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Abstract

This paper describes the self-propagating high-temperature synthesis (SHS) of perovskitic oxides, specifically BaTiO;, and their subsequent
densification by spark plasma sintering. With the final goal of obtaining dense nanostructured materials, SHS products were mechanically treated
at different milling time conditions, before densification. It was found that the grain size of ball milled powders decreases with increasing milling
time, this effect being more evident at early stages of milling. Depending upon the ball milling (BM) conditions adopted, crystallite size in the
range 15-70 nm was obtained. After milling for 5 h, the resulting powders (20-30 nm) were sintered by SPS, at 700 A, for different periods of time.
By properly varying sintering time in the interval 70-140s, it is possible to obtain products with relative density in the range 66-99%, respectively.
In particular, grain growth during sintering was found to be limited (below 50 nm) if the electric current is applied for time intervals equal to or
less than 100s. The observed dielectric properties are typical of a nanocrystalline BaTiOs ceramic.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that barium titanate (BaTiO3) and BaTiO3-
based ceramics have attracted considerable attention especially
for their dielectric properties.'~” Above the Curie temperature
(125 °C) the structure of barium titanate is that of a cubic per-
ovskite. Below this temperature, the structure is slightly distorted
and three ferroelectric polymorphs (tetragonal, orthorhombic
and rhombohedral) with non-zero dipole moment exist depend-
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ing on temperature.® The hexagonal phase does not have a
perovskite structure and is only stable at temperatures >1429 °C.

It is also well established that the properties of this kind
of material strongly depend on structure and grain size.”%~14
These materials are typically obtained in powder form by
several methods, including hydrothermal synthesis, aqueous
combustion, sol-gel techniques or precipitation from aqueous
solution.!%!1:15 Thys, in order to obtain dense products, a con-
solidation step is subsequently required. Regarding consolida-
tion processes, it is known that high density BaTiO3 products
with fine grain size (<100 nm) are difficult to obtain because of
grain growth taking place during the final stage of densification
processes.!!

Although all synthesis methods mentioned above can yield
high purity fine powders characterized by low degree of agglom-
eration and narrow size distribution, several steps which require
long processing times are typically involved.!0:17
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In this study, barium titanate has been synthesized by self-
propagating high-temperature synthesis (SHS). This technique
is based on the occurrence of highly exothermic reactions which,
once ignited by means of external energy sources for relatively
short times, propagate in the form of a combustion wave lead-
ing to final products progressively without requiring additional
energy.!®1° SHS represents an attractive method for materials
synthesis due to the simplicity of the process and its low energy
requirements, the high purity of products, as well as the possibil-
ity of obtaining complex or metastable phases. A wide variety
of advanced materials, such as ceramics, intermetallics, com-
posites, solid solutions, etc., have been successfully obtained in
very short processing times (order of seconds).

Thus, since the reaction for barium titanate formation starting
from BaO», Ti and TiO» is sufficiently exothermic to guarantee
the self-propagation of the combustion front,”” the SHS method
represents, in principle, an efficient route to synthesize such
material.

In order to obtain nanostructured powders, a mechanical
treatment by ball milling (BM) of SHS products is also per-
formed before the densification step. Mechanical treatment by
BM involves cold-welding, fracturing phenomena and com-
minution of processed powders and was demonstrated to be
an extremely versatile technique allowing for the production
of nanostructured products for advanced materials science and
technology.?!

Dense BaTiO3 products with fine grain size were recently
obtained by spark plasma sintering (SPS) starting from pow-
ders prepared by the different chemical methods mentioned
above.!1=1422-25 This is a relatively novel sintering technique
based on the simultaneous application of a pulsed dc current
and uniaxial mechanical load through powdered samples.?6’
Another recent approach consists of combining mechanosyn-
thesis of BaTiO3 nanopowders with SPS.?8

It is worth noting that SPS typically enables a compact to be
sintered under more uniform heating conditions, lower temper-
ature and relatively shorter sintering periods, as compared with
conventional methods.?>>3! In particular, the latter two aspects
allow grain growth to be minimized.?6>-3% Along these lines,
in this work barium titanate powders obtained by SHS and
mechanically treated to reach the desired nanostructure, are then
densified by SPS apparatus. The influence of SPS time on den-
sification, crystallite size and transition phase evolution is sys-
tematically investigated in this paper. In addition, the obtained
products are characterized in terms of dielectric properties.

2. Experimental materials and methods

The characteristics and sources of reactants used for the syn-
thesis of perovskite oxide powders are reported in Table 1.

The starting mixtures to be processed by SHS were prepared
by mixing reactants according to the following reaction:

Ba0O; 4-0.5Ti + 0.5TiO, = BaTiO3 1)

Starting powders were mixed in acetone, used as dispersing
agent, for 2h. About 10 g of the resulting mixture were uniaxially

Table 1

Properties of reactants used for BaTiO3 synthesis

Reactant Source Particle size Purity (%)
BaO; Aldrich —325 mesh 95

TiO; (anatase) Aldrich —325 mesh -

Ti AEE 20 pm 99.7

pressed to form cylindrical pellets (16 mm diameter and 20 mm
height), with green density of about 50% of the theoretical value
(6.02 glem?).

The experimental set-up used in this work for SHS is
described in detail elsewhere.>* Briefly, the combustion front
was generated at one sample end by using of a heated tung-
sten coil, which was immediately turned off as soon as the
reaction was initiated. Then, the reaction self-propagates until
reaches the opposite end of the pellet. The temperature during
reaction evolution was measured using thermocouples (W-Re,
127 mm diameter, Omega Engineering Inc.). About 5 g of the
obtained SHS products were milled (SPEX mixer mill 8000)
with two steel balls (13 mm diameter, 8 g weight) for different
milling time intervals (30 min, 5, 15h). It should be noted that
the iron content in milled powders was evaluated by means of
ICP-OES (VISTA MPX-VARIAN) and resulted to be less than
0.25 wt.%.

Ball milled powders were then sintered in the form of disks
by Spark Plasma Sintering Machine (SPS 515 Sumitomo Coal
Mining Co. Ltd.), whose schematic representation is reported in
Fig. 1. Typically, 5 g of milled SHS powders to be consolidated
were poured into a cylindrical graphite die (15 mm inside diam-
eter, 30 mm outside diameter, 30 mm height, AT101 graphite,
ATAL s.r.1, Italy). Between the sample and the internal surface
of the die, a graphite foil (0.13 mm thick, purity 99.8%, Alfa
Aesar) was placed in order to facilitate sample extraction after
SPS process. In addition, with the aim of minimizing heat losses
by thermal radiation, the die was covered with a layer of graphite
felt. The die was then placed inside the reaction chamber of
the SPS apparatus and the system was evacuated (10 Pa). This
step was followed by the application of a mechanical pressure
through the plungers.

The SPS apparatus combines a 50 kN uniaxial press with adc
pulsed generator (10 V, 1500 A, 300 Hz) to simultaneously pro-
vide a pulsed electric current through the sample and the graphite
die containing it, together with a mechanical load through the
die plungers (diameter 14.7 mm, 20 mm height, AT101 graphite,
ATAL s.r.l., Italy). Two cylindrical graphite blocks (diameter
80 and 30 mm, and height 40 and 20 mm, respectively, AT101
graphite, ATAL s.r.1., Italy) were placed between the upper
plunger and upper electrode.

During the entire SPS process, a mechanical pressure of
40 MPa was maintained through the plungers, and an electri-
cal current of 700 A was applied for different periods of time.
Thus, the obtained products have been characterized in terms of
density in order to follow the sintering evolution. Temperature
was measured during sintering by a C-type thermocouple, which
was inserted inside a small hole in one side of the graphite die.
Temperature, applied current, voltage, mechanical load and the
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Fig. 1. Schematic representation of spark plasma sintering (SPS) system.

vertical displacement of the lower electrode were measured in
real time and recorded.

Density of sintered samples was determined by the
Archimedes’ method, while grain size was calculated from XRD
data by means of the Halder and Wagner method.>> The latter
makes it possible to separate the two contributions to diffraction
line broadening, namely, the refinement of crystallite size and
the internal strain, as follows:

B*(N)\* _ B ()1 (n\2
(%) =% ) @

where B (f) = B(f)cos(0)/A, d* =2sin(@)/r, B(f) is the half-
maximum breadth of the diffraction profile, 6 the Bragg angle,
A the X-ray wavelength, L the crystallite size and 7 is the strain
factor. Thus, by plotting (B”(f)/d")? versus B*(f)/d"?, a straight
line is obtained. The slope of this line gives the inverse of the
average crystallite size, L, and its intercept provides the value of
the internal strain.

Powder and dense product characterization was performed
in terms of chemical composition and microstructure by X-ray
diffraction (XRD) analysis (Philips 1830 diffractometer using
Cu Ka Ni-filtered radiation), scanning electron microscopy
(SEM) and electron dispersive spectroscopy (EDS) analysis
(Hitachi S4000 Field Emission equipped with Kevex Sigma 32
Probe, resolution of 142 eV). Specifically, the identification of
diffraction phases was performed using PCPDFWIN Version 2.0
according to search routines on the basis of data index powders
diffraction file.¢

Before dielectric measurements, thin slices (thickness:
~0.1 cm) with parallel surfaces were cut from the sintered sam-
ples, polished and then annealed in air for 24 h at 800 °C. This
treatment was intended to relieve the residual stresses (arising
either from SPS process or from polishing) and remove the

surface carbon contamination. The graphite die used for den-
sification can induce reducing sintering conditions with oxygen
loss from the lattice and an increase in conductivity. Therefore,
a further objective of the post-annealing treatment is to remove
the excess of oxygen vacancies and improve dielectric prop-
erties. Dielectric measurement was performed by means of an
impedance analyzer (Solatron SI1260) with an applied voltage
of 1V, in the frequencies range 0.1-100 kHz, by varying temper-
ature between 40 and 170 °C (heating/cooling rate 0.5 °C/min).
Sputtered gold electrodes were applied on the upper and lower
surfaces of the sample, thus obtaining a parallel plate capacitor
configuration.

3. Results and discussion
3.1. Synthesis and ball milling of BaTiO3

According to its high enthalpy of reaction (1), i.e. —AHro =
556.142kJ/mol,>” synthesis of BaTiO3 displayed a self-
propagating behaviour. A typical temperature profile recorded
during combustion synthesis by a thermocouple embedded in
the sample is reported in Fig. 2. It is apparent that the tem-
perature suddenly increases when the wave approaches to the
position where the thermocouples are placed, thus reaching its
maximum value, equal to about 1800 °C.

Since the melting point of BaTiO3 is 1616°C,37 a liquid
phase is formed. Consistently, it was found that the reacting pel-
let changes its shape during combustion synthesis occurrence.
After the maximum temperature is reached, it decreases, with
a relatively smaller rate, although rather rapidly, until reaching
room temperature. Front velocity was calculated from tempera-
ture profiles and was approximately equal to 20 mm/s.

The diffraction patterns of reactants, and SHS products, either
unmilled or ball milled at different time periods, are reported in
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Fig. 2. Temperature profile recorded during SHS of BaTiO3.

Fig. 3. Phase analysis of diffraction patterns showed that reaction
proceeds to completion with the formation of hexagonal BaTiO3.

The obtained product is black/blue coloured as an indication,
albeit indirect, of the formation of oxygen deficient hexagonal
BaTi03.383% This is justified by the experimental conditions,
i.e. high-temperature, rapid cooling, inert environment, under
which the product is prepared.

It should be also noted that, among the possible different
BaTiO3 phase modifications, the hexagonal one is stable only
when T > 1429 °C.40 Therefore, the product formed during this
reaction is metastable at room temperature, as a consequence of
the rapid cooling and the reducing conditions.>>*! As shown in
Fig. 3, after ball milling, diffraction patterns were characterized
by well shaped peaks, with peak broadening an indication of
the refinement of the structure. From the analysis of the line
broadening and the full width at the half maximum of XRD
signals in a large range of 26, grain size and strain are reported
in Fig. 4. The figure shows the crystallite size refinement and
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Fig. 3. XRD patterns of starting reactants and SHS products either unmilled
or ball milled at different time periods: (ll) BaTiO3 (82-1175), (V) BaO,, (1)
TiOy, (*) Ti.
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Fig. 4. Effect of milling time on crystallite size and strain of BaTiO3 powders
obtained by SHS.

the strain increase as functions of milling time. After 30 min of
milling, the average grain size was equal to about 66 nm and
reached 15 nm at 15 h. Slightly smaller (9 nm as determined by
Scherrer formula) BaTiO3 crystallite size has been obtained by
mechanochemical treatment starting from the same reactants as
used in this work after 72 h in a planetary mill.”

SHS milled powders have been also characterized by SEM.
As an example, secondary electron SEM images of the Sand 15 h
ball milled powders are reported in Fig. Sa and b, respectively. It
is shown that after milling, BaTiO3 consists of soft agglomerated
particles with sizes in the range of 1-10 pm.

On the basis of the obtained results, it seems that both grain
and particle sizes change more significantly within 5h milling.
Therefore, powders milled for such a time period have been
subsequently used for sintering purposes.

3.2. Densification of BaTiO3 powders

SPS experiments performed using powders ball milled for
5h were conducted in vacuum, at 700 A, under a mechanical
pressure of 40 MPa. Samples investigated in the present work
were sintered by SPS at different time intervals in the range
of 0-140s. Fig. 6 shows the SPS outputs, i.e. current, volt-
age, temperature and sample displacement, as a function of
sintering time, when the application of the electric current was
interrupted after 140 s. After reaching its maximum value, volt-
age decreasing (cf. Fig. 6a) can be related to the increase of
the system temperature (cf. Fig. 6b) encountered during this
stage, which is accompanied by a decrease of its electrical resis-
tivity. Although the slope of temperature—time curve seems to
decrease as SPS time was increased, thermal equilibrium is not
reach within the temporal range, i.e. 0—140s, considered in this
study.

The displacement profiles shown in Fig. 6b, reveal that during
the first 30s, i.e. before the current reaches 700 A, the system
did not show any noteworthy shrinkage. The maximum sample
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Fig. 5. SEM secondary electrons micrographs of ball milled powders, corre-
sponding to (a) milling time =5h, and (b) milling time=15h.

displacement is attained when the temperature is in the range
1200-1300 °C (Fig. 6b). As shown in Fig. 7, where the effect
of SPS time on relative density is reported, the ceramic prod-
ucts with relative density in the range of about 65-98% can be
obtained by varying the sintering time from 70 to 140 s, respec-
tively.

This aspect is strictly related to the corresponding maximum
temperature level reached during the process, also shown in
Fig. 7 as a function of the sintering time. Polished and frac-
ture surfaces of SPS samples were investigated by SEM and the
results corresponding to 70 and 140s are reported in Fig. 8a
and b, respectively. It is seen that while a near full dense mate-
rial was obtained at 140s, the sample resulting after 70 s still
did not have the aspect of a bulk product. Moreover, the obser-
vation of fracture surfaces reveals that a significant crystallite
growth accompanies the sintering process in the 70-140s SPS
time interval.

XRD patterns of SPS products obtained at different process-
ing time periods are reported in Fig. 9. It is seen that as SPS
time is increased, the corresponding XRD profiles display rela-
tively narrower peaks when compared to starting powders. The
results achieved by applying the Halder and Wagner method to
the XRD patterns of SPS products, obtained when the electric
current was applied for time periods in the range 0-100s, are
shown in Fig. 10.
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Fig. 6. Temporal profiles of SPS outputs: (a) current intensity and voltage and
(b) temperature and sample displacement (/=700 A, P=40MPa, t=1405).

The SPS treatment affects in a relatively modest manner the
BaTiO3 grain sizes which are maintained below 50 nm.

Beside the variation of crystallite size and strain, another
aspect to be considered is the possible modification of BaTiO3
configuration during sintering. It was stated that the product
formed after SHS, and maintained during the BM treatment,
was hexagonal BaTiO3. The latter one is a metastable phase,
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Fig. 7. Effect of SPS time on relative density of sintered BaTiO3 and the corre-
sponding maximum temperature reached during the sintering process.
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Fig. 8. Polished and fracture surfaces SEM secondary electrons micrographs images of two SPS end-products corresponding to (a) =70, and (b) t=140s (/=700 A,
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thus it is likely it is transformed to the most stable one, i.e.
the tetragonal, when the product is subjected to thermal treat-
ment. Accordingly, as shown in Fig. 11 where a detailed view
(260 =44-47°) of XRD patterns of SPS products are reported
as a function of sintering time, evidence of such transition
is observed. Specifically, in this figure, typical peaks splitting
characteristic of the tetragonal BaTiO3 phase!! is clearly seen,
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20 S0 40 o0 60 70 80
SPS time 9

5 Yo v
140s ¥ ? *t 0Q00%g

I(a.u.)

100s I l ﬂ &
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26, diffraction angle

Fig. 9. XRD patterns of SPS products obtained at different values of the
time interval during which the pulsed electric current was applied (/=700 A,
P=40MPa): (M) hexagonal BaTiO3 (82-1175), () tetragonal BaTiO3
(81-2205).

particularly when SPS time is prolonged to 140 s. Nevertheless,
diffraction peaks of the hexagonal phase (cf. Fig. 9) appear to be
already strongly reduced when the thermal treatment duration is
70s.

It should be noted that, according to the phase diagram, the
modification hexagonal — tetragonal should involve also the
cubic phase, as intermediate configurations. However since the
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Fig. 10. Crystallite size and strain of BaTiO3 products obtained by SPS as
function of the sintering time.
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Fig. 11. Detail of XRD patterns of SPS products (/=700 A, P =40 MPa) in the
44-47° 26 range, as a function of the holding time. The typical splitting of
tetragonal BaTiO3 is shown: (l) hexagonal phase (82-1175), () tetragonal
phase (81-2205).

majority of the diffraction lines of cubic BaTiOs3 are very close
to those of the tetragonal phase, there is not a direct indication
of its formation.

Regarding crystallite size analysis, the application of the
Halder and Wagner method for SPS products obtained under
such conditions (140 s), is made difficult because peaks are too
narrow, the latter suggesting a significant increasing of crystal-
lite size. This fact is consistent with the SEM findings discussed
previously (Fig. 8b).

Accordingly, the observed phenomenon of peaks splitting
mentioned above represents a well known, albeit indirect, indica-
tion of the increasing growth of BaTiOj crystallites.!! Therefore,
this time interval (140s) may be considered as that one when
grain growth starts to become significant.

3.3. Dielectric properties

The dielectric permittivity or relative dielectric constant, &',
and the dielectric loss tangent, tan§, of the nanocrystalline
ceramic sintered for 100 s, post-annealed in air and with a grain
size of about 40nm are shown in Figs. 12 and 13, respec-
tively. In agreement with the general behavior reported in the
literature,”!3 the decrease of grain size leads to the broaden-
ing and flattening of the permittivity anomaly located at the
ferroelectric-to-paraelectric transition temperature (7c, Curie
temperature). Consequently, the sharp peak of ¢’ located at T
and typical of coarse ceramics? is replaced by a rounded maxi-
mum (Fig. 12), suggesting a more diffuse character of the phase
transition. The position of the permittivity maximum, 108 °C,
is significantly lower than the value of T¢, 125 °C, reported for
single crystals and coarse ceramics,® and this is a consequence
of the reduced grain size of the present material, in agreement
with previous observations.!3 The loss tangent (Fig. 13) is rela-
tively low, <5%, up to 110 °C. At higher temperatures there is a
progressive increase in tan § for frequencies below 10 kHz. The
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Fig. 12. Dielectric constant ¢’ as a function of temperature at frequencies in the
range 0.1-100 kHz.

high losses, the strong frequency dispersion and the anomalous
behaviour of & observed at 0.1 kHz indicate the existence of a
space charge layer effect. This space charge layer is probably
localized at the grain boundaries and originates from the partial
inhomogeneity of the dielectric properties of the grains. Whilst
the surface layer of the grains in contact with the grain bound-
aries is fully oxidized and insulating, the core of the grains is
slightly oxygen deficient and more conductive. In the paraelec-
tric region (7> T¢), for temperatures above 120 °C and frequen-
cies >5kHz (cf. Fig. 14), the permittivity is well described by
the Curie—Weiss law:

/ :
g =
T—T,

3

where C is the Curie constant and T is the Curie—Weiss tem-
perature.

At lower frequencies there is a progressive departure from
the Curie—Weiss law related to the space charge effect. The rela-
tive dielectric constant is significantly depressed in comparison
to coarse ceramics. The peak value of ¢ is around 1100, to be
compared with values of the order of 5000-6000 reported for

1-3‘ L O D LA N DN BNL BN BN B DL AL NN BNL NN NLNNL AL B L L AL ]
1211 & 100 KHz 5
1179 X 49.4KHz 7
10| ® 21.2KHz .
00d| o 105KHz ]
0.8—- + 518 KHz A

o 07 A 222KHz Al
2 1|l o 11 KHz a A
& 067 ¢ 05 KHz a ]
057| &4 01 KHz N
0.4 A -
0.34 A ]

e AL 7

0.2 Al g

J A ¥ O

0.14 AAAAAA/—\ §§$$‘$‘ ggi

o o ecossaoooceeesecsanpiitsammT IR TRRELESS
-01 EE LR B Y e o teiiun fal oF iE IR R EEEE-E.EEEEL.
40 60 80 100 120 140 180 180

Temperature (°C)

Fig. 13. Dielectric losses as a function of temperature at frequencies in the range
0.1-100 kHz.
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Fig. 14. Reciprocal dielectric constant as a function of temperature at frequen-
cies in the range 0.1-100 kHz: general view (a) and detailed view of the C—-W
plot (b).

ceramics with grain size in the micron range.”!3 The progres-
sive depression of the permittivity in BaTiO3 ceramics when
the grain size is decreased below 1pum has been attributed
to the existence of a non-ferroelectric grain boundary layer
(dead layer) with a thickness independent of the grain size.*?
The grain boundary dead layer exerts a dilution effect on the
permittivity of the ceramic because its dielectric constant is
much lower (of the order of 100) than that of the ferroelec-
tric region. According to the effective medium approach,* the
existence of a dead layer with a thickness of 1-2 nm is enough
to explain the observed drop of permittivity in nanocrystalline
ceramics.*>!3 A strong indication of the existence of a dead
layer at the grain boundaries is provided by the significant low-
ering of the Curie-Weiss temperature observed in the present
sample and predicted by the model.*® Fit of Eq. (3) to the per-
mittivity data for frequencies above 5 kHz gives Top=19-28 °C
(Table 2), to be compared with a reference value of 110°C
reported for single crystals and coarse ceramics.® For ceram-
ics with grain size below 50-100 nm, a decrease of the Curie
constant is also expected.*> Accordingly, the measured Curie
constant is 9 x 10* K~! (Table 2), in comparison with a refer-
ence value of 1.8 x 10° K=,

Table 2
Curie—Weiss temperature and Curie constant measured at 1-100 kHz

Frequency Curie—Weiss Curie constant
(kHz) temperature (°C) (K’l)
100 28 8.9 x 10*
50 25 8.9 x 10*
20 23 9.2 x 10*
10 22 9.5 x 10*
5 19 9.8 x 10*
2 13 10.3 x 10*
1 9 10.8 x 10*

4. Conclusions

A novel integrated route to produce dense nanostructured
BaTiO3 is proposed in this work. Specifically, the method
involves the synthesis of a single phase perovskite material by
SHS starting from barium peroxide, titanium and titanium oxide.
Nanostructured powders are then obtained by ball milling the
resulting SHS product under appropriate conditions. It is found
that the increase of milling time to 15h corresponded to the
refinement of BaTiOj3 crystallite size up to about 15 nm. More-
over, the most significant grain size refinement occurred at the
early stages of milling and, after 5h milling, nanostructured
powders with grain sizes in the range 20-30 nm are obtained.
When the latter are subjected to the consolidation/sintering step
through SPS (700 A, 40 MPa), by properly varying sintering time
in the interval 70-140 s, it is possible to obtain products with rel-
ative density in the range 66-99%, respectively. This aspect is
of practical importance, since the material under investigation
find applications either as fully dense product, for instance as
capacitor,” or when fabricated in porous form, for example as
gas sensor devices.

Regarding grain growth during the consolidation stage per-
formed by SPS, it is seen that when electric current is applied
for period of time equal or less than 100s, BaTiO3 grain sizes
are maintained below 50 nm, so they are affected only modestly
by SPS treatment.

The observed dielectric properties are typical of a nanocrys-
talline BaTiO3 ceramic. The Curie temperature is shifted to
lower temperatures (108 °C) and the relative dielectric constant
is significantly depressed by the dilution effect due to the pres-
ence of a non-ferroelectric low permittivity grain boundary layer.
These observations confirm the existence of remarkable size and
grain boundary effects in fine grained barium titanate ceramics.
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