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Abstract 

 

The role of porosity on the low and high field dielectric properties was studied in 

Ba0.70Sr0.30TiO3 ceramics with various porosity levels obtained by using lamellar graphite 

as sacrificial template. The permittivity decreases with increasing porosity, from around 

7690 (dense ceramic) down to 380 (ceramic with 29% porosity), while preserving the 

Curie temperature at about 35C. The effective permittivity was discussed by using 

Effective Medium Approximation and Finite Element Method approaches. The role of 

porosity and specific microstructural characteristics induced by the pore forming addition, 

from closed porosity (0-3) towards a combined (0-3, 2-2) with lamellar-type of 

microstructures for the most porous ceramics was taken into consideration. All the 
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investigated ceramics preserve a high level of tunability as in the dense material, 

irrespective of the porosity level, while the zero field permittivity was decreased to a few 

hundreds.  

 

1. Introduction 

 

 BaTiO3 (BT)-based materials are among the most used oxide systems in 

microelectronics, in particular for tunable elements, pyroelectric, piezoelectric, electro-

optic and charge storage applications [1-7]. BT and its solid solutions are lead-free 

ferroelectrics with a wide range of permittivity varying from a few hundreds to thousands, 

depending mainly on the doping level, microstructural characteristics, density and grain 

size, temperature range and applied field [7-11]. Ba1-xSrxTiO3 (BST) solid solution is one of 

the most favorable electronic materials due to its composition-dependent Curie temperature 

in a large temperature range and excellent electrical properties. The BST solid solutions 

present large level of tunability of their dielectric permittivity under applied fields, low 

dielectric losses and high pyroelectric coefficient [10-13]. It was extensively used in 

electrical devices such as tunable oscillators, microwave phase shifters, delay lines 

dielectric filters, varactors, multilayer ceramic capacitors, and uncooled infrared focal plane 

array. However, such applications demand materials having electrical properties, such as, 

moderate or low permittivity (hundreds), low dielectric losses as well as large tunability. 

Usually, ferroelectrics are the best tunable materials, but they are characterized also by a 

very high permittivity. The dielectric properties of ferroelectric ceramics could be 

significantly modified by doping, by forming solid solutions or composites with other 
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materials [14-21]. The “dilution” of their dielectric constant and minimization of the 

dielectric loss of BST-based materials can be achieved by adding amounts of non-

ferroelectric dielectrics. However, in this way the tunability is also reduced. By doping BST 

system with different ions (e.g. Ni, Y, Bi, Ga, Mn, Fe etc.), tunability of the resulted 

compounds can be preserved, whereas their permittivity () value could be reduced [16-21]. 

In order to obtain the desired characteristics which are not compatible with the pure phase 

material and to avoid the unwanted chemical reactions that could take place at the 

interfaces when combining dissimilar materials, the approach to develop porous ceramics 

was also proposed [22-24]. Usually, porosity is unwanted in microelectronics. However, 

there are some specific applications where a certain porosity level may be useful, e.g. for 

acoustic impedance adjustment, for permittivity reduction and increase tunability by local 

field concentration [25,26]. Other use of porous ceramics can be realized by embedding 

functional groups or other phases into the pores to extend multifunctionality for 

applications in catalysis and adsorbent supports [27], sensors [28-31], piezoelectric 

transducers [32] or multiferroic-based multistate memory devices [33,34]. For such 

applications, microstructural control and achievement of closed porosity are necessary. On 

the other hand, there is a high interest in the study of porous ceramics for understanding the 

role of accidental porosity on its own functional properties, which is inherent in any process 

of sintering. 

 Porous ceramics with various degrees of porosity and different pore morphologies 

can be fabricated by incomplete sintering, by direct incorporation of air bubbles or by 

impregnation of a cellular structure (sponge) with a ceramic suspension, which is further 

removed by controlled thermal treatments, or by burning different sacrificial templates (or 
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pore forming agents) with various sizes and shapes during the sintering process. Graphite is 

known to induce the formation of lamellar porosity tri-dimensionally interconnected. By 

using a preliminary milling step of the mixed powders (oxide and graphite), an 

homogeneous pore distribution can be obtained in the bulk ceramics [26,35]. Several other 

works reported properties of porous ceramics fabricated using different sacrificial 

templates, such as synthetic organics (stearic acid, polyvinyl butyral - PVB, polyethylene 

oxide - PEO, polyvinyl chloride - PVC, polymethyl methacrylate - PMMA, sponges), 

natural organics (tapioca, wheat, starch from corn, rice or potato, glucides, ammonium 

oxalate monohydrate, dextrin, egg white protein, rice bran powder, etc.), inorganics (carbon 

black) or liquids (canfene, water solution of Zr and Pb nitrates, Ti isopropoxide and Nb–

ammonium complex) as pore forming agents (PFA) [36,37]. 

The composition Ba0.70Sr0.30TiO3 is ferroelectric at room temperature and presents a 

ferroelectric to paraelectric phase transition around 35C, with high dielectric constant and 

better tunability. The objective of this work was to investigate graphite-derived porous 

Ba0.70Sr0.30TiO3 ceramics and to evaluate the role of the increasing porosity on the 

structural, microstructural and functional properties (dielectric and tunability). The 

experimental dielectric properties were discussed and compared with ones computed from 

Effective Medium Approximation (EMA) and Finite Element Method (FEM). 

 

2. Experimental details  

Porous Ba1-xSrxTiO3 (BST) ceramics with composition x=0.3 were prepared by 

adding 0, 10, 20 and 35% vol. graphite as pore forming agent. BST powders were first 
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prepared by solid state method from stoichiometric high purity BaCO3 (Merck purity 

>99%), SrCO3 (Aldrich purity >99.9 %) and TiO2 (Degussa P25: purity >99.5%) oxide 

powders according to the reaction: 

3 3 2 0.7 0.3 3 20.7 0.3BaCO SrCO TiO Ba Sr TiO CO        (1) 

The powders were mixed and milled by ball-milling for 48h with 5 and 10 mm 

diameter ZrO2 milling media and ethanol, then dried at 80C/72h and manually milled in 

the agate mortar for de-agglomeration and further sieved (250 µm). The powder mixtures 

were calcined at 950C/4h with a heating rate of 150C/h. The phase formation was 

investigated as a function of calcination temperature, soaking time and heating/cooling 

rates. After calcination, the resulted BST powder was planetary milled for 2h in six steps of 

20 min at 400 rot/min and 5 pauses of 5 min using 3 mm diameter ZrO2 balls and ethanol. 

In order to evaporate ethanol, the milled slurry was placed in rotavapor, then dried and 

manually re-milled. Graphite powders were wet ball-milled for 48h, using 10 mm diameter 

Al2O3 balls, dried and sieved at 400 µm. The resulted Ba0.7Sr0.3TiO3 powder was mixed for 

20 minutes with 0 , 10, 20, 35% vol. graphite. Due to its lamellar structure, the presence of 

graphite powder tends to induce the formation of cleavage in the graphite-BST powder 

mixtures during pressing. In order to avoid this phenomenon, the green mix pellets were 

die-pressed only at 50MPa, while the pure BST powders were die-pressed at 100 MPa in 30 

mm diameter dies and then cold-isostatically pressed at 300 MPa. 

The sintering of all the green compacts was carried out at 1450C/2h with a heating 

step of 100C/h in a covered Al2O3 box. During the sintering, the graphite burned out and 

resulted CO2 was eliminated, while the places occupied initially by graphite platelets 

https://en.wikipedia.org/wiki/Agate
https://en.wikipedia.org/wiki/Mortar_and_pestle
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became internal micro/macropores distributed in the volume of the ceramic body. After 

sintering the green compacts, shrinked disc-shaped dense of porous BST samples with 

various porosities were obtained. To remove the possible stresses due to the sintering and to 

allow the full reoxidation, the ceramic samples were heated at 1100C/36h and slowly 

cooled down to room temperature. The density of the sintered samples was measured by 

Archimedes method using a density analytical balance and by using dimensional method. 

The ceramic samples analyzed in this study will be denoted in the following as BST0, 

BST10, BST20 and BST35, according to the amount of graphite addition. 

The phase purity of BST powders and ceramics was checked with a SHIMADZU 

XRD 6000 diffractometer using Ni-filtered CuK radiation (λ = 1.5418Å) with scan step 

increments of 0.02 and counting time of 1s/step, for 2θ ranged between (20÷80). The 

microstructure of BST with different porosity levels was evaluated by scanning electron 

microscopy (SEM) measurements using FEI Quanta 200 variable pressure-

environmental/ESEM. 

 For the dielectric measurements, Pd-Ag electrodes were deposited on the plane-

parallel surfaces of the ceramic pellets. Dielectric measurements were carried out at 

frequencies of f = (20÷10
6
)Hz and temperatures in the range of (25÷200)C using an RLC 

type bridge (Agilent E4980A Precision). The high field dielectric measurements were 

performed by placing the ceramic samples in a cell containing transformer oil. The high 

voltage was obtained from a function generator coupled with a High-Voltage Amplifier 

Trek amplifier 30/20A-H-CE (Trek Inc., Medina, NY). In order to obtain accurate 

tunability data, a circuit which is described in Ref. [38] was used. 
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3. Results and discussions 

3.1. Phase and microstructural characterization 

 Specific XRD patterns for the Ba0.7Sr0.3TiO3 ceramics with various porosity levels 

are shown in Fig. 1a. The Ba0.7Sr0.3TiO3 ceramic samples present pure crystalline 

perovskite phase with the tetragonal symmetry. Since the ferroelectric to paraelectric 

(tetragonal to cubic) phase transition for this composition is expected around 35C, the 

structure at room temperature is most probably tetragonal with a low tetragonality factor c/a 

close to 1. Rietveld analysis was used to determine the lattice parameters and tetragonality. 

The indexing of XRD peaks was carried out using the GSAS software suite. The evolution 

of XRD patterns and lattice parameters (Table 1) revealed that the tetragonal modification 

is favored for dense structures (see the splitting/asymmetry of the (200) peaks), while at 

high porosity level, the structure is closer to the cubic one, as also shown by the symmetric 

shape of the (200) peak (Fig. 1b). It is noticed that the lattice parameter decreases with 

addition of graphite in the BST ceramics (Table 1). Additionally, it is observed that the 

intensity of the (200) and (210) peaks are enhanced when increasing the porosity degree, 

with a slightly shift towards higher 2θ angles. This shift may be due to the decreased inter-

atomic spacing of the small BST particles. The increased internal stress in BST particles 

results in an elastic, compressive volume strain and hence, in a linear strain. This may 

sometimes lead to a reduced lattice parameter or to interplanar spacing [39]. This also 

shows that ceramics tend to develop a preferential grain growth at high levels of porosity, 

which may be attributed to the stress relaxation in the regions adjacent to the pores due to 

the preferential grain growth [40]. 
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The densities of the sintered BST ceramics as determined by Archimedes method 

show the maximum relative density of 97% for the pure BST ceramics while after adding 

graphite pore former at 10, 20 and 35% vol., the resulted relative densities were: 91%, 82% 

and 71%, respectively. For a better accuracy, we have also checked the density by using 

dimensional method. The obtained values are: 96.5% for dense BST ceramics, 91.3% for 

BST10, 82.2% and 67.5% for BST20 and BST35, respectively, similar to ones determined 

by Archimedes method.  

The SEM microstructures of the surface fractures (Fig. 2) allow the observation of 

grain shape and size, surface morphology, pore size and distribution. A fracture mode 

transformation from intragranular to intergranular and modifications of the grain size and of 

the grain boundaries volume are noticed. During the sintering process, progressive 

microstructural changes appear with the increasing of density. While densification takes 

place, the pores remain at grain boundaries, and therefore they can be removed or intersect 

the separation region where grain boundaries can separate from the pores. In this way, some 

pores can be trapped within grains and a closed porosity is formed. The transgranular 

fracture reveals a few small and approximately circular intra-granular pores with sizes less 

than 0.5 μm. This type of intragranular pores which are inherent of any sintering process 

can be observed in Fig. 2a. 

The sum effects of the graphite addition with the sintering temperature are visible in 

the Figs. 2b, 2c and 2d. Graphite was burned out through the sintering process and this 

resulted in a modification of morphology, microstructure and pore density of the ceramic 

product. As expected, the final porosity increases with increasing the amount of graphite. 

The reducing atmosphere due to the presence of graphite causes a grain growth inhibition 
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during sintering and limits grain size until sufficiently low levels of porosity or higher 

driving forces for grain growth are reached. Some pores become intra-granular instead of 

being inter-granular, mostly when grain boundaries are no longer fixed by pores. After 

considerable grain growth, closed inter-granular pores are formed. The inter-granular 

fracture reveals rounded pores of about 15μm diameter, or flat, sometimes lenticular or 

elongated that are rounded on their grain boundaries facets larger in size (about 120μm). 

The microstructures of ceramics with high amounts of graphite (Fig. 2c and 2d) show a 

complex cross-sectional shape of pores along triple lines and substantially elongated pores, 

mostly oriented to the pressing direction during consolidation step. Graphite has a laminate 

structure and therefore, the porosity resulting after pyrolysis of graphite is lamellar and 

horizontally preferentially oriented. Likewise, the sintering anisotropy is attributed to the 

delamination of the bulk layer caused by the large volume of exit gases formed during the 

graphite burnout, as it can be observed that pores begin to be interconnected and form 

visible pore channels in the fracture of samples (Fig. 2c and 2d). The high degree of 

interconnection of pores shows an open porosity and explains the multilayered structure. As 

shown in Figs. 2c and 2d, when increasing porosity, the morphology and the distribution of 

pores can be linked to a multilayered structure. In conclusion, when increasing the graphite 

amount, a tendency from a closed porosity (BST10) to an interconnected elongated porosity 

(BST20 and BST35) is observed. 

 

3.2. Low-field effective dielectric properties  

3.2.1 Frequency dependence of permittivity and losses 
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 The dielectric properties (real part of permittivity and tangent loss) as a function of 

frequency at a few selected temperatures for Ba0.7Sr0.3TiO3 ceramics with various porosity 

levels are summarized in Figs. 3(a-h). All the compositions show a similar trend, 

irrespective of the porosity degree, with a low-frequency dispersion which is more 

pronounced when temperature increases (thermally activated phenomenon), characterized 

by an increase of permittivity and of tangent loss above unity for frequencies below 10
2
-10

3
 

Hz. This frequency dispersion can be assigned to an extrinsic effect (Maxwell-Wagner 

space charge phenomenon) which is present also in the dense ceramic and is independent 

on the porosity level. Therefore, this dispersion is not directly related to the air pore-

ceramic interfaces, but to local compositional fluctuations (Ba/Sr stoichiometry) inside the 

ceramic volume. In addition, the presence of small compositional variations (oxygen 

vacancies) in oxide ceramics sintered at high temperatures is unavoidable, since by 

sintering of a bulk material it is impossible to fully control the local oxygen stoichiometry 

[41, 42]. Usually, during cooling from the sintering temperature, the grain boundaries are 

fully re-oxidized, while the grain bulk still contains a large number of oxygen vacancies. 

The local inhomogeneity in composition may determine local variations of polarization 

which lead to uncompensated charge boundaries in the ceramic volume and usually 

produce an extrinsic polarization denoted as electrostatic space charge or Maxwell-Wagner 

effect. Due to the mentioned compositional local inhomogeneity, thermally activated low-

frequency relaxation due to such slow species gives extrinsic contributions to the 

permittivity and causes the increase of dielectric losses. 

 At higher frequencies (above 1kHz), all the ceramics show good dielectric 

properties, with losses below 3.8% and permittivity values tend to saturate to values that 
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may be considered as intrinsic. At a fixed frequency (f = 5kHz), the intrinsic permittivity 

reduces from 7690 (BST0), to 6550 (BST10) and the decrease is more accentuated for high 

porosity level, to 925 (BST20) and 380 (BST35). The more porous the samples are, a 

smaller permittivity is determined, as result of a smaller volume of high permittivity 

material in the ceramic body. However, the decrease is not gradual and is related to the 

microstructural characteristics of porous samples. 

 

3.2.2 Description of permittivity by finite element model and effective field 

approximation 

 In order to describe the role of porosity level and of the microstructures on the 

dielectric properties, two theoretical approaches have been used: effective medium 

approximation (EMA) and finite element method (FEM). By considering the 

microstructural features of the porous ceramics, several types of microstructures have been 

simulated and the permittivity was evaluated and compared with the experimental data 

(Fig. 4): (i) columnar structures with cylindrical pores, (ii) 0-3 connectivity with spherical 

pores perfectly isolated into the ceramic matrix and (iii) layered structures. All the 

microstructures have been treated as composites, with bulk BST regions and pores as 

"phases", and the corresponding numerical values 8000bulkε  and 1pores  have been 

employed in calculations. The numerical value assigned to the dense regions is slightly 

higher than the permittivity of the sample with the highest permittivity BST0 due to the fact 

that the dense ceramic has a porosity of about 3%. This value was estimated by considering 

that at small porosity pores are isolated (0-3 connectivity) and the dependences of the 
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effective permittivity on porosity can be described by Maxwell-Garnett law, as it will be 

described in the following. 

 Generally, for all types of composites the effective permittivity is computed as the 

ratio between the average electric displacement and the average local electric field localE : 

  
local

locallocal

eff
E

E
  ,       (2) 

 The first configuration chosen for comparison contains columnar structures with 

cylindrical pores oriented parallel to the direction of the applied field (Fig. 4a). In this case, 

the bulk/air interfaces do not produce any distortion of the local fields because they are 

tangential to the field directions. Therefore, starting from Eq. (2) the effective permittivity 

dependence on the porosity is obtained as: 

  bulkporeseff pp   )1( ,      (3)  

where p  is the porosity. As observed in Fig. 4, this dependence proves to overestimate the 

effective permittivity for all the BST porous samples, which means that this type of 

microstructure is very far from the real microstructures. 

 The second configuration is represented by 0-3 connectivity with spherical pores 

perfectly isolated (Fig. 4b). Accordingly to the Lorentz sphere problem, the average field 

inside pores is bulkbulkporesbulkpores EE  )2/(3  , wherefrom, using Eq. (2), the 

dependence of the effective permittivity on porosity is (parallel capacitor connection): 

  
)(2

3
bulkporesbulkpores

bulkpores

bulkbulkeff
p

p








  .  (4) 
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 Eq. (4) is known as Maxwell-Garnett's equation and is applicable for structures with 

0-3 connectivity [45]. The numerical value of bulk  was chosen in such a way that the 

permittivity of the sample at 3% porosity is ~7690, as in experiment for BST0. The 

Maxwell-Garnett equation describes quite satisfactory the permittivity of the sample BST10 

with 9% porosity (~6900 in calculation and 6550 in experiment). This result confirms the 

SEM observations of BST10 ceramic (Fig. 2b), which has a microstructure close to the one 

assumed by the Maxwell-Garnett approximation: spherical and closed pores (0-3). 

However, this equation does not succeed to describe the samples with higher porosity 

levels, which have a predominant elongated porosity. 

 The third configuration chosen for computing the effective permittivity contains 

layered structures (successive bulk and air layers, i.e. (2-2) connectivity) (Fig. 4c-4d). This 

type of configuration was employed only to prove the possibility of obtaining extremely 

low permittivity in such particular cases, although it is impossible to produce 

experimentally real samples with such types of porosity due to mechanical reasons. In this 

case the relation between the local field on the two components is found from the boundary 

condition concerning the electrical displacement at the ceramic-pore interfaces: 

bulkbulkporespores EE   , where it can be shown that the )( peff  dependence is given from the 

equation (series capacitor connection): 

  
bulkporeseff

pp






11
       (5) 

 As observed in Fig. 4, the effective permittivity described by a layered structure is 

strongly underestimated for all the porous samples. However, this type of microstructure 

explains, at least as trends, the reasons for such a low permittivity obtained for the samples 
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BST20 and BST35 (925 and 380, respectively). The low permittivity values are related to 

the lamellar shape of the pore forming agents (graphite), which tends to orient 

perpendicular to the pressing direction during forming (the same as the direction of the 

applied field in the electrical measurements). Therefore, the real microstructure of the 

samples BST20 and BST35 represent in fact combinations between the second 

configuration and the third configuration. Such microstructures cannot be resolved by EMA 

models and FEM calculations are necessary. 

 In order to describe the properties of these types of complex porous samples, 

different virtual systems with pores of flat ellipsoidal shapes in randomly generated 

positions were generated and analyzed. These pores have a much smaller size on vertical 

axis than in the perpendicular plan to the field direction (Fig. 4d). By comparisons with the 

other configurations for which EMA models still could be applied with a certain 

approximation, this complex case describing the realistic microstructures (Fig. 2c-2d) 

cannot be described by analytical formulas and for this reason, 3D Finite Element Method 

(FEM) has been employed. In the FEM procedures the Laplace equation (   0 V , 

where   is the local permittivity and V  is the local potential) is solved, taking into account 

the boundary conditions in a parallel-plate capacitor: Dirichlet boundary conditions on the 

top and bottom surfaces and Neumann boundary conditions at lateral surfaces, as described 

in detail elsewhere [46,47]. After computing the local potentials and the local electric 

fields, the average electric displacement and the average electric field were estimated and 

the effective permittivity was derived from the Eq. (2). Using this method, different 

simulations were performed at different porosity levels in the range from 0% to 30% and 

the dependence of the computed effective permittivity on the porosity for this type of 
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microstructure is represented in Fig. 4. This method succeeds to explain the dielectric 

properties of the samples with 18% and 29% porosity levels (BST20 and BST35, 

respectively) in relation with the observed microstructural features: the lower permittivity is 

related to the narrow pores oriented perpendicular on the applied field direction, similar to 

the case of the layered structures. 

 To summarize this paragraph, the effective field approach shows that the present 

porous ceramics cannot be described by a single type of EMA configuration. Their 

effective permittivity shows a strong depression when increasing the porosity level. Besides 

the role of porosity volume, a major role is played by the modification of the 

microstructural features, from (0-3) connectivity (closed porosity) in the case of BST0 and 

BST10, to layered-like structures for high porosity levels in BST20 and BST35. 

 

3.2.3 Temperature dependence of permittivity and Curie-Weiss analysis 

 The temperature dependence of permittivity at a fixed frequency f=100 kHz (Fig. 

5a) shows a maximum corresponding to the ferroelectric to paraelectric phase transition 

with a Curie temperature close to room temperature (around 35C), irrespective of the 

porosity volume. The porosity level does not modify the temperature corresponding to the 

permittivity maximum. However, since the ferroelectric phase content has been reduced by 

the presence of air pores, it is expected also a lower dielectric permittivity for high porosity 

content. According to the Curie Weiss law =C/(T-T0) in which the Curie constant C and 

Curie-Weiss temperature T0 can be determined by linear regression analysis from the 

reciprocal permittivity vs. temperature dependence (Fig. 5b), it is observed that the slope 

increases at increasing porosity, i.e. the Curie constant, indicating the ferroelectricity 
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strength, decreases (Table 2). Additionally, the Curie-Weiss temperature (T0) gradually 

shifts to lower values when increasing the porosity level. The reduction of both Curie-

Weiss temperature and Curie constant with increasing porosity are explained by the di-

phase composite character of the porous ceramics, which is formed by high permittivity 

ferroelectric ceramic and air pores (r=1). 

In conclusion, the low-field dielectric properties are fully explained in correlation 

with the microstructural characteristics of the present ceramic samples: the intrinsic 

permittivity reduces at increasing addition of graphite pore forming agent, as a consequence 

of the “sum property” [43,44], which represents a weighted sum of the contributions of the 

individual component phases in the ceramic-air composite, proportional to the 

weight/volume fractions of the phases. Similar results, concerning the influence of porosity 

on the dielectric and tunability properties, were reported for porous Ba0.60Sr0.40TiO3 and 

Ba0.67Sr0.33TiO3 ceramics [23,48]. It is worth to mention that the resulted permittivity is not 

only dependent on the air pore/ceramic volumic ratio and the permittivity of the dense BST 

composition, but also is a consequence of the phase interconnectivity, which changes from 

a 0-3 for small porosity to a combined 0-3 with 2-2 connectivity for high porosity amount. 

 

3.3 High field dielectric properties (tunability) 

The field dependences of the dielectric constant and relative dc-tunability of the 

Ba0.70Sr0.30TiO3 ceramics with various porosities were determined at room temperature at 

increasing/decreasing dc-fields and they are presented in Figs. 6a-b. A strong nonlinearity 

was observed for all the ceramics, with a tendency toward saturation for high fields (higher 

than 2.5 kV/mm for BST0, BST20 and BST35), while the sample BST10 did not sustain 
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the application of fields higher than 1kV/mm, most probable due to some internal defects. 

However, at low fields, the nonlinear behavior is present in this sample and the relative 

tunability value is about 0.17 for an applied field of 0.85kV/mm, comparable to those 

obtained for the other investigated ceramics (Fig. 6b). Irrespective of the porosity level, the 

ɛ(E) dependencies show a non-hysteretic behavior, due to the proximity of ferroelectric to 

paraelectric phase transition of the Ba0.70Sr0.30TiO3 composition at room temperature [49]. 

For a given value of the applied field E=2.3kV/mm, the relative tunability nrel keeps similar 

values, irrespective of porosity level, ranging between 0.41 for BST35 and 0.44 for BST0 

(Fig. 6b). The tunability values are comparable with ones reported in literature for similar 

ceramic compositions [50, 51]. These experimental results confirm the results of previous 

FEM calculations [46], which demonstrated that elongated porosity may be favorable for 

tunability, due to the concentration of high fields in ferroelectric regions adjacent to the 

ceramic-air pore interfaces. Although the amount of active material (ferroelectric) causing 

dielectric non-linearity reduces when increasing porosity, the remained ferroelectric regions 

are subjected to a much higher fields than in the dense material and an overall high 

tunability is still maintained. 

 

4. Conclusions 

The role of porosity level of Ba0.70Sr0.30TiO3 ceramics on the structural, 

microstructures and electrical properties was investigated. Pure tetragonal perovskite phase 

was found in all the ceramics, with a decreasing tetragonality factor towards a cubic 

structure when increasing porosity level. A strong decrease of the effective permittivity 

when increasing porosity was found, as a consequence of both the increasing amount of air 
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pores and of the modification of pore interconnectivity from a (0-3) towards a complex 

structure with flat porosity. The obtained results were compared with ones computed within 

effective field approximations and finite element calculations. It was found that Maxwell-

Garnett formula well describes the properties of ceramics with small porosity only, while 

for high porosity level the complex interconnected porosity which can be described as 

combinations between (0-3) and (2-2) connectivity, the dielectric properties can be 

described correctly by numerical FEM calculations only. The relative tunability of porous 

BST structures preserved similar values as in the dense ceramics, irrespective of the 

porosity level. Therefore, in porous ceramics the permittivity can be reduced down to a few 

hundreds, without losing the high tunability. Although the application of porous structures 

in tunable devices may pose some technological limitations, the idea to design porous 

ferroelectric microstructures with strong non-linear dielectric character based on the field 

lines concentration due to the boundary conditions at the ferroelectric-air pore interfaces 

deserves a further attention. 
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Figure Captions 

Fig. 1. XRD patterns of Ba0.7Sr0.3TiO3 ceramics with different porosity levels (a) and 

detailed representation in the range of 2theta from 45 to 48 degree (b). 

Fig. 2. Microstructures of BST ceramics with progressive porosity increase: a) dense BST 

ceramic sample (BST0); b) BST10 (BST with 10 vol.% graphite); c) BST20 (BST with 20 

vol.% graphite); d) BST35 (BST with 35 vol.% graphite). 
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Fig. 3. Frequency dependence of permittivity and tangent loss for: (a-b) dense BST ceramic 

(BST0); (c-d) BST10 (BST with 10 vol.% graphite); (e-f) BST20 (BST with 20 vol.% 

graphite); (g-h) BST35 (BST with 35 vol.% graphite). 

Fig. 4. Effective permittivity vs. porosity level, computed for different configurations: (a) 

columnar porosity, (b) closed spherical pores (0-3 connectivity), (c) layered structures (2-2) 

and (d) structures with lamellar porosity. In the microstructural images: dark - bulk regions, 

gray – pores. 

Fig. 5. Temperature dependences of the real part of permittivity (a) and Curie-Weiss 

analysis (b) for Ba0.7Sr0.3TiO3 ceramics with different porosity levels. 

Fig. 6. Electric field dependence of the dielectric constant (a) and field-dependence of the 

corresponding relative tunability (b) for all investigated ceramics with different porosity 

levels. 

 

Table Captions 

Table 1. Lattice parameter of the BST investigated samples, from Rietveld refinement. 

Table 2. Computed Curie Weiss temperature and Curie constant for Ba0.7Sr0.3TiO3 ceramics 

with different porosities. 
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% graphite 

Lattice parameter (Å)  

c/a a b c 

0 4.0057 4.0057 4.0232 1.0043 

10 4.0040 4.0040 4.0132 1.0023 

20 3.9984 3.9984 4.0068 1.0021 

35 3.9958 3.9958 4.0007 1.0012 

 

Table 1. Lattice parameter of the BST investigated samples, from Rietveld refinement. 



  

BST 

samples 

Graphite 

addition 

(vol.%) 

Sample 

porosity 

(vol.%) 

Curie 

constant 

(1/slope) 

T0 (C) 

 

TC (C) 

 

BST0 0% 3% 119094 35 

35 

BST10 10% 9% 101560 33 

BST20 20% 18% 23126 22 

BST35 35% 29% 11551 14 

 

Table 2. Computed Curie Weiss temperature and Curie constant for Ba0.7Sr0.3TiO3 ceramics 

with different porosities. 
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Research Highlights 

 

 Dense or porous Ba0.70Sr0.30TiO3 ceramics were prepared by solid state reaction. 

 Role of porosity on low and high field dielectric properties was investigated. 

 The effective permittivity data was discussed in terms of EMA&FEM calculations. 

 Permittivity is consequence of combined (0-3)–(0-3)&(2-2) phase interconnectivity. 

 Relative dc-tunability is almost the same for dense and porous ceramics. 

 


