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Abstract 

Links between residual stress and domain switching in porous barium titanate ceramics were 

investigated using synchrotron X-ray diffraction as a function of an applied electric field. 

Barium titanate with highly aligned pores (with pore fraction 𝑣𝑝 = 0.52) was manufactured by 

freeze casting and compared with barium titanate produced via conventional pressing and 

sintering (with 𝑣𝑝 = 0.06). The domain switching fraction in the freeze cast ceramic was 

approximately double that of the low porosity barium titanate at a field of 3 kV/mm, attributed 

to a reduction in the residual stress from 70 MPa to 40 MPa with increasing pore fraction. 

Whilst extrinsic domain switching was enhanced, the intrinsic lattice strain contribution to the 

piezoelectric properties was slightly reduced in the freeze cast barium titanate compared to 

the conventionally processed ceramic. These results point towards novel methods for 

engineering the functional properties of piezoelectric ceramics in the future.  

1. Introduction 

The incorporation of porosity into ferroelectric ceramics is a relatively straightforward and 

effective method for engineering their functional properties by decoupling the dielectric 

permittivity from the longitudinal piezoelectric strain coefficient [1], which are linked intrinsically 

in dense piezoelectric ceramics and single crystals [2]. By reducing the permittivity, 𝜀33
𝑇 , at a 

faster rate than the longitudinal piezoelectric strain coefficient, 𝑑33, or pyroelectric coefficient, 

𝑝, the figures of merit for sensing (𝑔33
𝑝𝑖𝑒𝑧𝑜 =

𝑑33

𝜀33
𝑇 ; 𝑔𝑝𝑦𝑟𝑜 =

𝑝

𝜀33
𝑇 ) and harvesting (𝑑33. 𝑔33

𝑝𝑖𝑒𝑧𝑜
; 

𝑝. 𝑔𝑝𝑦𝑟𝑜) can be increased severalfold compared to their dense counterparts [3], [4]. Whilst the 

effects of pore volume and morphology on the effective (or averaged) properties of 

ferroelectric ceramics have been studied extensively, beginning with the work by Newnham et 

al. who highlighted the critical importance of structural connectivity on the effective bulk 

properties of ferroelectric composites [5], the complex interactions between microstructure 

and electric and mechanical fields within the material during both poling and electromechanical 
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characterisation make it difficult to probe experimentally the effect of porosity on the inherent 

properties of the ferroelectric matrix. The importance of microstructural features, such as grain 

size, and their effect on residual stress are known to affect the functional properties of dense 

ferroelectric ceramics [6] and yet they are typically neglected in the design of porous and 

composite ferroelectric ceramics where models are used to predict the effective properties 

based on the properties of the same material in its dense (or low porosity) state [7], [8]. In 

porous polycrystalline ferroelectric ceramics in particular, regions of effectively infinite 

compliance are likely to alter significantly the domain switching behaviour of ferroelectrics 

(extrinsic ferroelectric behaviour), which account for a large proportion of the bulk piezoelectric 

properties [9].  

In this paper, the terms inherent and effective properties are used to distinguish between the 

effect of porosity on the ferroelectric matrix and bulk properties of the porous ferroelectric 

ceramic, rather than the more commonly used terms intrinsic and extrinsic in composite 

nomenclature, which we use to refer to different contributions to the bulk piezoelectric and 

dielectric properties in ferroelectric materials arising from the lattice and the 

ferroelectric/ferroelastic domain mobility, respectively. Despite many years of research there 

are conflicting reports on the observed effect of porosity on bulk ferroelectric material 

properties, such as coercive electric field and remanent polarisation [10], and similarly there 

is no clear consensus on the effect of pore size on bulk properties. The difficulties in controlling 

microstructural aspects of porous ferroelectrics, such as pore volume and morphology, without 

also altering grain size [11], particularly when using methods such as the burned out polymer 

spheres (BURPS) process, make the systematic study of these effects difficult in bulk systems.  

Ferroelectric properties that are obtained from electric field-dependent measurements require 

knowledge of the field distribution within the material. The coercive field of a ferroelectric single 

crystal is relatively easy to determine: a known electric field is applied that is effectively 

homogeneous throughout the crystal, and a polarisation- and/or strain-field loop can be 

obtained, with the coercive field (i.e. the field required to switch the direction of polarisation) 

relating to a clearly defined position in the hysteresis plot. Similarly, in a conventionally 

processed, high relative density (i.e. 𝜌rel > 0.95) polycrystalline ferroelectric ceramic, while 

there is a slight dispersion due to variations in the localised mechanical clamping of domains 

(caused by grain boundaries, defects, etc.), grain orientation and dielectric tensor [12], the 

local field is relatively homogeneous compared with that of a porous ferroelectric with a low 

degree of pore alignment [13]. Therefore, in both single crystal and dense polycrystalline 

ferroelectrics, achieving the necessary polarisation saturation to obtain accurate values for 

coercive field and remanent polarisation are relatively straightforward. In a porous 

ferroelectric, on the other hand, the average local electric field is often significantly lower than 
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the applied field due to the presence of the low permittivity pores. As such, a higher applied 

field may be necessary in order to switch the polarisation at the same coercive field as that 

measured in a dense material of the same composition and grain size. However, despite finite 

element modelling of the electric field distributions within porous ferroelectric ceramics 

indicating that the coercive field should increase with increasing porosity, experimental 

observations often show a decrease up to ~30 vol.% porosity [10], [14]. The difficulties in 

achieving polarisation saturation in porous ferroelectrics due to the inhomogeneous field 

distribution and lower dielectric strength make it difficult to quantify the effect of porosity on 

coercive field with confidence. Indeed, it has been shown that properties such as coercive field 

and remanent polarisation can appear like they are a function of the applied electric field in a 

porous ferroelectric, rather than being an absolute material property [15]. This inherent non-

linearity in porous and composite ferroelectric ceramics has been utilised to obtain tunability 

of dielectric properties as a function of the applied field strength, where a low electric field 

strength in the high permittivity phase is favourable [16]. 

Recent studies have highlighted the importance of microstructural alignment on improving the 

effective properties, such as piezoelectric strain coefficient, 𝑑33, [3], [4] and understanding the 

inherent properties of porous ferroelectric ceramics [15]. The presence of low permittivity 

pores within the high permittivity ferroelectric matrix tends to result in inhomogeneous electric 

field distributions within the material when an external field is applied [13], [14], [16], which 

leads to incomplete poling [17]. This causes a decrease in d33 with porosity that is commonly 

observed in porous ferroelectrics with randomly distributed spheroidal pores, such as those 

fabricated by the BURPS method [18], [19]. Aligning high aspect ratio pores to the poling axis 

reduces the inhomogeneity in the electric field during poling, resulting in high poling 

efficiencies and longitudinal piezoelectric strain coefficients comparable to those of dense 

piezoceramics of the same composition [4], [15], [20]. By this same method, the local field 

inhomogeneity can be reduced to gain more confidence in the conclusions drawn from, and 

reproducibility of, experimental data. In an ideal case, both the ceramic matrix and the pores 

should be continuously aligned in the direction of the applied field, i.e. 3-1 or 2-2 type 

structures using the classical composite notation [5]. Applying an electric field over such an 

ideal structure results in a homogeneous and equal field vector in each phase [16], analogous 

to applying an electric field across two capacitors with differing capacitance connected in 

parallel. A high degree of alignment therefore allows a more accurate comparison between 

the ferroelectric properties of porous and dense ferroelectric ceramics of the same 

composition, thus enabling the investigation of the effect of porosity on the inherent properties 

of the ferroelectric matrix.  
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The inherent properties of a polycrystalline ferroelectric can be separated into intrinsic and 

extrinsic contributions to the bulk piezoelectric and dielectric properties [9]. Intrinsic effects 

arise from ion displacements within the crystal lattice, whereas extrinsic effects are related to 

domain wall mobility and switching. Domain switching can either be purely ferroelectric, e.g. a 

180° switching event, or ferroelastic, in which the switching of polarisation due to an applied 

external electric or mechanical field has an associated strain, e.g. a 90° switching event [21]. 

Evidently, if there is a strain associated with a domain switching event, this will be affected by 

local variations in mechanical clamping conditions, for example, residual stress and clamping 

due to neighbouring grains. A recent study on barium titanate ceramics with uniformly 

distributed porosity observed a decrease in residual stress with porosity that was associated 

with a change in the ratio of tetragonal and orthorhombic polymorphs, evaluated in the 

framework of the Landau-Devonshire theory using the finite element method [22]. Similarly, 

pores with effectively infinite compliance are likely to alter the electric field (or energy) required 

to switch ferroelastic domains. This has been observed through phase-field modelling of 

barium titanate, in which the size and shape of nanopores was found to influence domain 

switching, with smaller pores increasing switching compared to larger ones for a given pore 

volume [23].  

A previous experimental study reported smaller ferroelectric domains in porous PZT fabricated 

via freeze casting, leading to higher piezoelectric coefficients than a dense sample of the same 

composition at 40-50 vol.% porosity, which the authors attributed to pinning of domains during 

sintering at pore walls [20]. After poling, the domains in the porous sample were observed to 

be better aligned than in the dense material, thought to be due to easier reorientation of the 

smaller domains. In another study into freeze cast soft PZT, no change was observed in the 

domain switching activation energy between a dense reference sample and a 34 vol.% porous 

sample with highly aligned, anisometric pores, however, the median field strength in the 

porous sample was estimated through finite element analysis to be around 20% lower than 

the dense material [15]. As calculations of the switching energy are electric field dependent, a 

tentative conclusion was drawn that the switching energy was approximately 20% lower in the 

porous compared to the dense PZT.  

Similar observations have been made in ferroelectric thin films, where pores have been shown 

to facilitate domain mobility in PZT through a de-clamping effect [24]. The influence of 

substrate clamping on functional properties is well known in thin film ferroelectric devices [25], 

indicating why such observations are perhaps more readily achieved than in bulk ferroelectric 

ceramics without high degrees of pore alignment. Using pores to de-clamp PZT thin films from 

the substrate has recently been shown to lead to a three-fold increase in the piezoelectric 

coefficient compared to fully dense thin films of the same composition [26], demonstrating the 
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drastic improvements in functional properties that can be achieved by engineering materials 

in this manner. Similarly, in BiFeO3 thin films with highly aligned pore channels, an increase 

in d33 was reported compared to dense films, which was attributed to a decrease in the energy 

required to reorientate domains resulting from the increased compliance of the film [27], 

indicating that these effects are not limited to PZT-based materials. Further quantitative 

analysis is necessary to clarify whether these effects can be utilised in bulk porous 

ferroelectrics to further improve their application-specific properties.  

In-situ synchrotron X-ray diffraction (XRD) offers a powerful tool to investigate the 

electromechanical response of ferroelectric ceramics across multiple length scales, including 

both the lattice strain (intrinsic) and domain switching (extrinsic) contributions [28]. The 

coupling of these two effects through intergranular stress is also well-known, according to the 

anisotropy analysis of dense ceramics and PVDF-piezoceramic 0–3 composites [29], [30]. 

Similarly, in-situ diffraction methods can be applied to probe the non-180° domain switching 

and lattice strain mechanisms during the application of an electric field in a polycrystalline 

ferroelectric ceramic matrix with highly aligned pores, as well as the coupling between these 

contributions. For example, a synchrotron XRD study into grain size effects in barium titanate, 

the focus of our study, found that increases in the permittivity were linked to 90° domain wall 

mobility [31] in support of theoretical work by Arlt and Pertsev [32], but contrary to earlier work 

suggesting that high residual stresses in fine grain barium titanate, which would restrict domain 

wall mobility, enhanced the permittivity [33]. This technique offers a powerful insight into the 

underlying mechanisms of the functional properties of ferroelectrics but has not yet been used 

to study bulk materials where porosity has been intentionally introduced to tailor the 

piezoelectric performance.  

In this study, we present the first quantitative investigation into the influence of porosity on the 

ferroelectric/ferroelastic domain switching behaviour in a porous barium titanate ceramic with 

a highly aligned microstructure, fabricated using the freeze casting method. Low porosity 

barium titanate ceramics were also fabricated by conventional uniaxial pressing and sintering 

for comparison purposes. A high energy synchrotron XRD method, involving the continuous 

monitoring of 2-D diffraction patterns under the application of a bipolar electric field, was used 

to analyse the intrinsic and extrinsic contributions to electrostrain in these materials. 

2. Materials and methods 

Porous barium titanate samples were fabricated using the freeze casting method. A 

suspension of 30 vol.% barium titanate (d50 = 2.1 m, Ticon P, Ferro, USA), deionised water, 

1 wt.% polyethylene glycol (PEG, Sigma, UK) and 0.5 wt.% ammonium polyacrylate 

(HydroDisper A160, Shenzhen Highrun Chemical Industry Co. Ltd, China) as binder and 
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dispersant, respectively, were mixed on a rotary ball mill in polyethylene containers for 24 

hours prior to casting. Samples were cast into open-top cylindrical polydimethylsiloxane 

(PDMS) moulds secured with aluminium tape at the freezing surface. A cold plate was cooled 

to -70C and maintained at this temperature during the process using an ultra-low temperature 

circulator (RP2090, Lauda, UK); the mould was placed on a 100 mm x 100 mm x 1 mm thick 

alumina tile before being placed on the freezing surface. Frozen bodies were freeze dried 

(Mini Lyotrap, LTE Scientific, UK) for 24 hours prior to sintering at 1300C for two hours; 

heating and cooling rates were 1C/min and a two-hour dwell at 400C during the heating 

stage was used to remove organic additives. A conventionally pressed barium titanate pellet 

was fabricated for comparison. Barium titanate powder (Ticon P, Ferro, USA) was mixed with 

5 wt.% PEG and deionized water, mixed on a rotary ball mill for 24 hours, dried, reground and 

sieved, and uniaxially pressed at 300 MPa prior to sintering under the same conditions as the 

porous samples. After sintering, the pressed pellet and freeze cast porous bodies were 

sectioned with a diamond wire saw (STX-202A, MTI Corp., USA) into rectangular bars and 

silver electrodes (RS Components, Product No. 186-3600, UK) were applied and cured at 

140°C for 15 minutes. 

The bulk density of the barium titanate samples was calculated using the geometric method, 

which was in turn used to calculate the relative density, 
𝑟𝑒𝑙

. The porosity of the samples was 

then calculated using the relationship, 𝑣𝑝 = 1− 𝜌𝑟𝑒𝑙. The microstructures of the barium titanate 

samples were characterised using scanning electron microscopy with an accelerating voltage 

of 15 kV (SEM, JEOL JSM-6480LV, USA). The dielectric properties of the samples were 

measured at room temperature using impedance spectroscopy (Solartron 1260 Impedance 

Analyser with Solartron 1296 Dielectric Interface, Solartron Analytical, UK) as a function of 

frequency, from 1 Hz to 1 MHz. Polarisation-field (P-E) loops were measured with a sinusoidal 

waveform at a frequency of 2 Hz using the data derived from a custom-built current amplifier 

[34]. Samples were annealed for two hours prior to measurement to remove ageing effects 

that resulted in pinched hysteresis loops and to ensure consistency with the synchrotron 

measurements.  

High energy synchrotron XRD experiments were carried out on Beamline I15 at Diamond Light 

Source with a monochromatic light source with an energy of 70 keV and beam diameter of 70 

m. A cyclic bipolar electric field with a peak amplitude of 3 kV/mm and a step size of 0.25 

kV/mm was applied to the samples using a Matsusada EC-10 High Voltage (HV) source. 

Diffraction patterns were captured in transmission with a Pilatus 2M detector at each field step 

to assess the domain switching in the freeze cast and conventionally pressed barium titanate 

samples. The captured 2-D diffraction pattern was transformed into conventional 1-D intensity-
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2 plots by a caking procedure using the DAWN software package, covering a range of 

azimuth angle, from 𝜓 = 0° to 330° with a step size of 30° [35]. The calibrations were carried 

out with calibrant CeO2 powder before and after the in-situ XRD experiment. Samples were 

annealed at 150°C for two hours immediately prior to measurement. 

3. Results and discussion 

3.1 Microstructural Analysis 

The relative density of the freeze cast and conventionally pressed barium titanate, calculated 

by the geometric method, was 𝜌𝑟𝑒𝑙 = 0.48 and 𝜌𝑟𝑒𝑙 = 0.94, respectively. An SEM of a polished 

surface of the pressed barium titanate pellet, see Figure 1 (a), indicated a pore fraction of 𝑣𝑝 =

0.08, i.e. 𝜌𝑟𝑒𝑙 = 0.92, in reasonable agreement with the geometric density measurement. For 

the freeze cast material the measured relative density gave an estimated pore volume fraction 

of 𝑣𝑝 = 0.52. Highly aligned anisometric porous microstructures in the freeze cast samples 

were confirmed with SEM of fracture surfaces; images were taken at two directions relative to 

the freezing direction, shown in Figure 1 (b) and (c) with the freezing direction vertical and out 

of plane, respectively. The freezing direction was also the direction of the applied electric field 

in the in-situ XRD analysis in Section 3.3, required to ensure similar local electric-field 

distributions within the freeze cast and pressed barium titanate during measurement [15].  

The grain size of the conventionally pressed sample was calculated as 27.3 ± 4.40 μm from 

over 250 grains (where the uncertainty is standard deviation) in the micrograph shown in 

Figure 1 (a) using the linear intercept method, with the measured average grain size multiplied 

by a proportionality constant of 1.57 [36]. The high porosity freeze cast microstructure had a 

slight anisotropy in grain size, elongated in the direction of freezing; the continuous nature of 

the ceramic phase in the freezing axis is likely to promote grain growth in this direction during 

sintering. The average grain size of the porous barium titanate was estimated to be between 

17.3 μm and 24.3 μm; further details of the method and the micrograph used to calculate this 

value are given in the Supplementary Information, Figure S2. The ferroelectric properties of 

barium titanate are strongly dependent on the grain size in the sub-10 μm range, with 

piezoelectric and dielectric response tending to peak around 1 μm [37]. However, scaling 

effects are not significant above ~15 μm for 5-10 μm variations in grain size [38], [39]. The 

following analyses therefore assume that the ferroelectric properties of the investigated 

samples did not vary in the different samples due to grain size.  
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Figure 1: SEM images of (a) the conventionally pressed and sintered barium titanate, and 

barium titanate fabricated via the freeze casting method taken (b) parallel and (b) 

perpendicular to the freezing direction.  

3.2 Bulk ferroelectric properties 

The relative permittivity of unpoled pressed (𝑣𝑝 = 0.06) and freeze cast (𝑣𝑝 = 0.52) samples 

was measured to be 1250 and 535 at 1 kHz, respectively, see Figure S1. A linear rule of 

mixtures, assuming continuous interconnection of the BaTiO3 in the direction of applied 

electric field, predicts the relative permittivity of the porous material with 𝑣𝑝 = 0.52 to be 600 

[40]. The slightly lower value in the freeze cast material is likely due to some intergranular 

porosity in the ceramic lamellae, which can be seen in Figure 1 (b), and may also be affected 

by the anisotropy in grain morphology, as reported previously [4]. The piezoelectric charge 

coefficients for the pressed and freeze cast barium titanate fabricated using the same methods 

as the samples investigated here were found in a previous study to be between 120 and 145 

pC/N [4]. The permittivity of the freeze cast material relative to the conventionally pressed and 

sintered barium titanate indicates that the material is well aligned, supported by the micrograph 

in Figure 1 (b). As the pressed material also had some intergranular porosity (6-8 vol.% based 

on the measured relative density and analysis of the microstructure), we have assumed the 

electric field distribution in each phase during measurement to be similar. In consideration of 

this assumption, it is worth noting that even when porous microstructures are highly aligned, 

such as those typically formed using freeze casting, the local field strength has been shown 

to be on average lower and with a larger distribution about the median [15]. On this basis, it 

might be expected that the observed electric field-dependent effects in the highly porous 

freeze cast material should be reduced compared with those of the significantly lower porosity 

conventionally processed material at the same applied field. 

Polarisation-electric field (P-E) loops for both the pressed and freeze cast barium titanate are 

shown in Figure 2, measured up to a peak field of ±3 kV/mm, i.e. the same conditions as the 

synchrotron experiments discussed in the following section. The maximum polarisation, Pmax 

= 0.07 C/m2, and remanent polarisation, Pr = 0.04 C/m2, for the freeze cast barium titanate 
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were around half that of that observed in the pressed material (Pmax = 0.16 C/m2 and Pr = 0.08 

C/m2), following a similar trend to that of the measured permittivity at 1 kHz, i.e. a linear rule 

of mixtures. The polarisation in porous ferroelectrics is a function of both volume fraction and 

the average field strength in the active material, which is related to the pore volume and 

morphology, as previously discussed [10]. As mentioned in Section 2, the materials were 

thermally de-aged by heating and cooling through the Curie temperature before the P-E 

measurements and the field-dependent XRD measurements (discussed in Section 3.3) to 

remove ageing effects that resulted in loops becoming pinched. Prior to thermal de-ageing, 

the samples also showed little domain switching in the in-situ XRD measurement. Alongside 

the relatively lossy nature of the freeze cast barium titanate P-E loop, this indicates there is a 

defect structure with some degree of charge mobility within the studied materials [41] that may 

be influenced by the high volume of material at solid-pore interfaces. Further study, however, 

is required to identify the defect structures present and understand their effects on 

electromechanical properties. 

 

Figure 2: Polarisation-electric field response of pressed and freeze cast barium titanate at the 

peak field conditions used in the synchrotron experiments detailed in Section 3.3. 

3.3 High energy synchrotron XRD 

3.3.1. Qualitative observations of XRD patterns 

In-situ XRD results, illustrating the {111}, {200} and {211} reflections at 𝜓 = 0°  for both freeze 

cast and pressed barium titanate samples, are shown in Figures 3 and 4 in the form of contour 

plots, recorded under two bipolar cycles of the electric field with an amplitude of 3 kV/mm 

starting from the initial unpoled state. The frame number, also used in later analyses, relates 
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the recorded diffraction pattern to the applied bipolar electric field. The notation ‘{hkl}’ is 

adopted to specify the family of hkl reflections in the pseudo-cubic setting. A single (111) peak, 

together with double-split {200} and {211} peaks were observed for the unpoled state, 

corresponding to the tetragonally-distorted perovskite structure. The single (111) peaks exhibit 

a slight shift to lower 2θ angle in response to the applied electric field, as shown in Figures 3 

(d) and 4 (d), which indicates the development of tensile lattice strain (intrinsic effect) along 

<111> for the azimuthal angle 𝜓 = 0°, i.e. along the electric field direction. On the other hand, 

large variations in the relative intensities of the double-split {200} and {211} peaks were 

evident, as shown in Figure 3 (b) and 4 (b), which can be attributed to the electric field-induced 

domain switching behaviour (extrinsic effect). These observations are consistent with previous 

reports from other tetragonal perovskite ferroelectrics, which exhibit both electric field-induced 

lattice strain and domain switching [42].  

In these results, there is no evidence of the electric-field induced phase transition in tetragonal 

barium titanate, reported by some researchers previously, which may be due to the influence 

of grain size and the use of different preparation conditions [43]. It should be noted that the 

intensity variations for the {200} and {211} reflections of the freeze cast barium titanate ceramic 

(𝑣𝑝 = 0.52) are more clearly evident than their counterparts in the lower porosity (𝑣𝑝 = 0.06) 

pressed sample, which indicates a higher degree of domain switching in the high porosity 

sample under the applied electric field. The slight shifts in the position of the (111) peak 

indicate a relatively small lattice strain (intrinsic effect), in comparison with the large variations 

in relative intensities of the {200} and {211} reflections due to ferroelectric domain switching 

(extrinsic effect), for both low and high porosity samples. We should also consider the coupling 

between these two mechanisms due to elastic constraint and the associated intergranular 

stresses from the surrounding polycrystalline matrix. In this respect, it is apparent that the 

degree of domain switching was greater, while the <111> lattice strain was similar or smaller, 

for the high porosity freeze cast barium titanate ceramic. This apparent contradiction is 

addressed in the following analysis. 
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Figure 3: Contour plots of the {111}, {200} and {211} reflections of freeze cast (𝑣𝑝 = 0.52) 

barium titanate under two bipolar electric field cycles in (a), (b) and (c) respectively, and 

comparison of peak profiles for the unpoled state, under 3 kV/mm and in the remanent state 

in (d), (e) and (f). 

 

Figure 4: Contour plots of the {111}, {200} and {112} reflections of conventionally pressed and 

sintered barium titanate (𝑣𝑝 = 0.06) under two bipolar electric field cycles in (a), (b) and (c) 

respectively, and comparison of peak profiles for the unpoled state, under 3 kV/mm and in the 

remanent state in (d), (e) and (f). 



12 
 

3.3.2. Texture and strain estimation 

In this section, the methods developed for the estimation of electric field-induced strain and 

texture according to the in-situ XRD profiles are discussed in detail. The domain fraction is 

defined in order to quantify the preferred orientation of ferroelectric domains, given by Eq. 1 

and 2 for the (002) and (112) poles of the ferroelectric tetragonal phase respectively: 

𝜂002 =
𝐼002

𝐼002+2
𝐼002
0

𝐼200
0 ×𝐼200

                                               1 

𝜂112 =
𝐼112

𝐼112+2
𝐼112
0

𝐼211
0 ×𝐼211

                                                2 

where 𝐼ℎ𝑘𝑙 is the measured intensity from the XRD peak profile and the superscript ‘0’ is used 

to indicate the reference unpoled state. The introduction of the reference intensity ratios  

𝛾002
0 =

𝐼002
0

𝐼200
0   and 𝛾112

0 =
𝐼112
0

𝐼211
0  in Eq. 1 and 2, corresponding to the unpoled (randomly-oriented) 

state, was first proposed by Jones et al. in order to compensate for differences in structure 

factors between (002)/(200) and (112)/(211) pairs of reflections [44]. The domain fractions 

were also transformed into the corresponding multiple of random distribution (MRD) values; 

this is a convenient parameter for the comparison of different crystallographic orientations, 

since the MRD is defined to be unity for both (002) and (112) poles in the reference, randomly 

oriented state. The relationships between the 𝑀𝑅𝐷ℎ𝑘𝑙 and 𝜂ℎ𝑘𝑙 values are: 

𝑀𝑅𝐷002 = 3𝜂002                                                3 

𝑀𝑅𝐷112 = 3𝜂112                                                4 

In this manner, the electric field-induced intrinsic and extrinsic strains are calculated 

separately, and then the average effective strains of representative grain families are 

evaluated, using data obtained from the {111}, {200} and {211} XRD peak profiles. In this work, 

the {211} reflection was selected in preference to {220} (as used in previous studies) due to 

experimental difficulties associated with gaps between the detector modules, which interfered 

with the {220} peak profiles at certain azimuthal angles. Initially, the Daymond approach was 

adopted to provide an estimate of the macroscopic strain from a weighted average of the 

strains obtained for a limited number of crystallographic orientations, at a given azimuthal 

angle. For example, the data obtained for  = 0° yields an estimate of macroscopic strain 

along the electric field direction [45].  

Firstly, an effective lattice spacing, 𝑑{ℎ𝑘𝑙}, was determined through a weighted-averaging 

process that incorporates both the lattice spacing and corresponding domain fractions 

according to the following equations for 𝑑{200} and 𝑑{112} respectively: 
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𝑑{200} = 𝜂002 × 𝑑002 + (1 − 𝜂002) × 𝑑200                                 5 

𝑑{112} = 𝜂112 × 𝑑112 + (1 − 𝜂112) × 𝑑211                                 6 

The effective strain for each grain family was then calculated according to the following 

relationship: 

𝑆{ℎ𝑘𝑙} =
𝑑{ℎ𝑘𝑙}−𝑑{ℎ𝑘𝑙}

0

𝑑{ℎ𝑘𝑙}
0                                                   7 

Finally, the average macroscopic strain for 𝜓 = 0°, for example, was determined by taking into 

account the multiplicity 𝑚{ℎ𝑘𝑙} of the corresponding 〈ℎ𝑘𝑙〉-oriented grains [45]: 

S33
𝑡𝑜𝑡𝑎𝑙 =

∑𝑚{ℎ𝑘𝑙}S{ℎ𝑘𝑙}

∑𝑚{ℎ𝑘𝑙}
      8 

In the present study, 𝑆33
𝑡𝑜𝑡𝑎𝑙 was estimated as: 

𝑆33
𝑡𝑜𝑡𝑎𝑙 =

𝑚{111}𝑆{111}+𝑚{200}𝑆{200}+𝑚{112}𝑆{112}

𝑚{111}+𝑚{200}+𝑚{112}
                              9 

where the multiplicities are 8, 6 and 24 for 𝑚{111}, 𝑚{200} and 𝑚{112} respectively. 

The MRD002- 𝜓 data obtained over a range of electric field values for both freeze cast and 

pressed barium titanate samples are presented in Figure 5 (a)-(c) and (d)-(f), respectively. 

MRD002 values calculated by nonlinear fitting according to a squared cosine function are also 

incorporated as the solid lines in these figures [46]. The enhanced domain switching response 

in the high porosity freeze cast sample, compared with its lower porosity, conventionally 

manufactured counterpart, is clearly indicated by the larger variations in MRD002 value across 

the full azimuthal angle range. For example, the highest MRD002 values at 𝜓 = 0° are 

approximately 1.65 and 2.25 (corresponding to 21.7% and 41.7% in the alternative form of 

domain switching fraction 𝛥𝜂002) for low and high porosity, respectively. The fitted MRD data 

obtained under different electric field levels intersect at almost the same positions (invariant 

angles) for both freeze cast and pressed samples, with average azimuthal angles for the 

intersection points around 54.45° and 50° respectively. The invariant angle of the freeze cast 

sample derived from this procedure is in good agreement with that of 54.7°, predicted on the 

basis of a volume-conserving domain switching mechanism and elastic isotropy [42]. On the 

other hand, the invariant angle values of the pressed sample evidently deviate from the 

predicted value, which indicates that the assumption of volume-conservation is no longer valid 

for the low porosity barium titanate ceramic. This observation is not completely unexpected, 

since it is known that both piezoelectric and elastic anisotropy will affect the invariant angle 

values [29]. 
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Figure 5: Variation in domain fractions MRD002 of both (a) freeze cast and (d) pressed samples 

as a function of 𝜓 at electric field levels from -3 to 3 kV/mm. The corresponding effective strain 

𝑆{200} values of both freeze cast and pressed barium titanate samples are shown in (b) and 

(e) respectively. The red dashed lines indicate the MRD value of unity (unpoled state) and 

zero strain respectively.  Contour plots for MRD002 of both freeze cast (𝑣𝑝 = 0.52) and pressed 

(𝑣𝑝 = 0.06) samples covering the whole electric cycling procedure are shown in (c) and (f) 

respectively. 

The strain orientation distributions (SODs) for the effective strain 𝑆{200}, of both freeze cast 

and pressed barium titanate samples, are presented in Figure 5 (b) and (e), respectively. The 

highest value of 𝑆{200} for the high porosity freeze cast sample (3.5 x 10-3) is around twice that 

of the conventionally pressed sample (1.7 x 10-3), which is consistent with the enhanced 

domain switching response along the electric field direction. It should be noted that the 

corresponding 𝑆{200} values at 𝜓 = 90° for the high and low porosity samples are comparable 

with each other, -1.7 x 10-3
 and -1.2 x 10-3

 respectively. Therefore, the associated volume 

strains (𝑆𝑣  =  𝑆33  +  2𝑆11) for the {200} grain family are +0.1 x 10-3
 and -0.7 x 10-3 at 3 kV/mm 

for the freeze cast and pressed samples, respectively. The greater volume strain magnitude 

of the pressed sample can be correlated with the observed deviation of the invariant angle 

from the ‘ideal’ value of 54.7°, due to elastic and piezoelectric anisotropy [47]. On the other 

hand, the volume strain and invariant angle of the freeze cast sample show little variation 

under different electric field levels, as shown in the supplementary Figure S3, indicating that 

the crystalline anisotropy of the polycrystalline matrix could be compensated to some extent 

by the presence of highly aligned pores.  
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Furthermore, the domain orientation distributions (DODs) of both freeze cast and pressed 

samples vary periodically in response to the electric field, as shown by the contour plots 

presented in Figure 5 (c) and (f). The domain texture appeared abruptly after reaching the 

coercive field, as expected. At 𝜓 = 0°, the MRD value reaches a maximum at 3 kV/mm and 

then decreases slowly until reaching the coercive field in another half cycle, whereas the 

opposite trend is observed for 𝜓 = 90°. After poling, the domains are aligned with their <002> 

polar axes along the direction closest to that of the electric field. It is also noteworthy that the 

MRD002 values are almost invariant and close to 1 at the previously derived invariant angles 

of 54.45° and 50°, for the freeze cast and pressed samples, respectively, forming a clear 

boundary in the contour plots. 

The calculated effective lattice strains for the {111}, {200} and {211} grain families and average 

macroscopic strains at 𝜓 = 0°, determined according to Eq. 7 and 8, are plotted in Figure 6. 

The longitudinal strain 𝑆33
{ℎ𝑘𝑙}

 values all vary systematically with the frame number and correlate 

well with the variation in the applied electric field. It is evident that the magnitude of longitudinal 

strain  𝑆33
{ℎ𝑘𝑙}

  is strongly dependent on crystallographic orientation, with 𝑆33
{200}

 exhibiting the 

largest variation among the tested grain families at any given electric field for both pressed 

and freeze cast samples, as shown in Figure 6 (a) and (b). The highest recorded values of 

𝑆33
{111}

, 𝑆33
{200}

 and 𝑆33
{211}

 were 0.47×10-3, 1.75×10-3 and 0.97×10-3 for the pressed sample, and 

0.22×10-3, 3.50×10-3 and 1.18×10-3 for the freeze cast sample, respectively. These results are 

consistent with the anisotropic strain behaviour reported previously in tetragonal barium 

titanate and soft PZT ceramics, where 𝑆{200} was found to be more than three times the value 

of 𝑆{111} [29], [48]. 

The lattice strain along the non-polar <111> direction, 𝑆33
{111}

, was found to be approximately 

twice as large for the pressed, low porosity sample compared with that of the high porosity 

freeze cast barium titanate, whereas the opposite trend was observed for 𝑆33
{200}

, which is 

dominated by the extrinsic domain switching contribution. Additionally, the domain switching 

behaviour in the freeze cast material increased abruptly upon reaching the coercive field, in 

comparison with the relatively diffuse response of the pressed barium titanate. In summary, 

enhanced and more rapid domain switching behaviour, with reduced intrinsic strain, occurred 

for the high porosity, freeze cast barium titanate ceramic in comparison with the low porosity, 

pressed material. The average macroscopic poling strain was also significantly larger for the 

high porosity barium titanate ceramic, as illustrated in Figure 6 (c), although its reversible 

component was slightly lower.  
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Figure 6: Variation in effective lattice strains, 𝑆33
{ℎ𝑘𝑙}

, for (a) pressed (𝑣𝑝 = 0.06) and (b) freeze 

cast (𝑣𝑝 = 0.52) barium titanate ceramics as a function of frame number. The estimated 

average macroscopic strains are illustrated in (c). The relationship between frame number and 

applied electric field in the range of -3 to +3 kV/mm is given at the top of each figure. 

The electric field-induced macroscopic strain can also be separated into intrinsic (lattice strain) 

and extrinsic (domain switching) contributions using the method developed by Jones, which 

takes into account the DOD as a function of  [49]. The respective contributions of intrinsic 

strain, 𝑆33
𝑖𝑛𝑡, and extrinsic strain, 𝑆33

𝑒𝑥𝑡 , are evaluated according to Eqs. 10 and Eq. 11 

respectively. The intrinsic lattice strains are weighted by the lattice strain associated with each 

crystal plane, 𝑆ℎ𝑘𝑙, at  𝜓 = 0˚ according to: 

𝑆33
𝑖𝑛𝑡 = 

∑ 𝜂ℎ𝑘𝑙(𝜓=0)𝑚ℎ𝑘𝑙Sℎ𝑘𝑙(𝜓=0)ℎ𝑘𝑙

∑ 𝜂ℎ𝑘𝑙(𝜓=0)𝑚ℎ𝑘𝑙Sℎ𝑘𝑙ℎ𝑘𝑙
                                                            10 

The extrinsic effect associated with domain switching is effectively quantified by the 

accumulated contribution of the {200} DOD for azimuthal angles from 0° to 90° according to 

the sample symmetry proposed by Jones [49]. Therefore, the extrinsic strain is obtained by 

integrating the projection of the spontaneous strain within the orientation space, as given by 

following equation:   

𝑆33
𝑒𝑥𝑡 = 𝑆𝑠 ∫ [𝑚Δ𝜂(𝜓) cos

2(𝜓)] sin(𝜓)𝑑𝜓
𝜋

2
0

                              11 

where the spontaneous strain of the rhombohedral phase, 𝑆𝑠, and the product of the 

multiplicity, 𝑚, and domain switching fraction, 𝛥𝜂, for the (002) reflection, are given as: 

𝑆𝑠 =
𝑑002−𝑑200

𝑑200
                                                     12 

𝛥𝜂002 =
(𝑀𝑅𝐷002−1)

3
                                                  13 

Hence, the intrinsic and extrinsic strains can be evaluated to help understand their 

contributions to the macroscopic strain, 𝑆33
𝑡𝑜𝑡𝑎𝑙. It was found that the extrinsic contribution 

dominates the electric field-induced total strain for both pressed and freeze cast samples as 
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shown in Figure 7 (a), (b) and (c). The extrinsic strain was evidently enhanced, with a 

suppressed intrinsic contribution, for the high porosity freeze cast material. The estimated total 

strain (sum of intrinsic and extrinsic contributions) is consistent with the those obtained using 

Daymond’s method [45], as shown in Figure 5 (c). These observations indicate that the elastic 

coupling between the intrinsic and extrinsic strain mechanisms in polycrystalline barium 

titanate, which is associated with the formation of intergranular stresses, can be controlled via 

microstructural features such as highly aligned pores.  

 

Figure 7: Variation in intrinsic, extrinsic and total strains, (a) 𝑆33
𝑖𝑛, (b) 𝑆33

𝑒𝑥 and (c) 𝑆33
𝑡𝑜𝑡 of both 

freeze cast and conventionally pressed barium titanate samples as a function of frame 

number. The relationship between frame number and applied electric field in the range of -3 

to +3 kV/mm is given at the top of each figure. 

3.3.3. Estimation of intergranular stress 

The correlations between lattice strain, 𝑆33
{111}

, and domain switching fraction, ∆𝜂33
002, at 

different electric field levels are presented in Figure 8 (a). These results show similar non-

linear relationships between 𝑆33
{111}

 and ∆𝜂33
002 for both pressed and freeze cast barium titanate 

ceramics, although with differing magnitude. It is evident that the elastic coupling perseveres 

between the {111} and {200} grain families in the high porosity sample in a similar manner to 

that of the pressed pellet, although to a lesser extent. A comparison of the intergranular 

stresses within the investigated materials is given in the following section. 

For any given grain family {hkl} under an applied electric field, the total strain 𝑆{ℎ𝑘𝑙}(𝐸) can be 

regarded as the sum of a poling strain, 𝑆𝑝{ℎ𝑘𝑙}(𝐸), and eigen strain, or misfit strain, 𝑆∗{ℎ𝑘𝑙}(𝐸), 

given as [50]: 

                               𝑆{ℎ𝑘𝑙}(𝐸) = 𝑆𝑝{ℎ𝑘𝑙}(𝐸) + 𝑆∗{ℎ𝑘𝑙}(𝐸)                                                         14  

A tensile misfit strain 𝑆∗{111}(𝐸) is developed for the <111> oriented grain family after poling 

at 3 kV/mm, which is due to the strain anisotropy and intergranular stress developed relative 

to the neighbouring matrix as presented in Figure 6. In the absence of elastic constraint, the 
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poling strain for the {111} grain family of tetragonal barium titanate, 𝑆33
𝑝{111}(𝐸), along the 

electric field direction, is due solely to the electrostrictive effect, since the domain switching 

behaviour cannot contribute to the electric-field induced strain along <111>: 

                              𝑆33
𝑝{111}(𝐸) = 𝑄33

{111}
𝑃2 = 𝑄33

{111}
(𝜀0𝜒33

{111}
𝐸)2                                        15    

where 𝑄33
{111}

 and 𝜒33
{111}

 are the electrostriction coefficient and dielectric susceptibility along 

the direction normal to the (111) plane. After removal of the electric field, the total strain, 

𝑆{111}(0), is equal to the misfit strain, 𝑆∗{111}(0), according to Eqs. (14) and (15), as given by 

the following equation:  

𝑆{111}(0) = 𝑆∗{111}(0) =

(

 
 
−
𝑆33
{111}

(0)

2
0 0

0 −
𝑆33
{111}

(0)

2
0

0 0 𝑆33
{111}

(0))

 
 

   16             

Therefore, the lattice strain of the <111> oriented grain family in the remanent state plays the 

role of an indicator of the intergranular stress in tetragonal barium titanate, which develops 

due to the elastic constraint and domain switching in the surrounding matrix. Furthermore, the 

development of misfit strain for the {111} grain family during the poling process can be 

obtained by excluding the contribution of electrostriction effects from the total strain, estimated 

by the in-situ XRD results, according to Eqs. 14 and 15, giving: 

𝑆33
∗{111}

(𝐸) = 𝑆33
{111}(𝐸) − 𝑄33

{111}
(𝜀0𝜒33

{111}
𝐸)2                            17 

The derivations of 𝑄33
{111}

 and 𝜒33
{111}

, given in Supplementary Materials, yield the corresponding 

values of 0.0163 m4/C2 and 2799, respectively (see Table S1). The tensile elastic intergranular 

stress follows Hooke’s law and is given as: 

𝜎33
∗{111}(𝐸) = 𝐸33

{111}
𝑆33
∗{111}(𝐸)                                                         18 

where 𝐸33
{111}

 is the Young modulus along the direction normal to the (111) plane, as reported 

by Zhang et al. [51]. 

The total strains of the {111} grain family for both pressed and freeze cast samples, 𝑆33
∗{111}𝑃(𝐸) 

and 𝑆33
∗{111}𝐹𝐶(𝐸), respectively, are compared with the calculated electrostrictive strain, 

𝑆33
𝑝{111}(𝐸), in Figure 8 (b).  It is clear that the contribution of electrostriction is still considerable 

by comparing the magnitudes of the total strains, which were approximately 0.1×10-3
, 0.3×10-

3 and 0.5×10-3 at 3 kV/mm for 𝑆33
𝑝{111}(𝐸),  𝑆33

∗{111}𝐹𝐶(𝐸) and 𝑆33
∗{111}𝑃(𝐸), respectively. The 

intergranular stresses of the {111} grain family for both samples are also calculated according 

to Eq. 18 after subtracting the electrostrictive contribution and are shown in Figure 8 (c). The 
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intergranular stresses 𝜎33
∗{111}𝐹𝐶(𝐸) and 𝜎33

∗{111}𝑃(𝐸) increase gradually with the increase in 

applied electric field, from around 10 MPa and 30 MPa in the remanent state to 40 MPa and 

70 MPa at 3 kV/mm for the freeze cast and pressed samples, respectively. Therefore, the 

surrounding matrix undergoes a compressive stress of the same level but opposite in direction, 

which acts to suppress the electric field-induced domain switching as a counter-effect. The 

level of estimated intergranular stress for the low porosity pressed barium titanate sample in 

this study is consistent with the previous report of compressive stress-induced ferroelastic 

domain re-orientation in tetragonal barium titanate ceramics, in which the ferroelastic re-

orientation initiated at around 10 MPa and became saturated at 80 MPa [52]. A decrease in 

residual stress with porosity for barium titanate ceramics with uniformly distributed porosity 

has also been reported recently [22]. More significantly, the magnitude of intergranular 

stresses in the high porosity freeze cast sample is around half that of the low porosity sample 

over the range of electric-field levels investigated. This observation indicates that the 

constraint of the surrounding polycrystalline matrix is effectively released by introducing high 

volumes of aligned pores, which is the main reason for the enhanced domain switching 

response with reduced intergranular stresses in the highly porous freeze cast sample. The 

porosity effects studied here are analogous to ‘skin’ effects studied in dense piezoceramics, 

whereby lattice expansion and domain reorientation has been observed at free surfaces 

compared to the bulk due to a reduction in intergranular constraints [53].  

     

 

Figure 8: (a) Coupling between lattice strain, 𝑆33
{111}

, and domain switching fraction, 𝜂33
002, for 

both freeze cast and pressed samples, (b) comparison of total lattice strains, 𝑆33
∗{111}𝐹𝐶(𝐸) and 

𝑆33
∗{111}𝑃(𝐸) with the calculated electrostrictive strain, 𝑆33

𝑝{111}(𝐸). The variation of estimated 

intergranular stresses, 𝜎33
∗{111}𝑃(𝐸) and 𝜎33

∗{111}𝐹𝐶(𝐸), for both pressed and freeze cast samples 

within a bipolar electric field cycle shown in (c), indicating that the intergranular stress of the 

low porosity pressed sample is almost twice that of the high porosity freeze cast sample. 

A proposed mechanism for the enhanced extrinsic contribution of the high porosity freeze cast 

barium titanate due to a reduction in intergranular clamping is shown in Figure 9, adapted from 
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the model proposed by Hall et al [42]. An unconstrained single crystal with 90° domains 

characteristic of tetragonal barium titanate is shown in Figure 9 (a). The application of an 

electric field, E, leads to the movement of domain walls (extrinsic contribution), an elongation 

in the direction of the applied field and a constriction in the direction perpendicular to the field, 

denoted by 𝑆3 and 𝑆1 in Figure 9 (b), respectively. Figure 9 (c) shows a single tetragonal 

crystallite within a polycrystalline matrix, analogous to a grain within a dense (low porosity) 

ceramic. When the electric field is applied, domain walls move resulting in deformation of the 

crystallite, which in turn leads to a misfit strain between it and the surrounding matrix, see 

Figure 9 (d). This leads to a compressive stress in the vertical direction and a tensile stress in 

the transverse direction, shown by the red arrows in Figure 9 (d). A zero-stiffness pore, as 

shown in Figure 9 (e), represents a region with no misfit strain and no capability for applying 

a clamping stress to the crystallite in its vicinity, see Figure 9 (f), hence the removal of the 

tensile stress in the transverse direction adjacent to the pore. 

It is worth reiterating that the intergranular stress calculations discussed in this section, which 

are a multi-grain average due to the transmission mode XRD configuration, assume that the 

average electric field within both barium titanate materials investigated are the same. We have 

made this assumption, as stated in Section 3.1, due to the high alignment of the ferroelectric 

barium titanate phase parallel to the applied field direction, which is supported by recent 

experimental and numerical studies [10], [15], [16]. As such we attribute the increase in the 

extrinsic contribution to bulk electrostrain with electric field in the highly porous freeze cast 

samples to the significant reduction in intergranular stress, whilst acknowledging the critical 

nature of the local electric field distribution. It would be of interest in future work to mutually 

quantify these effects experimentally, although finite element modelling offers a useful tool to 

simultaneously evaluate the residual stress and local field effects, as demonstrated in a recent 

paper by Padurariu et al. [22]. Understanding how porosity and pore structures can influence 

residual stress and thereby the intrinsic and extrinsic contributions to ferroelectric properties 

provides a window to new methods for engineering piezoelectric composites. For example, 

control of microstructure across a range of length scales could provide a route to 

simultaneously tailor the inherent properties of the ferroelectric and the effective properties to 

maximise their performance for a given application. At the grain scale large heterogeneities 

have been observed in similarly orientated grains in the bulk of barium titanate ceramics [54], 

caused by local strain and electrostatic fields introduced into the material during processing. 

There is also likely to be a large heterogeneity between the conventionally pressed, low 

porosity and freeze cast, high porosity barium titanate reported on here, which could be 

perhaps tailored through control over the number of grains in a ceramic pillar in a freeze cast 

structure, for example. The localised properties of these materials will be of interest for further 
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study in the future.  

 

Figure 9: Schematic representation of the effect of porosity on the intergranular stress in 

barium titanate due to an applied electric field. On the application of an electric field, (a) an 

unclamped tetragonal single crystal develops a strain (b) due to 90° domain wall motion. In 

(c) a single crystallite is shown within an unstrained polycrystalline matrix; (d) applying an 

electric field induces a strain due to the movement of 90° domain walls, which is resisted by 

intergranular stresses from neighbouring untransformed grains. (e) A single crystallite is 

shown next to a pore; (f) on the application of an electric field, a strain is generated but due to 

its infinite compliance, the pore cannot constrain the crystallite.  

4. Conclusions 

In this paper, we have presented the first analysis of enhanced domain switching in bulk 

barium titanate with a high fraction of porosity (𝑣𝑝 =  0.52), fabricated using the freeze casting 
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method, compared to a lower porosity (𝑣𝑝 = 0.06), conventionally pressed sample of the same 

composition. We show this to originate from a significant decrease in the residual stress in the 

freeze cast material due to the highly aligned, zero stiffness porosity. These findings 

demonstrate the possibility for a new approach to microstructural engineering of ferroelectric 

composites through control of localised mechanical clamping to simultaneously tailor the 

effective properties of the composite, i.e. relevant application-specific figures of merit, and the 

inherent properties of the ferroelectric phase, such as piezoelectric strain or charge 

coefficients that depend strongly on the domain switching behaviour in ferroelectric ceramics 

through control of porous microstructures.  

Qualitative assessment of field dependent diffraction patterns indicated that variation of the 

intensity of the polar {200} and {211} reflections as a function of applied electric field were 

more evident in the freeze cast barium titanate compared to the pressed sample, indicating a 

higher degree of domain switching in the highly porous material. Quantitative analyses of the 

XRD patterns, using a micromechanics approach, demonstrated that the efficiency of domain 

switching was found to be twice as high in the freeze cast sample (𝛥𝜂002= 41.7%) compared 

to the pressed sample (𝛥𝜂002= 21.7%) for reflections parallel to the applied field. Strain 

orientation distributions of the {200} reflections in the freeze cast barium titanate (S{200} = 3.5 x 

10-3) were also found to be around twice that of the pressed sample (S{200} = 1.7 x 10-3). A 

comparison of the strain responses along certain crystallographic directions enabled 

separation of intrinsic (arising from the lattice) and extrinsic (related to domain switching) strain 

contributions to bulk electrostrain. A slight decrease in intrinsic strain was observed in the high 

porosity compared to the low porosity barium titanate, however, the extrinsic contribution to 

strain was higher in the high porosity freeze cast material leading to a slightly enhanced total 

strain at the peak electric field of 3 kV/mm. We attribute the enhanced extrinsic contribution to 

the significant decrease in intergranular stress in the highly porous material compared to the 

pressed barium titanate. The average intergranular stresses in the remanent state were 

estimated as 30 MPa and 10 MPa for pressed and freeze cast materials respectively, 

increasing to 70 and 40 MPa with an applied electric field of 3 kV/mm.  
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