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Abstract The paper reports the synthesis, structural and

high frequency dielectric properties of Ba(ZrxTi1-x)

O3,BZT, nanopowders where x = 0, 0.1, 0.2, 0.3. These

powders were synthesized using both microwave assisted

and conventional heating, with the former requiring lower

temperature and shorter times compared to the latter, viz.,

700 �C for 30 min versus 900 �C for 5 h. The synthesized

nanopowders were characterized using X-ray diffraction,

micro-Raman spectroscopy, transmission electron micros-

copy, BET surface area analysis, differential scanning

calorimetry and high frequency dielectric measurements.

All the microwave synthesized BZT compositions were

found to have well crystallized, finer nanoparticles with

less agglomeration and higher dielectric permittivity

compared to the conventionally prepared powders. The

rapidity and less demanding processing conditions associ-

ated with the microwave assisted method augers well for

the general applicability of the technique for the production

of nanocrystalline powders.

Introduction

Recent trends in the electronics industry are towards the use

of eco-friendly materials and processing techniques. Mod-

ified barium titanate (BT) ceramics are widely used as a

replacement for Pb-based compositions, in line with regu-

latory requirements, for a variety of applications including

multilayer capacitors, thermistors and optoelectronic devi-

ces [1]. At room temperature, BaTiO3 has a perovskite

tetragonal crystal structure with large barium ions (Ba2?) on

the corners of the unit cell, oxygen (O2-) in the face centres

forming an octahedral arrangement and an off-centred,

small titanium cation (Ti4?). Partial substitution of Ti4?

(ionic radius 0.745 nm) with Zr4? (ionic radius 0.86 nm)

forms the solid solution Ba(ZrxTi1-x)O3, BZT with an

associated increase in the lattice parameter and consequent

changes to the crystal structure, phase transition tempera-

tures and the dielectric properties compared to pure BT [2].

Previous research performed using submicron-sized pow-

ders has suggested that BZT remains tetragonal at Zr

additions of up to *0.2 mol%, then changes to pseudo-

monoclinic over the range 0.2–0.6 mol% before becoming

rhombohedral at Zr substitution levels up to *20 mol%.

Above 20 mol% of Zr additions, BZT is cubic at room

temperature [3]. Pure BT undergoes a sharp ferroelectric to

paraelectric (tetragonal to cubic) transition at 130 �C. With

up to 10 mol% of Zr, BZT ceramics exhibit a similar

behaviour with a shift in the phase transition temperature

from 130 to 110 �C. By 30 mol% of Zr addition, they show

diffuse phase transition behaviour [4]. Above 30 mol%, the

Zr-rich compositions exhibit diffuse phase transitions and

dielectric dispersion, showing a relaxor-like behaviour [5].

Since these phase transition temperatures and phase

boundary compositions will be dependent on the crystallite

size of the primary particles, it is expected that the nano-

powders might behave differently [6]. As the particle size is

reduced to approximately that of the domain size of around

tens of nanometres, the particles tend to stabilize to the

nearest high symmetry crystal structure (cubic), presumably

because of the high surface energy. This observation has

been made in a range of different perovskite-structured

oxides such as BT, BZT and Pb(Zr0.52Ti0.48)O3 (PZT). The

critical particle size at which this occurs is still unknown

and seems to vary depending on the synthesis route used.
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The ability to be able to make a nano BZT powder

composition could result in improved reactivity, enhanced

dielectric properties [7] and also enable device miniaturi-

zation [8]. Nano BZT powders have been prepared by a

range of techniques, including sol–gel [9], co-precipitation

[10] and hydrothermal [11] routes, amongst others.

Although most of these approaches retain the stoichiometry

and yield nanocrystalline powders, it is very difficult to

avoid the formation of agglomerates [12]. If not eliminated

during the green forming stage, the presence of these

agglomerates results in the development of a bimodal grain

size distribution during sintering, this significantly reduces

the potential benefits arising from achieving nanostructured

ceramics. In addition, all of the above techniques rely on a

post-calcination stage to convert the as-prepared powder

into the final, desired compound. As conventional heating

relies on the conduction of heat through the insulating,

powder-based precursor, it requires the use of long times at

high temperatures, however, this leads to significant particle

growth and turns otherwise soft agglomerates into hard

agglomerates that are much more difficult to eliminate [13].

Hence, a rapid and efficient heating method would be use-

ful. Microwaves can be used as an alternative energy source

for processing during materials synthesis and sintering. The

heat is generated by the interaction of the microwaves with

the dielectric loss of the material; the internal nature of this

interaction can enhance the reaction kinetics and hence

reduce the processing temperature and/or time [14]. It

should be noted, however, that to utilize the benefits of

microwave processing, one of the reactants must have good

microwave absorbing characteristics. The average power

dissipated per unit volume of the material is given by

W ¼ E2
0xe0e0r tan d

2
ð1Þ

where E0—amplitude of the electric field (E = E0

exp(jxt)).

According to the equation, the power absorbed by the

material depends on (i) the frequency and square of the

amplitude of the electric field, and (ii) the dielectric con-

stant and loss tangent of the material. The relative dielec-

tric permittivity (e0r) and loss tangent (tan d) are the most

important and measurable parameters. The e0r is a measure

of polarizability of the materials in the electric field and

tan d is a measure of the absorption of the microwave

energy within the material [15–18].

In the present work, a simple, polymer-based precursor

route was chosen for the synthesis of nano zirconium

substituted BT since it results in homogeneously mixed

ingredients and very fine, amorphous, carbon-containing

intermediates with high dielectric loss values. This couples

readily with the microwave field, leading to efficient and

volumetric heating.

Experimental work

The intermediate precursor preparation followed in this

study has been adapted from elsewhere [19] to suit the

preparation of modified BT compositions. A titanium/zir-

conium solution was prepared by dissolving titanium tet-

raisopropoxide (98%, Aldrich, Steinheim, Germany) and

zirconium nitrate (99%, MEL Chemicals, Manchester, UK)

in a solution of citric acid (CA) (99.5%, Acros organics,

New Jersey, USA) and ethylene glycol (EG) (98%, Fluka,

Steinheim, Germany) keeping the CA:EG in a molar ratio

of 1:4. The required quantity of BaCO3 (99%, Fluka,

Steinheim, Germany) was subsequently dissolved in the

solution to yield a Ba: (Ti ? Zr) ratio of 1:1. The zirco-

nium content was varied from 0 to 30 mol% to form

BaTiO3 (BT), Ba(Zr0.1Ti0.9)O3 (BZT-10), Ba(Zr0.2Ti0.8)O3

(BZT-20) and Ba(Zr0.3Ti0.7)O3 (BZT-30), respectively.

The solution was heated to 200 �C for 5 h in an oven to

promote polymerization and remove solvents, the heat

treatment yielding a solid, dark brown, glassy resin.

Charring the resin further at 400 �C for 2 h resulted in a

black solid mass, which was ground into a powder using an

agate mortar and pestle. This powder is subsequently

referred to in this article as the ‘precursor’.

The microwave calcinations were performed in a mul-

timode cavity operating at 2.45 GHz and capable of pro-

viding an adjustable, continuous output power up to a

maximum of 6 kW. However, the use of 1200 W was

found enough to reach the required temperature. The pre-

cursors were placed in silica crucibles inside the micro-

wave cavity with appropriate thermal insulation to reduce

the heat loss (Fig. 1). The calcination temperature was

varied from 550 to 700 �C in 50 �C intervals and for 30 or

60 min at each temperature. An optical pyrometer

(Minolta/Land Cyclops 152, Land Infrared, Sheffield, UK)

was used to measure the temperature of the material during

microwave heating and a thermal imaging camera (FLIR

Fig. 1 Sample arrangements in the microwave cavity for nano BZT

synthesis
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Systems, ThermoVisionTM� A40, Boston, USA) was used

to measure the temperature distribution across the sample

as described elsewhere [20–22]. The temperature calibra-

tion was performed using the melting point of Vanadium

pentoxide and the accuracy of temperature measurements

was found to be within ±5 �C. For comparison, the pre-

cursors were also calcined using conventional heating from

600 to 900 �C for a period of 5 h. A K-type thermocouple

was used to measure the temperature of the sample; no

attempt was made to measure the temperature distribution

across the sample in this case, rather it was assumed to be

homogeneous given the duration of the calcinations.

The phases formed in each of the synthesized powder

batches was analyzed using powder X-ray diffractometry

(XRD) using Cu Ka radiation (Bruker D8 model diffrac-

tometer, Bruker AXS GmbH, Karlsruhe, Germany) and

micron-Raman spectroscopy (Horiba Yvon Raman Labra-

mHR spectrometer, Horiba Jobin Yvon SAS, Villeneuve

d’Ascq, France). The powder particle size was assessed

using transmission electron microscopy (JEOL JEM

2000FX, JEOL Ltd. Tokyo, Japan) and the dielectric

properties were measured at 2.47 GHz using a cavity per-

turbation method [23] at the Nottingham University, UK.

These measurements were used to obtain the dielectric loss

characteristics of both the precursors and the products.

The temperature dependant dielectric property data also

yielded the Curie transition temperatures of the BZT

powders, which were further corroborated using differen-

tial scanning calorimetry measurements (MDSC, TA

instruments, Q2000, New Castle, USA).

Results and discussion

The dielectric properties of the starting precursors

(tan d = 0.02; e00 = 0.05) show that the precursors have

reasonably high values of relative permittivity and loss

tangent (comparative tan d value for microwave transpar-

ent quartz is 0.0001 and e00 = 0.0004) [24].

The XRD patterns of the precursors calcined by con-

ventional heating at 900 �C for 5 h are shown in Fig. 2. All

the compositions up to 20 mol% Zr substitutions formed

the single phase tetragonal structure above which it formed

the cubic structure (Table 1); at lower temperatures the

reactions were not complete and varying quantities of the

reactants were detected.

Figure 3 shows clearly how the diffraction peaks shifted

to lower angles with increasing Zr content, suggesting an

increase in unit cell volume. The Raman spectra for the

BZT compositions calcined at 900 �C for 5 h using con-

ventional heating, Fig. 4, also show that the sample

retained the tetragonal crystal structure up to 20 mol% of

Zr substitution and on further Zr addition it started losing

tetragonality and changed to cubic symmetry. The intensity

of the main tetragonal peak at 307 cm-1 was found to

decrease with increasing Zr addition. However, there

was no indication of the pseudo-monoclinic or rhombo-

hedral phases observed by other researchers [25, 26]. With

increasing Zr, an additional peak at 123 cm-1 was

observed as expected; this mode corresponded to the

vibration of Zr atoms in the lattice, which was in agreement

with previous results [25]. Similarly, the vibration of Ti

atoms in the oxygen octahedra caused the peak at

180 cm-1, which decreased in intensity as the ratio of

Zr/Ti increased.
Fig. 2 XRD patterns of the BT, BZT-10 and BZT-20 precursors

calcined at 900 �C for 5 h using conventional heating

Table 1 Lattice parameters of BT, BZT-10, BZT-20 and BZT-30 precursors calcined at 900 �C for 5 h in conventional heating and 700 �C for

30 min in microwave heating (c/a ±0.0004)

CON a (nm) c (nm) c/a Lattice

volume (nm3)

MW a (nm) c (nm) c/a Lattice

volume (nm3)

BT 4.000 4.017 1.004 64.27 BT 4.008 4.026 1.005 64.67

BZT-10 4.006 4.025 1.004 64.59 BZT-10 4.009 4.027 1.005 64.72

BZT-20 4.013 4.023 1.003 64.79 BZT-20 4.013 4.026 1.003 64.84

BZT-30 4.03 4.03 1.000 65.40 BZT-30 4.026 4.041 1.003 65.48
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Figure 5 shows the XRD pattern of the BZT precursors

calcined at 700 �C for 30 min using microwave heating. All

the peaks were found to be characteristic of the tetragonal

structure. The Raman spectra for the microwave calcined

BZT powders, Fig. 6, confirmed the high tetragonality

(exhibiting the signature peak at 307 cm-1) of the powders

produced. Similar peaks were obtained as found for con-

ventional calcined powders were obtained. The calculated

lattice parameters for the conventional and microwave

calcined nanopowders are shown in Table 1. With the

increase in Zr substitution, the cell parameters increase as

the ionic radii of Zr is larger than that for Ti, hence the cell

volume increases. Microwave calcined powders exhibit

slightly larger cell volumes whilst maintaining high

tetragonality. Similar observations were made during the

microwave assisted sintering of Sr substituted BaTiO3 [27].

The lattice strain associated with the higher cooling rates in

the microwave process could also be a contributing factor.

Microwave assisted improvement on tetragonality of the

nano BT powders was also reported by Sun and Li [28].

The particle sizes of the powders synthesized using the

conventional and microwave heating are shown in Fig. 7.

The microwave calcined powders had a uniform and finer

particle size of *30 nm with less evidence of agglomer-

ation compared to the conventionally calcined powders,

which had mean particle sizes in the range of 50–100 nm.

It is believed that this result is due to the rapid heating and

Fig. 3 Magnified view of the shift of the (110) X-ray diffraction peak

of the BT, BZT-10, BZT-20 and BZT-30 precursors calcined at

900 �C for 5 h using conventional heating

Fig. 4 Raman spectra of BT, BZT-10, BZT-20 and BZT-30 precur-

sors calcined at 900 �C for 5 h in conventional heating

Fig. 5 XRD pattern of BT, BZT-10, BZT-20 and BZT-30 precursors

calcined at 700 �C for 30 min in microwave heating

Fig. 6 Raman spectra of BT, BZT-10, BZT-20 and BZT-30 precur-

sors calcined at 700 �C for 30 min using microwave heating
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cooling associated with microwave heating that provides

less time for particle growth and agglomeration [27].

Table 2 provides the surface areas of the microwave and

conventionally heated powders and the smaller particle size

and lower extent of agglomeration of the microwave

powders were probably instrumental in explaining the

higher surface areas observed. The lower temperature

employed in the microwave process was also probably

responsible for the finer crystallite size and larger surface

area of the microwave prepared powders obtained.

The finer particles sizes, higher surface area and the

associated better tetragonality of the microwave prepared

nanopowders also had an influence on the high frequency

dielectric properties observed, Table 3. All the composi-

tions of the microwave calcined powders were found to

have higher relative permittivity values. The BZT-10

showed a phase transition at 82 �C, Fig. 8, which compares

well with the literature [29]. It has been reported that in

BT, the enthalpy of phase transition decreases with

decreasing particle size [30]. For the materials synthesized

here, the DH of the microwave calcined BT powder (0.1 J/

mol K) is found to be lower than that of the conventionally

calcined BT powder (0.35 J/mol K); this could be because

of the finer particle size and reduced degree of agglomer-

ation noticed in the microwave calcined BT powders.

It is interesting to note that when microwaves were used,

full tetragonality could be obtained at temperatures 200 �C

lower and with 1/10th of the soaking time required for

conventional methods. There is now a significant database

of evidence in the literature that suggests that microwaves

have the ability to accelerate or enhance reaction and dif-

fusion rates during materials processing. A number of

mechanisms have been suggested to account for this

behaviour [31–35]. Some of the previous work suggested

that the diffusion of Ba2? and Ti4? were enhanced in the

microwave field, hence influencing the diffusion coefficient

and the driving force for ion motion [36]. Similar results

were also reported during the synthesis of lead zirconium

titanate [37]. Comparing the time–temperature profiles for

the microwave and conventional BZT calcinations, Fig. 9

Fig. 7 TEM images of the BZT-20 powders calcined at a 900 �C for 5 h using conventional heating and b 700 �C for 30 min using microwave

heating

Table 2 BET surface area results of the BZT compositions calcined

using different heating methods

Compositions Conventional

heating (m2/g)

Microwave

heating (m2/g)

BT 2.7 6.1

BZT-10 5.5 6.7

BZT-20 12.2 14.0

BZT-30 5.7 7.8

Table 3 Dielectric properties of the BZT compositions calcined

using conventional and microwave heating

CON e0 e00 MW e0 e00

BT 3.5 0.1 BT 4.95 0.1

BZT-10 7.18 0.2 BZT-10 13.57 0.2

BZT-20 6.11 0.2 BZT-20 12.11 0.3

BZT-30 4.79 0.08 BZT-30 6.73 0.05

Fig. 8 Typical DSC of the BZT-10 composition
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indicate the extent of reduction in processing time and

temperature. The simple calculation of the area under the

curve, which is a very rough estimate of the energy

involved in the process, indicates that microwave pro-

cessing requires only *10% of the energy required when

compared to the conventional method whilst operating at a

66% lower power level. Even to achieve the same tem-

perature, say 900 �C, the amount of microwave power

required was found to be 1400 W whilst for the conven-

tional furnace it was 3600 W. The enhancement in reaction

kinetics in microwave assisted reactions could be due to the

volumetric nature of the heating and hence the bulk

nucleation [38], effective use of reaction enthalpies [39]

and the employment of an additional driving force for

diffusion resulting from the E-field component of the

microwave radiation [40].

Conclusions

Single phase crystalline BZT nano powders with less

agglomeration were synthesized using microwave assisted

heating under less demanding processing conditions

(700 �C/30 min) compared to conventional heating

(900 �C/5 h). The crystallinity and the dielectric permit-

tivity of the microwave synthesized BZT nanopowders

were assessed to be better than the conventionally cal-

cined powders. The microwave technique is also found to

be generically applicable for the rapid preparation of

nanocrystalline BSZT (Ba1-xSrxZr0.1Ti0.9O3) formula-

tions. The lower temperatures and shorter processing

times used as well as the high surface area, fine grained

nanopowders obtained makes it an attractive synthesis

methodology.
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