the different behaviours associated to different sintering
atmospheres is a strong indication of the role of the defect chemistry
alterations induced by the nonstoichiometry on the grain boundary
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properties. In particular, the oxygen vacancy concentration, which should be
minimised in an oxygen atmosphere, may be an important factor in
determining the grain boundary mobility in STO.

(a) 1.8x10"]
@
1.5x10""
. d
€ 1.2x10"4 D ® ST0.995
> 7 = ST
o 0.0x10™ 4 ¢ 4 ST1.02
©
6.0x10""4
3.0x10""4 Y
oio) ',,-/t/:'
0 10000 20000 30000 40000
(b) i
5.0x10™"
2 4.0x10"4
> o
E
8 3.0x10
[*]
8
s
g 2.0x10
[0
= L]
1.0x10™*
“
0.0

0.995 1.000 1.005 1.010 1.015 1.020
Sr/Ti

Figure 6. (a) Grain size versus time at 1450°C for the Ti-rich (ST 0.995), stoichiometric
(ST)and Sr-rich (ST 1.02) compositions. Parabolic kinetics provides a good fit to the grain
growth data of the three compositions for short sintering times. (b) Growth factor, k, at
1450°C for the Ti-rich (ST 0.995), stoichiometric (ST) and Sr-rich (ST 1.02) compositions.
The growth factor increases significantly with the increase of the Ti content.

Another aspect to be considered in this discussion are the changes at
grain boundaries induced by impurities, as reported before [63]. However,
the STO compositions under study were prepared from the same reagents
with only minor variations of the stoichiometric proportions. Therefore, the
impurity content should be essentially the same for all the compositions. On
the other hand, the effect of the same impurity content may depend on the
Sr/Ti ratio, because impurities may have a higher affinity for either the A or
the B site of the perovskite lattice. For example, Si impurities occupying the
Ti site of the perovskite lattice are expelled from the crystal structure by Ti-
excess [63]. Hence, the effect of impurities on changing the grain boundary
properties may not be completely excluded.
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CONCLUSION

The effect of nonstoichiometry (Sr/Ti ratio from 0.995 to 1.02) on the
grain growth was presented and discussed. The grain boundary mobility
assessed by extracting growth factors from grain growth data at 1450°C was
found to increase with the decrease of the Sr/Ti ratio. The enlargement of
the grain size distribution and the increase of the attained grain size with the
decrease of Sr/Ti ratio were observed, thus, offering a tool for microstructure
tailoring and grain boundary engineering of strontium titanate ceramics.
However, this tool can be useful to envisage the properties only when
relations between the defect chemistry and grain boundary phenomena,
including grain boundary contributions to the electrical response of
strontium titanate ceramics, reviewed in this chapter, are taken into account.
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