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Abstract 

Ferroelectric materials possess the ability to switch between polarization states on application of external fields. This 

switching is facilitated via movement of domains walls and is a critical factor in the performance metrics of these 

materials.  Hence, the interaction of domain walls with microstructural features such as grain boundaries can influence their 

performance. Experimentally, domain continuity has only been observed over a few grains with no information of the 

domain percolation length in larger polycrystals. For domain continuity to be energetically feasible, conditions of 

ferroelectric polarization continuity and domain wall plane matching need to be satisfied at the grain boundary. In this work, 

we have studied the extent of continuity of domains within modelled polycrystals. It is shown that under tighter conditions 

of plane matching and uncompensated polarization charge, favorable grain boundary character can have considerable impact 

on the domain percolation. However, when the conditions of domain continuity are relaxed, due to higher charge and 

geometric tolerance, domain percolation throughout the polycrystal is a likely phenomenon. It is shown that percolation of 

domains through a polycrystalline ferroelectric could be tailored by microstructural control of the grain boundary types and 

defect chemistry control of the charge compensation mechanisms. The ability to manipulate the length-scale of correlated 

domain wall motion may lead to new opportunities in ferroelectric functional device design.  Additionally, these results can 

be extended to study the effect of grain boundary character on other material phenomena that involve planar interactions at 

grain boundaries, including ferroelastic twin boundaries and slip plane continuity.  

Introduction 

Ferroelectrics belong to a broader group of technologically important multiferroic materials that are utilized for their ability 

to have more than one spontaneous orientation states (polarization, magnetic spin, and/or strain) and switch between them 

on application of external stimuli (electric field, magnetic field and/or stress).  Materials that are ferroelectric at lower 

temperatures, are in most cases, paraelectric (no spontaneous polarization) at high temperatures. The system develops 

polarization due to non-centrosymmetric nature of charge centers at the unit cell that develop at a transition temperature, 

also known as the Curie point. As the spontaneous polarization develops, depolarization energy also increases. To 

compensate for the depolarization energy, different regions of the crystal take different orientations of the spontaneous 

polarization [1,2]. These regions of uniform polarization are called domains and are separated by a domain wall. Domain 

walls fall on specific crystallographic planes, the orientation of which is decided by the polarization and strain tensor of the 

neighboring domains [3,4]. The walls are typically characterized as being a few unit cells thick for ferroelectrics, however 

more recent measurements in bulk polycrystals demonstrate strain fields covering several micrometers from the domain 

walls [5]. Domain walls are named according to the orientation difference between the polarization of neighboring domains. 

More broadly, 180° walls have opposite polarization states but equivalent spontaneous strain states, while non-180° walls 

have both different polarization and spontaneous strain states.  
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To reduce domain wall energy, permissible domain walls are ones that fulfill polarization continuity (i.e., the component of 

polarization vector along the normal to the domain wall is continuous across the domain wall) and strain compatibility (i.e., 

the strain mismatch on the domain wall is zero [3,4]). The domain walls are charge neutral in most cases. However, it should 

be noted that charged domain walls (CDWs) can exist and have been an area of recent interest[6]. The competition between 

different energies lead to different 3-dimensional arrangement/ordering of domains in a crystal also known as the domain 

structure. Common domain structures are alternating stripe domains, herring bone, square-net or watermark domains[7–

10]. 

Domain switching is facilitated by the movement of domain walls. Reversible and non-reversible motion of domain walls 

contribute to the extrinsic dielectric and piezoelectric response of ferroelectrics [11–13]. Hence, mobility of domain walls 

is crucial to the response of ferroelectrics. This domain wall motion is clamped or pinned by defects [14–16] (dopants, 

vacancies, dislocations). In polycrystals, grain boundaries add an additional parameter that interferes with the mobility of 

domain walls. Grain boundary is a 2-dimensional defect that separate grains (regions of differently oriented unit cells) in 

polycrystals. Grain boundaries are also a sink for electronic and ionic defects creating space charge [17] which can also 

contribute to the pinning of domain walls at the grain boundaries. In order to ensure better performance in relatively more 

economic ferroelectric polycrystals, behavior of domains and domain walls around grain boundaries need to be better 

understood.  

Ferroic domain structures have been observed to traverse grain boundaries in ferroelectrics. These continuous domains have 

been observed since the 1950s in PbZrxTi1-xO3[18]and BaTiO3[9,19–21]. Figure 1 shows microstructure images from select 

references demonstrating this domain continuity. In these cases, domain continuity through the grain boundaries is 

occurring, however it is limited around grain junctions and some regions of the grain boundaries. It can be seen in Figure 1 

that continuity of the full domain pattern is not experimentally observed and in fact some domains do terminate at the grain 

boundary while others propagate. Unfortunately, observations of larger correlated domain structures in three dimensions 

are not currently available. 

 

Figure 1: Micrographs showing continuous domains through grain boundaries for the following materials: (a) BaTiO3 [9] (published with 

permission from Elsevier), (b) BaTiO3 [19] (Copyright, 2007, The Japan Society of Applied Physics),(c) BaTiO3 [22] (Copyright, 2008, The Japan 

Society of Applied Physics),(d) BaTiO3 [10](published with permission from AIP Publishing)(e) PbZrxTi1-xO3  [18] (published with permission from 

Elsevier) 

 

Continuous domains over grain boundaries can be argued to have a contribution on collective response of grains. Stimulus 

applied on one grain has been shown to impact the response of the neighboring grain possibly via the movement of these 

continuous domain structures [23]. The impact of grain boundaries on mobility of domains that traverse them is not clear, 

with some works arguing that they inhibit domain wall motion [10,24] while others suggest an increase in mobility [19,25]. 
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Takahashi et. al. while relating domain size to piezoelectric properties in a polycrystalline BaTiO3 sample also connected 

the higher d33 to continuous domains at grain boundaries [19]. With respect to understanding the geometrical conditions 

behind domain continuity, Tsurekawa et. al. [18] used coincidence site lattices and plane matching domains to support the 

evidence of continuous domains in PbZrxTi1-xO3 wherein they concluded that the presence of grain boundaries that permitted 

plane matching with a twist deviation angle less than 20° were responsible for the observation of domain continuity. 

Recently, Mantri et. al. [26] developed the conditions required for domain continuity through any arbitrary grain boundary 

and then applied it to tetragonal, rhombohedral, and orthorhombic symmetries [27]. It was shown that these conditions and 

therefore domain continuity was a function of the five dimensions that define a grain boundary i.e., the three dimensions 

for the misorientation of the neighboring grains and two dimensions for the grain boundary plane normal. A very recent 

study of domain continuity in barium titanate [21] in which several bi-grains and tri-grain junctions were studied for domain 

continuity, found that domain continuity was possible even for large misorientations, finally concluding that domain 

continuity is possible for any misorientation as long as the compatibility for strain and charge are compensated. In the 

current study, geometrical plane matching(Equation 1) and grain boundary polarization charge (Equation 2) are the two 

conditions employed to study the probability of ferroic domain continuity.  For further information on these two conditions, 

refer Mantri et. al. [26]. 

Although control of ferroic domain percolation holds unknown potential, the amount of investigation into the continuity of 

domains in ferroic microstructures, experimental as well as computational, has been minimal. Previous observations of 

domain wall continuity have only been made for a few grains, limiting any understanding of the length-scales over which 

they can propagate. In this work, the possibility for domains to percolate through model polycrystalline microstructures is 

investigated. We have calculated the domain percolation spread i.e.., the number of grain boundaries domains can continue 

through in a particular polycrystal. To relate domain percolation to processing variables, we have studied the effect of 

texturing and preferred grain boundary populations on domain percolation length. Crystallographic texturing has been 

shown to enhance piezoelectric response [28–30] in ferroelectrics, while ∑3 type grain boundaries have been found to be 

highly favored in perovskites [31,32]. Investigating both of these cases, the magnitude of domain percolation is shown to 

increase. It is demonstrated that microstructural control can be used to vary the domain percolation behavior and thus may 

have a potentially significant influence over the degree of domain wall motion observed in these systems under external 

stimulus. 

Methods 

5-Dimensions of a grain boundary 

A grain boundary is a 2-dimensional defect separating grains with different orientations. The grain boundary plane is defined 

by its normal which can be represented using two angles  in the spherical orientation space. The crystallographic 

misorientation between the grains can be represented by three angles  that when applied successively changes 

the orientation of one grain to the another. Therefore, a grain boundary is represented using 5 dimensions: three dimensions 

for the grain-grain crystallographic misorientation and two dimensions for the grain boundary plane. 

Mantri et. al. [26] describes in detail the conditions required for domain wall continuity at arbitrary grain boundaries. The 

two primary conditions are described in the following text. 

Geometrical Plane Matching 

For domains to be continuous over grain boundaries, domain walls need to geometrically match at the grain boundary. This 

condition is the geometrical plane matching condition (Figure 2). For two domain wall planes from neighboring grains to 

meet at the grain boundary, the angle of mismatch between the line of intersection of the domain walls in either grain with 

the grain boundary should be as small as possible, as represented by Equation 1. A geometric mismatch angle of zero would 

represent a perfect plane matching condition (Figure 2a). Any change in the orientation of domain walls that can happen on 

changing grain orientation and/or any change in the orientation of grain boundary plane would affect the geometrical plane 
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matching (Figure 2b-c). In this work, a tolerance angle was chosen which would be the maximum mismatch angle up to 

which successful geometric matching can be assumed to happen. 
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Grain Boundary Polarization Charge Continuity 

As ferroelectric domains are uniform regions of polarization, for domain walls to continue over grain boundary, the 

polarization vector of the domains in neighboring grains should be continuous (Figure 3). This means that the difference in 

the component of polarization vectors of both the domains along the normal to the grain boundary plane should be as small 

as possible. This condition has been called grain boundary polarization charge continuity. It is represented by Equation 2. 

Similar to the geometric tolerance, a charge tolerance has been defined here as well.  Below this tolerance it is assumed the 

charge mismatch can be accommodated by other mechanisms at the grain boundary. 
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Figure 2: The condition of geometrical plane matching of a domain wall plane (blue planes) at a grain boundary (red plane). (a) a perfect 

geometrically matched arrangement. (b) shows geometrical mismatch due to change in grain-grain misorientation. (c) shows geometrical mismatch 

due to change in grain boundary plane orientation. Image reprinted from Acta Materialia, 128, Mantri et. al., Ferroelectric Domain Continuity over 

grain boundaries, 400-405, 2017, with permission from Elsevier [26]. 
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Figure 3: The condition of polarization charge continuity at a grain boundary (dashed line). (a) shows the perfect polarization continuity where the 

component of polarization vector normal to the grain boundary is equal for grain A and grain B, as shown in (b). (c) shows discontinuity of 

polarization where the component of the polarization vector along the grain boundary normal is not equal on either side of the boundary leading to 

uncompensated charge as shown in (d). Image reprinted from Acta Materialia, 128, Mantri et. al., Ferroelectric Domain Continuity over grain 

boundaries, 400-405, 2017, with permission from Elsevier [26]. 

 

Construction of Modelled Microstructure 

To study domain percolation in a polycrystal, all five dimensions for each grain boundary are required, i.e., the 

misorientation between the neighboring grains as well as the grain boundary plane normal.  

For a polycrystal with “n” grains, n random points are selected in a cube to represent the grain body centers. To generate 

the microstructure, the Voronoi tessellation approach is taken. Points that are equidistant to neighboring grain centers are 

assigned to the grain boundary. Grain boundary plane normals are calculated through least squares fitting of the grain 

boundary points that belong to a particular grain-grain boundary. Depending on the model type, the unit cell orientation of 

each grain is either randomly assigned, aligned with a probability to an external axis (textured), or given specific orientation 

relationships with neighboring grains (weighted grain boundary populations). A sample polycrystal of 1000 grains is shown 

in Figure 3(a). To model fiber texture in our polycrystals, the March-Dollase distribution [33] is used to create a preferred 

crystallographic direction in the polycrystal. To increase the population of ∑3 grain boundaries in the model microstructure, 

a fraction of the grains are given ∑3 misorientation (60° rotation about> 111 @) with respect to a neighboring grain, prior 

to random assignment of remaining orientations. 

 

The ferroelectric symmetry studied in this paper is tetragonal. Tetragonal ferroelectrics can have 6 possible polarization 

directions along any of the <100> axes and 3 possible spontaneous strain states, as opposing polarization directions have an 

identical strain tensor. The domain walls for 90° domains in tetragonal ferroelectrics are on the {110} crystallographic 

planes [4]. Complicated domain structures like herringbone, watermark and square-net can form in ferroelectric materials. 

Here, an alternating stripe domain structure with 90° domain walls is used, as this is most commonly observed [34,35]. 

Hence, the continuity of two alternating domains (i.e., the repeating unit of the alternating stripe domain structure) over the 
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grain boundary is studied. These results can be extended to any number of multiples of the repeating unit and hence, are 

applicable for any domain density of the striped domain structure. 

While applying the domain continuity conditions, first the domain walls are matched within a chosen angular tolerance. If 

successful matching occurs, then the residual polarization charge on the grain boundary is calculated. As the continuity of 

a striped-domain structure is being considered, residual charge is calculated as the sum of the modulus of the residual charge 

created at the grain boundary for each domain. If this charge falls below a chosen tolerance, domain continuity through the 

grain boundary is considered successful. These tolerance values effectively allow for true grain boundary variations such as 

space charge and dislocation densities to be accommodated. Geometric mismatch angular tolerance is studied in the range 

of 5 - 15°. The figure of 15° comes from twist deviation angles observed by Tsurekawa et. al. for grain boundaries permitting 

continuity [18]. In addition to this, 15° is considered an acceptable higher tolerance in texts [36,37] related to slip plane 

continuity for transgranular plastic deformation, a geometrically analogous process. Residual grain boundary polarization 

charge tolerance is studied in the range of 0.1Ps to 1.5Ps. This implies a maximum charge tolerance of 0.75Ps per domain. 

A head-to-head polarization creates a residual charge of 2PS. Spontaneous polarization of barium titanate in its room 

temperature phase [38–40] is around 26 C7/��E, which equates to an equivalent screening charge created by an oxygen 

vacancy concentration of 16 × 10�G H	�	�����/��E at the grain boundary. 

Results 

Figure 3(a) shows a modelled random polycrystal of 1000 grains (see Methods for more information). To begin the 

percolation process, a grain is chosen at random and is assigned a random tetragonal stripe domain configuration. All the 

neighboring grains to this grain are checked for domain continuity using the geometrical plane matching and polarization 

charge continuity at the grain boundary plane. The domain transmits through all of its grain boundaries that satisfy the 

condition under the charge and angular tolerance set. The same process is then repeated for each of the neighboring grains 

to which the domain structure has transmitted by checking for domain continuity with their respective neighbors. Using this 

method, domain walls can be seen to percolate through the polycrystal with a web like structure starting from the grain 

where domain nucleation occurred. An example is shown in Figure 3(b). The grain center marked with the bigger black 

sphere is the initiation grain. This grain had 12 neighbors. Only one neighbor, however, allowed domain percolation within 

acceptable angular and charge tolerance and is shown by the single connecting thread. In some cases, domain walls from a 

single grain can pass into more than one neighboring grain, thus the connecting threads tend to branch.  The number of grain 

boundaries that a thread crosses has been called here as the domain percolation length for that thread. The total percolation 

i.e., the spread of the domain percolation web is the total number of grains that domains percolate through for a given 

nucleation point. In Figure 3(b), the total percolation or the spread of the percolation web is 16 grain boundaries. The 

percolation length is defined here as the largest number of grain boundaries traversed from one point on the web to another. 

In this case thread 4 and thread 6 in total form the longest thread with a percolation length of 9 grain boundaries. 
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Figure 4. (a) a 1000-grain microstructure generated using the Voronoi tessellation method. (b)  a subsection of a microstructure showing the domain 

percolation starting from the grain marked by the bigger black sphere and spreading through the microstructure via threads. Each dot represents the 

centroid of a grain through which the domain structure has percolated. 

 

Variation with seed grain 

The domain percolation web as well as it’s attributes, the domain percolation length and the domain percolation spread, will 

change as a function of the nucleating grain due to statistical chance of assigning orientations to grains. Figure 4 shows the 

domain percolation spread as a function of nucleating grain for a polycrystal of 50 randomly oriented grains for the case of 

10° angular tolerance and 1PS charge tolerance. The histogram for the frequency of observing a particular domain 

percolation length for this example is shown in the inset in Figure 4. Figure 4 shows that occasionally there can be a grain 

which is not fit to propagate the domains (hence very low domain percolation). As any grain can be the nucleating grain, 

the average domain percolation length has been used as representative of the domain percolation for a particular polycrystal. 

To further improve the statistical significance, 100 unique microstructures are generated for each condition investigated, 

with the final reported values being the average of those found across the 100 microstructures. 

Percolation for varying angular and charge tolerances 

Figure 5 shows the domain percolation spread for different angular tolerances and charge tolerances. In general (see case 

5° angular tolerance), as the charge tolerance increases the domain percolation increases with practically no percolation 

observed for 0.1Ps charge tolerance. For the case of 5° angular tolerance, increasing the charge tolerance from 0.5PS to 1PS 

increases the domain percolation by 423%. The case of 0.5Ps charge tolerance is a good example showing the effect of 

angular tolerance with a 376% increase in percolation on changing the angular tolerance from 5° to 10°. However, for higher 

angular and charge tolerances, no change in domain percolation is visible. For example, when the tolerances increase to 10

 and 1 Ps, domain percolation saturates. To check if the percolation saturation was due to increases in domain percolation 

under high tolerances or due to percolating domain walls hitting the microstructure model boundaries as a dead end, larger 

microstructures were studied. Domain percolations was studied in 50 grains, 100 grains, 200 grains, and 300 random 

microstructures under the angular tolerance of 10° and charge tolerance of 1 Ps. The inset in Figure 5 shows the total domain 

percolation spread comparison. For higher tolerances, the domain percolation web spreads across the entire microstructure.  

The percentage of grains with percolated domains is greater than 97%, and therefore higher tolerance values do not affect 

the percolation length anymore.  

Percolation length for microstructures with crystallographic texture and preferred grain boundary populations 

In addition to being affected by the angular and charge tolerances, domain percolation has been shown to be affected by the 

grain boundary character i.e., the grain – grain orientation distribution and the grain boundary plane normal distribution 

[26,27]. In this study, control over grain boundary plane normals cannot be exercised as they are generated geometrically 

via the microstructure generation process. Control over the remaining three dimensions of grain boundaries is studied by 
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two methods: 1) creating a preferred ∑3 grain boundary population, and 2) by introducing crystallographic texture. These 

two methods are different in the sense that in the case of ∑3 preferred grain boundary population, a percentage of neighbors 

are chosen and the orientation (of the two grains forming the neighboring group) relative to each other is changed to ∑3.  

This does not introduce crystallographic texture to the material as the set of neighboring groups are still randomly oriented 

with respect to any external axis. However, in case of texturing, a percentage of grains (not necessarily neighbors) are 

chosen and their orientation is changed such that the microstructure is crystallo-graphically textured along a particular global 

axis, in this case either the [100] or the [111] axis of those grains is preferentially aligned to the vertical direction of the 

microstructure model. 

Figure 6 shows the effect of varying percentages of ∑3 grain boundary population on the domain percolation. Two angular 

and two charge tolerances were studied for polycrystals with 1% and 13% ∑3 favored grain boundary populations. For a 

numerical perspective, a 50-grain microstructure would have around 250 grain boundaries i.e., grain -grain combinations, 

out of which 1% would mean ~2or 3 neighboring grain combinations being ∑3 and 13% would mean 35-40 neighboring 

grain combinations to be ∑3 misoriented with respect to each other. For smaller tolerances (5° and 0.5PS), the percentage 

of ∑3 grain boundaries influenced the domain percolation length, increasing by 71% on changing the ∑3 grain boundary 

population from 1% to 13%. As tolerances are increased, the effect of changing ∑3 grain boundary population decreases. 

For larger tolerances (angle>10  and/or charge>1 Ps), there is no visible effect of changing the grain boundary population.  

This again, however, is related to the fact that at larger tolerances, the full microstructure is percolated, saturating the 

achievable percolation length. Note that larger ∑3 grain boundary population was not possible while maintaining the non-

∑3 population percentage. 

Figure 7 shows the effect of crystallographic texturing on domain percolation. Fiber texture is introduced into the model 

polycrystal by weighting grain orientations using the March Dollase (MD) [33] which has been demonstrated to accurately 

describe texture in ferroelectric materials fabricated using template methods [41]. Textures along the [100] axis and [111] 

axis were studied. All grains were textured. The MD ‘r’ parameter[33] specifies the degree of texture. It varies between 

[0,1] with smaller values representing a stronger texture and 1 representing a random polycrystal. Here, two values of ‘r’ 

was studied. Two angular tolerances and two charge tolerances were studied. For the case of r=0.5, not much difference in 

the domain percolation between the two axes is observed. However, when we reduced the r to 0.1 (highly textured), domain 

percolation increased by 220% for the tolerance of 5°, 0.5PS for the [100] textured microstructure (shown in the inset of 

Figure 7). Not such a large difference (~1% increase) was observed for the [111] textured microstructure. This can be 

expected as the tetragonal symmetry of the ferroelectric is being studied, with polarization direction along <100> that is 

perpendicular to the {110} domain walls. Similar to the previous case of preferred ∑3 grain boundary population, for lower 

tolerances, increasing the degree of texture (decreasing the r), increases the domain percolation length. The effect of ‘r’, 

however, becomes negligible at higher tolerance values as the model is completely percolated. 

Finally, a comparison of domain percolation in random polycrystals, preferred ∑3 grain boundary population, and textured 

polycrystals is shown in Figure 8. This figure highlights the impact of these microstructural changes at low angular and 

charge tolerance levels. When the grain boundary tolerance level for charge and angular mismatch is low (5°, 0.5PS), the 

microstructural changes of increasing the percentage of ∑3 grain boundaries and texturing can increase the domain 

percolation length significantly. However, in microstructures that can accommodate larger angular and charge tolerances, 

the domain percolation length changes are not very high as the microstructure would be close to fully percolated without 

changes in the grain boundary population or texturing. It should be pointed out that the effect of texturing along [100] is 

larger than increasing the preferred ∑3 grain boundary population.  
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Figure 5: This figure shows the variation in domain percolation as a function of different nucleation points in the same polycrystal of 50 grains. The 

x axis is the nucleating grain ID and the y axis is the corresponding domain percolation. Inset: frequency histogram for the number of grains that 

lead to the same domain percolation. The tolerances for this case are 10° and 1PS. 

 

  

 

Figure 6: Frequency histograms of domain percolation for 100 different-50 grain random polycrystals as a function of varying geometric mismatch 

angle and residual grain boundary charge tolerances. Inset: A comparison of domain percolation spread (y-axis is the percentage of grains through 

with domains percolate) for modelled polycrystals with 50, 100, 200, and 300 grains for the angular tolerance of 10° and charge tolerance of 1 Ps. 

For tolerance as high as 10° and 1 Ps, domain percolation covers the entire microstructure. Therefore, changes in domain percolation at these 

tolerances are unlikely. 
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Figure 7: The effect of preferred ∑3 grain boundary character percentage (~1% and ~13%) on domain percolation studied for different charge and 

angular tolerances. 

 

 

Figure 8: The effect of fibre texture modelled using the March Dollase function [33]  studied for varying charge and angular tolerances. Texture 

along [100] and [111] axes was studied. Inset: Two values of MD ‘r’ parameter studied show a 220% jump in domain percolation for the 5° and 

0.5PS case. 
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Figure 9: A comparison of domain percolation in the case of random microstructure, ~1% ∑3 grain boundary character, ~13 % ∑3 grain boundary 

character, [111] fibre texture with r=0.5, [100] fibre texture with r=0.5, and [100] fibre texture with r=0.1 for the case of 5°, 0.5 Ps and 5°, 1Ps 

tolerance respectively. 

 

Discussion 

The results presented above provide valuable insight to the long-observed phenomena of domain walls traversing grain 

boundaries in polycrystalline ferroelectric materials.  It has been demonstrated that even in polycrystalline systems with 

randomly orientated grains and random grain boundary populations, as well as tight tolerances on the domain wall plane 

matching angle and uncompensated polarization charge (5° and 0.5 PS), percolation of domain walls through multiple grain 

boundaries is expected.  The percolation lengths are drastically increased even with modest relaxing of the tolerance values.  

At an angular tolerance of 15° and/or a charge compensation of 1.0 PS, domain walls are expected to percolate the entire 

polycrystal.   

Given prior experimental observations of domain wall continuity through grain boundaries are limited to 2D surface 

interrogation methods, it is likely that domain percolation is commonplace in most polycrystalline ferroelectrics. Increasing 

percolation lengths in randomly oriented microstructures will depend on the ability of the grain boundary to compensate the 

residual polarization charge and strain mismatch. In addition to grain boundary space charge developed during sintering, 

mobility of dopants and defects from the bulk to the grain boundary during domain formation will also impact the tolerances 

thereby affecting domain percolation lengths. The residual grain boundary charge continuity equation would change if there 

were some charges already present to compensate for the residual charge created by domain continuity. This charge can be 

the grain boundary space charge already created by accumulation of charged defects at the grain boundary at the sintering 

temperature when the microstructure is forming [42]. This charge could also come from the mobility of charged 

dopants/defects at the Curie temperature in the ferroelectric when the domains are forming. Thus, ferroelectrics with higher 

Curie point and higher dopant/defect mobility would potentially provide better conditions for domain percolation. 

Therefore, it can be said that BiFeO3 [43] (TC ~ 830°C) would be more likely than BaTiO3[2] (TC ~ 120°C) to form longer 

length-scale domain percolation networks. Another interesting point to note is that keeping the grain boundary normal and 

the angular mismatch between the perpendicular component of the polarization of neighboring grains same, the residual 

charge created at the grain boundary changes as a function of spontaneous polarization i.e., for the same angular 

incompatibility, ferroelectric domain percolation would be less likely for PbTiO3 [44] (PS = 85 C7/��E) than BaTiO3 (PS = 
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26 C7/��E). In other words, higher charge compensation would be required in systems with high spontaneous polarization 

if domain percolation were to take place. 

Beyond pure compositional control, it has been shown that manipulating the microstructure of the material by either; 1) 

increasing the grain boundary population with more ∑3 type boundaries, or 2) inducing crystallographic texture, further 

increases the probability and length-scale of domain percolation.  Crystallographic texturing is commonly applied to these 

materials through templated grain growth strategies, and thus can be induced relatively easily.  It should be acknowledged, 

however, that any type of heterogeneous templating will add complexity to the domain structures within the grains.  

Weighting of grain boundary populations, while likely occurring due to non-equal grain boundary energies during sintering, 

is more difficult to control.  In common perovskites like SrTiO3, BaTiO3, PbZrxTi1-xO3, ∑3 type boundaries have been 

shown to be more common [31,32], however methods to control these weightings are not described in the literature. The 

pathway to this will lie in sintering methods for ceramics. Spark plasma [45], two step [46], conventional and microwave 

sintering [47] together with compositional control may allow weighted grain boundary populations to be varied.  However, 

one of the biggest restrictions to weighted grain boundary control is the lack of experimental methods to measure large-

scale microstructures.  Atom probe tomography (APT) [48] and focused ion beam sectioning with electron back scattered 

diffraction (EBSD, FIB-SEM) [49–52] provide high resolution orientational information for grain boundaries but are limited 

by the sample size and acquisition times. Developments in three-dimensional x-ray diffraction (3D-XRD) [53] using modern 

synchrotron sources and high-speed detectors offers the most promise for achieving this, with surveys of many 10,000’s of 

grain boundaries possible. 

Our results represent those from an ideal case.  In real materials there are many additional variables that may influence the 

magnitude of the domain percolation.  Firstly, a single grain boundary may not be flat, it would need to be modelled as 

many smaller planes with different normals. This would imply that a single grain boundary could vary from allowing perfect 

plane matching and polarization continuity, to becoming a dielectric dead layer with a high depolarizing field.  Such 

energetically unfavorable structures have been observed to create a polar vortex structure within the grain[54,55]. Thus, 

grain boundary thickness, dielectric characteristics and polarization orientations can affect the domain structure within the 

grain, potentially effecting ongoing percolation. It should also be acknowledged that we have not incorporated any effect of 

the grain size. In fact, the interplay between grain size and grain boundary thickness is also known to change the domain 

structure as well as change the effect of external stimuli on the system [56].  The true impact of these more complex 

characteristics of the microstructure will only be able to be investigated with high-resolution experimental maps of the 

microstructures. The current results are also restricted to tetragonal symmetry.  We can expect the domain percolation 

lengths to further increase in rhombohedral and orthorhombic on account of the increased number of domain types as was 

shown for bi-crystals of these symmetries [27].  It would be interesting to predict domain percolation in systems with co-

existence of multiple phases, for example, PbZrxTi1-xO3 at the morphotropic phase boundary[57] with the coexistence of 

tetragonal, rhombohedral, and monoclinic phases.  

 

By controlling the length-scales of percolation, many phenomena that may be influenced by it can be investigated. In the 

case of polycrystalline ferroelectrics that are used as piezoelectrics, domain wall motion is strongly related to the maximum 

achievable electric-field-induced strains. Previous work has suggested that domain walls traversing grain boundaries may 

inhibit motion due to pinning, but others have suggested that the percolation of domain walls will encourage correlated 

response, potentially improving properties [10,19,24,25]. Other properties are also intimately linked to the length scales of 

domain percolation. Many ferroelectric systems such as BiFeO3 [58,59], BaTiO3 [60] , ErMnO3 [61] have been shown to 

have conducting domain walls in an otherwise insulating matrix. Ionic/electronic charge could potentially move on length-

scales spanning many grains when the conducting domain walls are continuous over grain boundaries. The potential to 

manipulate this length-scale may offer methods for tuning unique electrical and electro-mechanical properties of these 

materials [62]. Beyond ferroelectrics, ferroelastic materials such as shape memory alloys may also find their properties 

dependent on the magnitude of domain wall percolation lengths, while the methods developed here are also transferrable to 

other planar continuity phenomena such as slip transfer in ductile metals [37].  
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Conclusions 

In this work, we have studied domain percolation in a modelled polycrystal ferroelectric of tetragonal symmetry. The 

domain structure studied is alternating stripe domains of the 90° type. Domain percolation is quantified by the number of 

grain boundaries that domain walls can traverse through in a given microstructure. Different grain boundary angular 

mismatch tolerances and residual grain boundary polarization charge tolerances were studied. The effect of a preferred grain 

boundary population of ∑3 grain boundaries and fiber texture on domain percolation was also studied. It was found that 

increasing the tolerances, preferred ∑3 grain boundary as well as fiber texturing, all have the same qualitative effect of 

increasing the domain percolation lengths in a microstructure. The effect of grain boundary tolerances is very high with the 

domain percolation increasing by 376% on increasing the angular tolerance from 5° to 10° at a charge tolerance of 0.5PS 

with greater then 90% domain percolation in the modelled microstructure when tolerances higher than 10° and 1PS are 

possible. However, at lower grain boundary tolerances, the ∑3 preferred grain boundary population and [100] texturing can 

increase the domain percolation by as much as 55% and 243% respectively.  Using the results of this paper as guidance, the 

control of length-scales of continuously percolating domain structures across a polycrystalline microstructure is possible 

using processing parameters that impact the preferred grain boundary types and texture of the material. These continuous 

domains can potentially change the piezoelectric properties by modifying the impact of grain boundary pinning on domain 

wall motion, or the magnitude of correlated domain wall motion between neighboring grains. In addition to ferroelectric 

materials and their elastic counterparts – ferroelastic materials, this study can also be applied to other material phenomena 

wherein planar interactions with grain boundaries are significant.  
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