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bstract

ndoped-BaTiO3 powder prepared from the mixed oxide route (0 h sample) has been attrition milled using yttria-stabilized ZrO2 milling media
or 0.5–3 h prior to formation of dense ceramics. Both isovalent (Zr4+ → Ti4+) and aliovalent (Y3+ → Ba2+) dopant contamination effects have been
bserved. Systematic changes occur in the lattice parameters, polymorphic phase transition temperatures and dielectric properties below the Curie
emperature for 0–2 h attrition milled powders and these are attributed primarily to an ion-size effect associated with Zr-doping on the Ti-site due

o milling media contamination. The bulk conductivity of attrition milled samples at high temperature decreases by ∼2–3 orders of magnitude
ompared to 0 h samples and the activation energy associated with bulk conduction increases from ∼1 eV for 0 and 0.5 h samples to 1.4 eV for
h samples. The change in bulk conductivity and conduction mechanism for the attrition milled samples is attributed to aliovalent Y3+ dopant
ontamination from the milling media.

2006 Published by Elsevier Ltd.
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. Introduction

The structure–composition–property relationships of
aTiO3-based ceramics have been widely investigated since

he discovery of ferroelectricity in BaTiO3 during the Second
orld War. The reasons for the interest are primarily two-fold.

irst, BaTiO3-based materials offer a wide range of commercial
pplications, including dielectric materials for capacitors,
ositive temperature coefficient of resistance thermistors,
emory devices, tunable microwave dielectrics, piezoelectrics

nd non-linear optics.1 In this case, research is driven by the
eed to optimise or enhance a desired property (or figure
f merit), often based on incremental changes in chemical
omposition, processing conditions, etc. to an existing product
ormulation. Second, BaTiO3 is often perceived as a ‘model’

non-Pb-based) ferroelectric perovskite-type oxide (ABO3)
hich exhibits several polymorphic phase transitions and is

herefore used to correlate important dielectric/ferroelectric

∗ Corresponding author. Tel.: +44 114 222 5974; fax: +44 114 222 5943.
E-mail address: d.c.sinclair@sheffield.ac.uk (D.C. Sinclair).
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roperties such as variations in polymorphic phase transition
emperatures, permittivity and dielectric loss with chemical
oping and ceramic microstructure.

The influence of many isovalent dopants on the polymor-
hism and dielectric properties of BaTiO3 have been studied in
etail. For example, Zr-doping on the Ti-site (BaTi1−xZrxO3)
s known to decrease the cubic to tetragonal phase transi-
ion temperature (Tc) in undoped BaTiO3 from ∼130 ◦C by

5 ◦C/at.% Zr, however, it increases the transition temperatures
ssociated with the subambient rhombohedral–orthorhombic
Tr/o ∼ −80 ◦C) and near ambient orthorhombic–tetragonal
To/t ∼ +5 ◦C) phase transitions by ∼10 and ∼4 ◦C/at.% Zr,
espectively.1–3 Zr-doping is often referred to as ‘pinching’
ecause the shift in phase transition temperatures with increas-
ng x results in coalescence of all three transitions at ∼50 ◦C
or x ∼ 0.15. In turn, this results in a single, broad permittivity
eak at this temperature, as opposed to the three distinct per-
ittivity peaks observed at −80, +5 and +130 ◦C for x = 0. For

> 0.25, relaxor-type ferroelectric behaviour is observed, viz. at

emperatures below the maximum in permittivity, Tm, the real
nd imaginary parts of the permittivity (for a fixed temperature)
ecrease and increase with radio frequency, respectively. The

mailto:d.c.sinclair@sheffield.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2006.10.013
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ielectric properties of BaTiO3 are therefore extremely sensi-
ive to Zr-doping and this is commonly exploited to broaden the
emperature coefficient of capacitance in many BaTiO3-based
ielectrics for capacitor applications.

The defect chemistry and electrical properties associated with
liovalent doping of BaTiO3 is a more complex subject and, in
any cases, poorly understood. This is not surprising because

harge compensation for a donor- (higher valent cation, e.g. La3+

or Ba2+) or acceptor-dopant (lower valent cation, e.g. Ga3+ for
i4+) can occur by the creation of electronic and/or ionic defects.
he situation is further complicated for dopants intermediate in
ize between Ba2+ and Ti4+ (e.g. Y3+) as these can substitute on
oth lattice sites; therefore, depending on the Ba/Ti ratio of the
tarting composition can act as either a donor or an acceptor.

In general, acceptor doping results in the creation of oxygen
acancies, e.g. BaTi1−xGaxO3−x/2 and these materials exhibit
ood dielectric properties with no appreciable dc conductivity
t room temperature. At elevated temperatures and modest pO2
e.g. ∼1000 ◦C and 10–105 Pa), the isothermal dc conductivity
xhibits p-type behaviour and therefore decreases with decreas-
ng pO2; however, for reducing atmospheres (pO2 < 10−10 Pa)
-type behaviour is observed and the isothermal dc conductivity
ncreases with decreasing pO2.4 This variation in isothermal dc
onductivity with pO2 for acceptor-doped BaTiO3 ceramics has
een explained by Smyth and co-workers.5 The p-type behaviour
s attributed to filling of the anion vacancies (Vo

••) with the
reation of electronic holes (h•) by the following reaction:

o
•• + 1

2 O2 → Ox
o + 2h• (1)

here Ox
o corresponds to oxide ions on their lattice sites. The

-type behaviour is attributed to oxygen loss with the creation
f electrons (e′) by the following reaction:

x
o → 1

2 O2 + Vo
•• + 2e′ (2)

This change in p- to n-type isothermal dc conductivity
ehaviour with decreasing pO2 at elevated temperatures is also
bserved for undoped BaTiO3 ceramics. Smyth and co-workers5

ttribute this unexpected p-type behaviour to unavoidable low
evels (often <100 ppm) of acceptor impurities in the starting
eagents used in preparation of BaTiO3 powders, e.g. Fe3+ and
l3+ in TiO2.
The dielectric properties of BaTiO3 ceramics are also influ-

nced by ceramic microstructure (i.e. average grain size and
evel of porosity)6 and it is important to obtain suitably fine-
rained and free flowing homogeneous powders prior to pressing
reen bodies and sintering to form dense ceramics. In most
ases, powders prepared from the mixed oxide route are milled
sing either a ball mill or an attrition mill. The latter is a higher
nergy process and requires much shorter mixing periods and
an usually produce finer powders compared to ball milling. In
oth cases, contamination from the milling media (usually some
orm of stabilized zirconia) is an unavoidable consequence of

he need to produce appropriate powder for ceramic processing.
ecently we have been investigating the influence of A- and
-site cation variance on the polymorphic phase transitions and
ielectric properties of BaTiO3 ceramics using isovalent dopants

a
o
w
m
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A-site Sr, Ca and B-site Zr). Due to the refractory nature of the
opants we decided to investigate a two stage milling process,
all milling followed by a short period of attrition milling. This
atter stage was used to further aid mixing and to reduce the
verage particle size of the powders prior to sintering. Given the
ensitivity of electrical properties of BaTiO3 to low levels of dop-
ng and the obvious concerns about contamination from milling
e decided first to investigate the influence of attrition milling

ime on the electrical properties of undoped BaTiO3 ceramics.
The work described here demonstrates that attrition milling

f BaTiO3 powder using yttria-stabilized zirconia (YSZ) milling
edia for short periods, e.g. 0.5 h has a small effect on the poly-
orphic phase transition temperatures and dielectric properties

f undoped BaTiO3 below Tc; however, it has a dramatic effect
n the high temperature bulk conductivity. Attrition milling for
1 h results in significant changes to the polymorphic phase

ransition temperatures and for ∼3 h development of core–shell
icrostructures and consequently significant changes in the

ielectric properties below Tc and high temperature bulk con-
uctivity mechanism. The changes in electrical behaviour are
ttributed to the influence of both iso- and alio-valent ion con-
amination from the milling media and serve as a ‘cautionary
ale’ for the preparation of BaTiO3 powders from high energy

illing processes such as attrition milling.

. Experimental

BaTiO3 was prepared by conventional solid-state reaction of
aCO3 (99.98%, Aldrich) and TiO2 (99.9%, Aldrich). The raw
aterials in a 1:1 mole ratio (total weight ∼30 g) were weighed

nd placed in a polypropylene bottle with propanol and magne-
ia stabilized zirconia balls and mixed for 12 h. The resulting
lurry was dried in oven overnight before sieving through a
50 �m plastic mesh. The powder was placed in alumina cru-
ible and calcined at 1100 ◦C for 6 h. The reacted powder was
emilled as described above and re-calcined at 1150 ◦C for 12 h.
n order to see the influence of different milling times (viz. 0.5,
, 2 and 3 h) on the polymorphism and electrical properties of
ndoped BaTiO3 ceramics, attrition milling was performed prior
o sintering. In the present study we have chosen yttria-stabilized
irconia (ZrO2-Y) balls as a grinding medium as the reported
ata suggests that ZrO2-Y balls are less polluting than others
uch as agate. The experimental conditions fixed during attrition
illing was; ball to powder ratio ∼32 and the speed of stir-

er ∼300 rpm. Particle size analysis was performed using laser
iffraction-based particle size analyzer (COULTER Electronics,
S130).

Pellets (10 mm diameter and ∼1–2 mm thickness) were
ressed at 200 MPa using a Cold Isostatic Press (Model CIP
2330, Cold Isostatic Press, Flow Autoclave System Inc.,
olumbus, OH). The green compacts were sintered in an oxy-
en atmosphere on Pt foil in two stages, firstly heated at 1450 ◦C
or 1 h and then cooled down to 1300 ◦C and held for 4 h using

controlled heating and cooling rate of 5 ◦C/min. The density
f the ceramics was determined using pellet dimensions and
eight. Prior to microstructural analysis by scanning electron
icroscopy (SEM), pellet surfaces were polished using 1200
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of ceramics prepared from 0 to 2 h attrition milling time were
single-phase and could be fully indexed as the tetragonal poly-
morph of BaTiO3 using the space group P4mm and ICDD file
79-2265, Fig. 1(a). There is a significant and systematic change
O.P. Thakur et al. / Journal of the Euro

rit SiC emery paper followed by 6, 3 and 1 �m diamond paste.
amples were then thermally etched for 1 h at 100 ◦C lower

han the sintering temperature and then gold coated to prevent
urface charging in the microscope. Secondary electron images
ere obtained by SEM (Model MK II SEM, CamScan, Cam-
ridge, UK) operating at 20 kV and a working distance of 1 cm.
he purity of the reacted powder and phase formation was con-
rmed using X-ray diffraction (XRD), with a high resolution
iffractometer (Cu K�1, λ = 1.54059 Å, Model Stoe StadiP, Stoe
nd Cie GmbH, Darmstadt, Germany) operating in transmission
ode. Data were collected using a position sensitive detector

ver a 2θ range 20–100◦ with a step size of 0.1◦ and count time
f 45 s/step.

For transmission electron microscopy (TEM) pellets were
ounted on a glass slide using a thermosensitive resin and

round to a thickness of ∼20 �m. Copper rings of 3.05 mm
n diameter with a 1000 �m circular hole were glued onto the
eramic foils using an epoxy resin. Samples were thinned until
erforation using a Gatan Duo Mill ion beam thinner operated
t an accelerating voltage of 6 kV with a combined gun current
f 0.6 mA at an incidence angle of 15◦. After perforation, the
eam angle was reduced to 12.5◦ and thinning performed for
/2 h. Samples were then carbon coated using a carbon sputter-
ng unit (Model Emitech K950 carbon coater, Pfeiffer Vacuum,
sslar, Germany) and examined in bright-field mode using a
EM (Model EM 430, Phillips, Eindhoven, The Netherlands)
perated at an accelerating voltage of 300 kV.

For electrical measurements (dielectric behaviour, impe-
ance spectroscopy and hysteresis loops), electrodes were fabri-
ated from gold paste (T-10112, Engelhard-CLAL, Cinderford,
loucestershire, UK), which were fired in air at 800 ◦C for 2 h

o decompose the paste and harden the residue. For impedance
pectroscopy (IS) measurements, pellets were loaded into a con-
uctivity jig and placed in a horizontal tube furnace controlled
o ±1 ◦C. The data were recorded from room temperature to
00 ◦C in steps of 25 ◦C over the frequency range of 40 Hz to
MHz using an impedance analyzer (Model 4192A, Hewlett-
ackard Co., Palo Alto, CA) and an applied voltage of 100 mV.
ll data were corrected for sample geometry and analyzed using

he commercial software package Z-view (Version 2.1, Scribner
ssociates Inc., Charlottesville, VA). It was found unneces-

ary to correct the experimental data for stray impedances. The
pen-circuit “parallel” capacitance of the sample holder was
nly ∼5 pF, whereas the corresponding value with the sam-
le present was always much greater than ∼500 pF. The lead
mpedance (<1 �) was always insignificant in comparison with
ample impedances and could be ignored.

The dielectric properties were investigated over the frequency
ange 102–106 Hz using a precision LCR meter (Model HP
284A, Hewlett-Packard, Palo Alto, CA) from room temper-
ture to 300 ◦C. Low temperature dielectric measurements were
onducted using closed cooling helium cryostat (Oxford Instru-
ents Ltd., Oxfordshire, UK) with a temperature controller
Model No. ITC 503, Oxford Instruments Ltd., Oxfordshire,
K) accurate to ±1 ◦C. Measurements were performed over

he frequency range of 40 Hz to 1 MHz using an Impedance
nalyzer (Model 4192A, Hewlett Packard Co., Palo Alto, CA)

F
a
6
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nd an applied voltage of 100 mV in the temperature range
0–300 K. Polarisation–electric field (P–E) hysteresis loops
ere recorded with a computer controlled modified Sawyer-
ower circuit supplied with sinusoidal electric field of 50 Hz.

. Results

Room temperature (RT) XRD patterns for crushed powders
ig. 1. (a) XRD patterns of crushed powders of ceramics prepared from various
ttrition milled powders and (b) expanded scale of the data for the 2θ range
0–100◦.
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microstructure were examined by TEM. Bright-field images
ig. 2. Variation of a, c and tetragonality (c/a) of the powders at RT with attrition
illing time.

n lattice parameters for these powders, with a increasing and
decreasing with milling time, Fig. 2. The c/a ratio clearly

ecreases with increasing attrition milling time. Although no
xtra reflections were observed in the XRD pattern for the 3 h
illed powder, the data did not give a good fit to any one of

he low temperature polymorphs (tetragonal, orthorhombic or
hombohedral cells) based on the ICDD data base. The differ-
nce for the 3 h powder is more clearly observed by inspection

f XRD data at large two theta values, Fig. 1(b). The obvious
eak splitting at ∼75◦, 79◦ and 91◦ 2θ for the 0 and 1.5 h sam-
les is not present for the 3 h sample, instead the peaks are only
lightly broadened. The lack of resolution in the diffraction data

o
b
o

Fig. 3. SEM micrographs of sintered ceramics prepared from pow
Ceramic Society 27 (2007) 2577–2589

recludes an unambiguous assignment of the polymorphism and
attice parameters based on XRD for this sample.

Particle size distribution of the attrition milled powders prior
o sintering of ceramics was measured using a Coulter parti-
le size analyzer. Prior to attrition milling (0 h sample), d50
as ∼1.2 �m, however, after 0.5 h attrition milling this reduced

o ∼0.7 �m. Further reduction in d50 was observed for 1 and
h milled powders, with values of ∼0.5 and 0.4 �m, respec-

ively. Milling for 3 h did not cause any further reduction in d50
hich remained at ∼0.4 �m. SEM micrographs of the ceramic
icrostructures obtained after sintering the various powders are

hown in Fig. 3. There is a clear reduction in the average grain
ize of the ceramics prepared from attrition milled powders. For
xample, the 0 h sample has an average grain size of ∼10 �m,
ig. 3(a), however, the grain size is smaller for the 0.5 h sam-
le, Fig. 3(b), and is ∼3 �m for the 2 h sample, Fig. 3(c). There
ppears to be a slight increase in average grain size for the 3 h
ample, Fig. 3(d). These results are consistent with particle size
istribution analysis of the powders, with the coarser powders
esulting in larger-grained ceramic microstructures. In all cases,
rain growth was limited during sintering and the lack of poros-
ty, Fig. 3, is consistent with a measured pellet density of >95%
f the theoretical X-ray density for all ceramics. In addition,
DS performed in the SEM showed clear evidence for the pres-
nce in some grains of (up to ∼5 at.%) Zr-contamination in the
h sample.

The effects of prolonged attrition milling on the subgrain
btained for both the 0 and 3 h samples are shown in Fig. 4(a,
) and (c, d), respectively. The 0 h samples exhibit a variety
f 90◦ ferroelectric domains that transverse the grains termi-

ders attrition milled for (a) 0 h, (b) 0.5 h, (c) 2 h and (d) 3 h.
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Fig. 4. Bright-field images for 0 h (a and b) and 3 h (c and d) samples. Inse

ating at the grain boundaries, Fig. 4(a). Domain boundaries
ie on {1 0 1} and domain widths vary between 20 and 80 nm,
ig. 4(b), which was obtained with the electron beam parallel

o [1 0 0], as indicated by the inset diffraction pattern. Fig. 4(c)
nd (d) shows the typical subgrain microstructure observed for
h samples. Grains exhibiting a so-called ‘core–shell’ struc-

ure were often revealed. The core regions exhibit {1 0 1}-type
wins, which is indicative that the core regions are ferroelectric,
n contrast to the shell regions which are paraelectric. In gen-
ral, core regions are ∼1 �m in diameter and restricted to less
han half the grain volume. Some grains exhibit twin interfaces,
s illustrated in Fig. 4(c). The inset electron diffraction pattern
btained over the twin shows (1 1 1) to be the habit plane. This
lectron diffraction consists of two superposed [1 1 0]-type zone

xes rotated by ∼70◦, which in this case can be readily identi-
ed by the different relative intensities of the reflections. The 3 h
amples also exhibit a high population of dislocations, which in
ig. 4(c) appear as dots (more evident on the top right side of

s
s
C
o

b) and (c) show relevant electron diffraction patterns (see text for details).

he figure), due to the orientation of the sample in relation to the
lectron beam. The dark grain in Fig. 4(c) imaged under a differ-
nt orientation is illustrated in Fig. 4(d). A core–shell structure
s revealed and under this orientation some dislocations appear
s lines as indicated by the arrows.

The dielectric properties of ceramics prepared from the 0
nd 0.5 h attrition milled powders are relatively similar with
he exception of a decrease in Tc from ∼130 to 126 ◦C, Fig. 5.
oth exhibit a sharp maximum in permittivity at Tc, Fig. 5(a)
nd display similar subambient permittivity behaviour with clear
vidence of permittivity peaks associated with the rhombohedral
o orthorhombic and orthorhombic to tetragonal phase transi-
ions with Tr/o and To/t being similar for both samples, Fig. 5(b).
an δ is slightly higher between RT and ∼100 ◦C for the 0 h

ample, however, the general behaviour is similar with both
amples exhibiting a peak in tan δ at ∼125–130 ◦C, Fig. 5(c).
eramics from the 1–2 h milled powders display lower values
f Tc compared to the 0 h sample and the associated permittivity
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ig. 5. Variation in permittivity (a) above and (b) below RT and (c) tan δ above
t 1 kHz.

eak more rounded in shape, Fig. 5(a). Although the permittivity
eaks below RT associated with the lower temperature polymor-
hic phase transitions are still discernable, Tr/o and To/t clearly
ccur at higher temperatures compared to the 0 and 0.5 h sam-
les, Fig. 5(b). Although not shown, the loss behaviour for these
amples are similar to that in Fig. 5(c) for the 0 and 0.5 h samples.
n contrast, ceramics from the 3 h milled powders display very
ifferent dielectric properties, both above and below RT and as
function of frequency. No obvious peaks in permittivity are

bserved below RT, Fig. 5(b); instead two broad peaks in per-
ittivity centred at ∼60 and ∼100 ◦C are observed, Fig. 5(a). In

ddition, tan δ does not show any peaks above RT; instead, the

oss is initially quite high, ∼0.03, but decreases with increas-
ng temperature, exhibiting points of inflection at ∼80, 110 and
35 ◦C. All samples exhibit similar loss values between 150 and
00 ◦C. The dielectric properties of ceramics prepared from 0

p
d
F
t

or ceramics prepared from various attrition milled powders. All data collected

o 2 h milled powders did not exhibit any frequency dependence
ver the measured range 1–250 kHz. In contrast, ceramics pre-
ared from 3 h milled powders displayed weak but significant
requency dependence indicative of ferroelectric relaxor-type
ehaviour, Fig. 6.

The permittivity peaks in the dielectric data were used to
stimate Tc, To/t and Tr/o for ceramics prepared from 0 to 2 h
illed powders and are summarised in Fig. 7. For 0–2 h sam-

les, where sharp, well-separated peaks are observed, peak
ssignments to the various phase transition temperatures are
nambiguous, however, this is not the case for ceramics pre-
ared from 3 h milled powders, where only two permittivity

eaks were observed. The assignment of these peaks will be
iscussed in detail later, however, based on the TEM results in
ig. 4(c) and (d) and the very different dielectric response for

his sample, Fig. 6, it appears more appropriate to assign the
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ig. 6. Frequency dependence of permittivity and tan δ above RT for a ceramic
repared from a 3 h attrition milled powder.

igher temperature peak to the ferro- to para-electric phase tran-
ition temperature associated with the core regions of the grains,
hereas the lower peak at ∼60 ◦C is associated with phase tran-

itions in the shell-type regions of the subgrain microstructure.
Impedance spectroscopy (IS) was used to investigate the

lectrical homogeneity of the ceramics and typical complex
mpedance plane, Z*, plots for data collected at ∼500 ◦C for
, 0.5 and 3 h samples are shown in Fig. 8. Two well resolved
emicircular arcs are observed for ceramics prepared from 0 h
ttrition milled powders, Fig. 8(a). Based on an equivalent circuit
onsisting of two parallel RC elements connected in series, the
ow and high frequency arcs in the Z* plot have associated capac-
tances of ∼10 nF cm−1 and ∼37.5 pF cm−1. These are typical
alues for grain boundary (Cgb) and grain (bulk) responses (Cb)
f ferroelectric BaTiO3 ceramics in the paraelectric region based
n the brickwork layer model for electroceramics and justify the

hoice of equivalent circuit to model the data.7,8 Thus, the low
requency arc in Z* plots can be attributed to the grain boundary
esponse (Rgb, Cgb) and the high frequency arc is attributed to the
rain response (Rb, Cb). Z* plots for 0.5 and 3 h milled samples

f
p
b
f

ig. 7. Variation of Tr/o, To/t and Tc for ceramics as a function of attrition milling
ime of the powder.

o not exhibit well resolved arcs, instead they consist of overlap-
ing arcs. It was not possible to obtain reliable resistance and/or
apacitance values from hand-fitting of the Z* plots for these
amples, however, the dc resistivity, RT (where RT = Rb + Rgb
ased on the brickwork layer model) of the various ceramics
as estimated from the low frequency intercept of the data with

he Z′-axis. It is apparent from Fig. 8 that attrition milling of
he powders causes a significant increase in the dc resistivity
f the ceramics, increasing from ∼60 k� cm for 0 h samples to
1 M� cm for the 0.5–3 h samples.

In an attempt to extract bulk and grain boundary R and C val-
es from the IS data, analysis was performed using combined
Z′′, M′′ spectroscopic plots. This method can be used to esti-
ate bulk and grain boundary R and C values for ceramics where

here is significant overlap between the bulk and grain boundary
rcs in Z* plots. M′′ spectra are dominated by the grain (bulk)
esponse, and therefore the M′′ Debye-type peak can be used
o estimate Rb and Cb from the relationships Cb = 1/2M ′′

max
nd Rb = 1/(2πfmaxCb), where fmax is the frequency at the top of
he M′′ Debye peak. In contrast, Z′′ spectra are dominated by
he grain boundary response and therefore the Z′′ Debye-type
eak is used to calculate Rgb and Cgb using the relationships
gb = 2Z′′

max and Cgb = 1/(2πfmaxCgb), where fmax is the fre-
uency at the top of the Z′′ Debye peak.9 The combined −Z′′,
′′ spectroscopic plots at ∼500 ◦C for 0, 0.5 and 3 h samples are

hown in Fig. 9(a)–(c), respectively. Fig. 9(d) shows only the M′′
pectra for the same samples and clearly shows fmax of the bulk
′′ Debye peak to decrease dramatically from ∼1 MHz for the
h sample to ∼5 kHz for the 0.5 h sample. This demonstrates

hat Rb increases significantly for attrition milled powders, even
or short milling times, e.g. 0.5 h. In addition, the M′′ spectrum

or the 3 h sample shows significant broadening with evidence of
ossibly two overlapping M′′ peaks. This non-ideal Debye-like
ehaviour of the M′′ spectrum demonstrates the bulk response
or this ceramic to be electrically heterogeneous and is consis-
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Fig. 8. Typical Z* plots for ceramics prepared fro

ent with the core–shell microstructure observed from TEM in
ig. 4(c) and (d).

Arrhenius plots of the total conductivity, σT (where σT = 1/RT
rom Z* plots), bulk conductivity, σb (where σb = 1/Rb from
he M′′ spectra) and grain boundary conductivity, σgb (where
gb = 1/Rgb from the −Z′′ spectra) for various ceramics are
hown in Fig. 10. All obey the Arrhenius law and therefore
ctivation energies for the various conduction processes can
e estimated from the slopes of these diagrams. σT, σb and
gb all decrease significantly for ceramics prepared from attri-

ion milled powders, Fig. 10. It is particularly worth noting
he increase in Ea for bulk conduction from ∼1 eV for the

h sample to 1.4 eV for the 3 h sample, Fig. 10(b). Bulk
nd grain boundary conductivity data for a BaZrO3 ceramic,
Z, (0 h powder) are included for comparison with the data

or the BaTiO3 ceramics, Fig. 10(b) and (c), respectively.

s
s
P
n

0 h, (b) 0.5 h and (c) 3 h attrition milled powders.

he temperature dependence of Cb and Cgb are shown in
ig. 11(a) and (b), respectively. Cb decreases systematically
ith increasing temperature as expected for a ferroelectric
aterial above its Curie temperature. Cgb displays weaker tem-

erature dependence and it is noteworthy that Cgb for the 0 h
ample is a factor of ∼20 greater than the attrition milled
amples.

The variation of σb at ∼500 ◦C in flowing O2 and N2 atmo-
pheres with time for 0 and 3 h samples is shown in Fig. 12.
lthough both samples exhibit p-type conductivity, the 0 h sam-
le displays a larger variation in bulk conductivity with changing
O2. Finally, P–E hysteresis loops for 1, 2 and 3 h samples are

hown in Fig. 13. The coercive field, Ec and remnant polari-
ation, Pr are similar for all samples with Ec ∼ 1.4 kV/cm and
r ∼ 8.5 �C/cm2; however, the saturated polarisation, Ps is sig-
ificantly lower for the 3 h sample with a value of 12 �C/cm2
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ig. 9. Typical combined −Z′′ and M′′ spectroscopic plots for ceramics prepa
pectroscopic plots for the same samples (d).

ompared to 20 �C/cm2 for the 1 and 2 h ceramics. Hystere-
is loops for the 3 h milled sample are less square shaped than
hose for the other samples. This seems to indicate some degree
f relaxor behaviour, as slim, inclined loops are typical for
elaxor-type materials. The non-negligible dispersion of the per-
ittivity (Fig. 6) supports the existence of relaxor character in 3 h

amples.

. Discussion

Attrition milling of BaTiO3 powder using YSZ milling
edia has a significant effect on the dielectric and conduction

roperties of BaTiO3 ceramics and is clearly related to uninten-
ional contamination associated with the milling media. Attrition

illing is a high energy process and therefore extended milling
imes are likely to lead to significant levels of contamination,
s observed in the present study. In the case of BaTiO3, where

he electrical properties are extremely sensitive to the presence
f low levels (�1 at.%) of dopants (intentional or uninten-
ional), changes in composition can be detected by variations in
attice parameters, polymorphic phase transition temperatures,

t
c
w
i

om powders attrition milled for (a) 0 h, (b) 0.5 h and (c) 3 h, respectively. M′′

ubgrain microstructure, dielectric behaviour <200 ◦C and/or
lectrical conductivity >300 ◦C.

Detection of Zr by EDS is the most direct evidence for
r-contamination in the present study; however, reduction in

etragonality observed from XRD data, Figs. 1 and 2 and the
eneral variation in polymorphic phase transition temperatures
rom the dielectric data, Figs. 5 and 7, are all consistent with that
xpected for the replacement of Ti4+ by the larger Zr4+ ion. The
evel of Zr-contamination in the 3 h sample was variable but was
emi-quantitatively estimated to be as high as ∼5 at.% in some
rains from EDS using SEM. Based on an expected 5 ◦C/at.%
r decrease of Tc for undoped BaTiO3, the maximum in permit-

ivity for the 3 h sample at ∼100 ◦C, Fig. 6, is consistent with
he level of Zr detected by EDS. The development of core–shell
egions in some grains, Fig. 4(c) and (d), weak relaxor-type
ielectric behaviour, Fig. 6, broad M′′ spectroscopic plots from
igh temperature IS data, Fig. 9(c) and (d), and the lower Ps in

he P–E hysteresis loops, Fig. 13, are all indicative of significant
hemical heterogeneity in the 3 h sample. This may also explain
hy it was not possible to fit the XRD data of the 3 h sample to an

ndexing scheme based on a single polymorphic form of BaTiO3.
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ig. 10. Arrhenius plots of (a) σT, (b) σb and (c) σgb for ceramics from variou
0 h).

ore–shell subgrain microstructures and dislocations are com-
only observed in doped-BaTiO3 ceramics where incomplete

iffusion of dopants is deliberately pursued. Different mecha-
isms have been suggested to explain the formation of core–shell
tructures in BaTiO3-based materials2,10 and although the exact
echanism responsible for their formation in the present study is

ot clear, it is most likely to arise from limited solid-state reac-
ion between the BaTiO3 particles with fine YSZ debris from
he milling media. The higher level of contamination from YSZ
ebris for extended attrition milling periods is likely to result in
he development of more core–shell type grains. This explains

hy they are more readily observed in TEM for the 3 h sample

nd also explains the significantly different dielectric response
f this sample, viz. weak ferroelectric relaxor-type behaviour
nd the presence of only two ‘peaks’ in the permittivity data,

i
t
h
c

tion milled powders. BZ in (b) and (c) represents data from BaZrO3 ceramics

ig. 6 compared to the other samples, Fig. 5. Although the other
ttrition milled samples are likely to exhibit some core–shell
tructures, they are not sufficiently developed or widespread
o dominate the dielectric properties and therefore the dielec-
ric data from fixed frequency measurements of these ceramics
eveal systematic changes in polymorphic phase transition tem-
eratures as a function of milling time, Figs. 5 and 7.

It is also noteworthy that the average grain size does not
hange dramatically with attrition milling time, Fig. 3; how-
ver, it does scale with the average particle size of the starting
owders. Since the grain size was >3 �m for all ceramics stud-

ed, there are no significant grain size effects, i.e. ‘capping’ of
he fixed frequency permittivity data near Tc associated with a
igh volume fraction of grain boundaries due to a small (submi-
ron) average grain size. TEM did reveal, however, significant
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high temperature conductivity studies that cannot be rationalized
by isovalent substitution based on ion-size arguments. In particu-
lar, the dramatic change in σb and Ea of attrition milled samples,
Figs. 9(d) and 10(b) and the rather weak pO2 dependence of σb
ig. 11. Temperature dependence of Cb and Cgb for ceramics from various
ttrition milled powders.

ifferences in the subgrain structures of the 0 and 3 h samples.
lthough we do not wish to overinterpret the IS data, some com-
ent on Cgb is required as it is at least one order of magnitude

reater for the 0 h sample compared to the attrition milled sam-
les, Fig. 11. Based on the validity of the brickwork layer model
or the ceramics in this study, the higher capacitance associ-
ted with the grain boundary regions in the 0 h sample implies
hey are much thinner than that observed for the attrition milled
amples. As the grain boundary response in undoped BaTiO3
eramics is normally attributed to space charge effects associ-
ted with dopant/defect segregation this region is narrow and
ell defined for ceramics from powder prepared by conven-
ional ball milling. In contrast, the grain boundary regions for
eramics prepared from the attrition milled powders appear to
e much thicker and may be related to the development of the
ore–shell microstructures associated with limited diffusion of

F
v

ig. 12. Variation of σb with time at ∼500 ◦C in flowing O2 and then N2 for
eramics prepared from 0 and 3 h attrition milled powders.

he contaminant ions. This general description is in reasonable
greement with the subgrain microstructures observed by TEM
n Fig. 4, where 0 h samples exhibit a variety of 90◦ domains
hat transverse the grains and terminate at the grain boundaries,
ig. 4(a), whereas for 3 h samples, grains often exhibit core–shell
tructures whereby the core regions have an average diameter
f ∼1 �m and are normally restricted to less than half the grain
olume.

In general, the dielectric behaviour of attrition milled sam-
les can be explained on the basis of Zr-contamination from the
illing media; however, there are several results pertaining to the
ig. 13. Polarisation vs. electricfield hysteresis loops for ceramics prepared from
arious attrition milled powders.
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or the 3 h sample, Fig. 12, require arguments based on aliovalent
oping. For example, σb and Ea of ceramics prepared from ball
illed BaTiO3 and BaZrO3 powders are shown in Fig. 10(b) and

xhibit similar behaviour which can be explained by the ‘extrin-
ic’ acceptor-doped model for undoped powders as proposed by
myth and co-workers5 Ea ∼ 0.8–1 eV is commonly quoted for

he defect reaction given in Eq. (1) and this model also explains
he strong dependence of the p-type bulk conductivity on pO2,
s shown for the 0 h sample in Fig. 12. Minor changes of lat-
ice size associated with partial replacement of Ti4+ with Zr4+

ill not influence the level of oxygen vacancies or the energy
ssociated with this ‘extrinsic’ defect reaction.

The decrease in σb by ∼3 orders of magnitude for the 0.5 h
ample but Ea remaining at ∼1 eV, Fig. 10(b), suggests the con-
uction mechanism remains ‘extrinsic’, as according to Eq. (1);
owever, some of the extrinsic oxygen vacancies initially present
n the 0 h ball milled BaTiO3 powder have been ‘filled’ and
onsequently there is a significant decrease in the bulk car-
ier concentration. A plausible explanation for this behaviour
s aliovalent, donor-doping of (presumably) Y3+ on the Ba2+

ite, according the mechanism, Y3+ + (1/2)O2− → Ba2+. This
equires only low levels of doping (�1 at.%) and provides an
xplanation for the dramatic decrease in σb for short attrition
illing times. Although EDS did not detect the presence of any

liovalent impurities such as Y3+ in the ceramics they may be
elow the detection limit of the EDS system (∼1 at.%).

Interpretation of the ‘bulk’ conductivity and the pO2 depen-
ence for the 3 h samples is limited because IS revealed the bulk
esponse to be non-ideal, Fig. 9(d), and therefore electrically het-
rogeneous. Although the values of σb for the 3 h samples are
ubject to significant errors, the temperature dependence of σb
obtained from the variation of fmax from the M′′ spectroscopic
eaks) and therefore Ea associated with the bulk conduction
an be obtained with reasonable certainty. Fig. 10(b) shows
significant increase in Ea from ∼1 to 1.4 eV with increas-

ng attrition milling time of the powders. The band gap, Eg of
aTiO3 is ∼3.0–3.2 eV and therefore, based on the assump-

ion Ea ∼ Eg/2, the activation energy for intrinsic conduction
cross the band gap is expected to be ∼1.5–1.6 eV. The increase
n Ea to ∼1.4 eV (and the nearly pO2-independent conductivity
ehaviour shown in Fig. 12) for the 3 h samples clearly suggests a
hange in bulk conduction mechanism. The ‘extrinsic’ acceptor-
ype model described in Eq. (1) is no longer valid, instead a more
omplex extrinsic model and/or a gradual switch-over towards
intrinsic’ conduction across the band gap seems more appro-
riate. In addition, gas–solid kinetics may be very slow for the
h sample due to the development of a significant core–shell
icrostructure.
Finally, in recent years there has been increasing inter-

st in using high energy milling processes such as attrition
illing for extended periods (often >100 h) as a ‘low’ tem-

erature route to prepare a wide variety of mixed oxides.11,12

lthough these routes are often successful in preparing crys-

alline and nominally single-phase compounds, extended milling
imes inevitably result in significant levels of contamination and
his may play an important role in the electrical properties of

aterials prepared by such methods. In the case of BaTiO3, the
Ceramic Society 27 (2007) 2577–2589

nfluence of attrition milling, even for short periods of time, e.g.
.5 h, has a significant effect on the electrical properties and we
ighlight this as a ‘cautionary’ note for other materials.

. Conclusions

Contamination from YSZ milling media during attrition
illing of BaTiO3 powder has a significant effect on the elec-

rical properties of undoped BaTiO3 ceramics. The variation
n lattice parameters, polymorphic phase transition tempera-
ures and dielectric properties below Tc can be explained by
nintentional Zr-doping on the Ti-site for powders attrition
illed for ≤2 h. For longer milling times, e.g. 3 h, contam-

nation induces significant levels of chemical heterogeneity
uch that a core–shell microstructure develops resulting in fer-
oelectric relaxor behaviour. Impedance spectroscopy shows
he high temperature bulk conductivity to decrease by several
rders of magnitude for ceramics prepared from ≥0.5 h attrition
illed powders. In addition, the bulk conduction mechanism in

eramics prepared from ∼3 h attrition milled powders deviates
ignificantly from the well-established ‘extrinsic’ acceptor-
oped model associated with oxygen vacancies, as given by Eq.
1). To explain the change in bulk conductivity and conduction
echanism it is proposed that unintentional donor-doping from

he milling media (in this case Y3+ on the Ba-site) also occurs,
lbeit at a much lower level compared to the Zr-contamination.
lthough the defect chemistry of BaTiO3 is a complex sub-

ect due to the wide range of chemical dopants and doping
echanisms that can occur, the sensitivity of its dielectric

nd conduction properties to low levels of iso- and alio-valent
mpurities make it an extremely effective material to study unin-
entional contamination associated with high energy mixing
rocesses such as attrition milling.
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