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Abstract The orientation, stress, and strain in a single

crystal of barium titanate (BaTiO3), containing relatively

large (0.5–14.5 lm), parallel, lamellar domains, have been

determined and mapped using electron backscatter diffrac-

tion (EBSD). The strain distribution in the single crystal was

determined using cross-correlation analysis of the EBSD

patterns. Strain in the (001) single crystal was dominated by

strain in the minority a-domain bands with peak values of

-0.006 determined in the surface plane, perpendicular to the

intersection of the domain walls with the crystal surface,

compared to ?0.002 in the same direction for the majority

c-domains. The out-of-plane strains were negatively corre-

lated with the in-plane strains and were about a factor of two

smaller. The experimentally determined strains peak at

domain boundaries and suggest a contraction of the c-axis

and an expansion of one of the a-axes as the domain wall is

approached. The ratios of the in-plane and out-of-plane

strains were consistent with the bulk elastic constants of

BaTiO3. Stress values determined from the strains and the

elastic constants peaked at 400 MPa.

Introduction

The most frequently used passive component in electronic

devices is the ceramic capacitor, of which the most common

is the multilayer ceramic capacitor (MLCC) [1]. More than

1.5 trillion MLCCs were manufactured in 2009, represent-

ing a value of approximately 7 billion US dollars [2]. Given

the pervasiveness of MLCC technology, ensuring MLCC

reliability is critical for the operation of a multitude of

devices. Hence, identifying the failure mechanisms respon-

sible for truncating MLCC reliability is of great importance

for optimizing MLCC designs and manufacturing processes

and for defining allowed MLCC operating environments.

MLCC failure [3–5] can be caused by electrical breakdown

of the ceramic dielectric, mechanical failure of the dielectric,

or failure of the interface between the dielectric and metallic

electrode. In the first two failure cases, microstructural

features in the dielectric lead to concentrations of electric

field or stress, causing electrical or mechanical failure,

respectively. This paper focuses on the second of these,

mechanical failure, by identifying microstructural features in

the dielectric that lead to stress concentrations. The material

investigated is barium titanate (BaTiO3) the most common

dielectric material in MLCCs [1, 6]. Results are presented of

stress and strain analyses using electron backscatter dif-

fraction (EBSD) for the simplified case of a single crystal of

BaTiO3 with large lamellar domains; a domain being a

region of invariant direction of electrical polarization. The

results provide a basis for interpretation of stress concen-

tration measurements in single crystals with smaller

domains, coarse- and fine-grained polycrystalline materials,

and MLCCs, as well as a comparison of results obtained

from EBSD and confocal Raman microscopy measurements

[7, 8].

To date, very few studies have been published regarding

EBSD of BaTiO3, and all of the published results have

concerned polycrystalline samples [9–14], which focused

on domain orientation [9, 10, 12, 14] and texture and grain

boundary character [11, 13]. EBSD has also been used to
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successfully map the orientation of single crystalline

samples of BiFeO3–PbTiO3 [15] and Pb(Mg1/3Nb2/3)O3-

35 mol% PbTiO3 [16]. Similarly, very few studies have

been published in which stress or strain has been measured

in BaTiO3 samples [17–19], but several studies have been

published concerning other ferroelectric materials such as

LiTaO3 [20, 21], LiNbO3 [20, 22], BiFeO3 [23], PbTiO3

[24], Pb[ZrxTi(1-x)]O3 (PZT) [15, 25], and BiFeO3–PbTiO3

[15]. These studies used synchrotron diffraction imaging

[20], near-field scanning optical microscopy [21], X-ray

topography [22], X-ray microdiffraction [23], EBSD [15],

and transmission electron microscopy (TEM) [25] to

measure strain. Large values of tensile stress have been

inferred at a four domain junction in a herringbone struc-

ture in polycrystalline PZT (0.56 GPa using EBSD [15],

approaching 1 GPa using TEM [25]) and single crystalline

BiFeO3–PbTiO3 (1.4 GPa using EBSD [15]).

At room temperature, the unit cell of BaTiO3 is tetrag-

onal, with the c-axis of the unit cell approximately 1.1 %

longer than the a-axes in an unstrained lattice [25]. As a

consequence of this tetragonal distortion, mismatches in

lattice parameter occur in the material where unit cell

orientation changes, particularly at 90� domain boundaries

at which the mismatch is a maximum. As a consequence, to

maintain compatibility, strains, and accordingly stresses,

develop to accommodate the change in unit cell length

across boundaries. Regions of high strain near domain

boundaries have been suggested from studies conducted on

single crystalline and polycrystalline BaTiO3 using TEM,

reflection electron microscopy, atomic force microscopy

(AFM), and synchrotron white-beam X-ray topography

[27–32]. Strained regions surrounding domain boundaries

are also suggested from models [24, 33] and considerations

[30, 32] of the crystallographic structure of domains at

domain boundaries, which include rotations and distortions

of the lattice that increase as the domain wall is approa-

ched. Taken together, the studies suggest that 90� domain

boundaries in BaTiO3 are a few unit cells in width,

approximately one nanometer, with peak strains in the

boundary about half the tetragonal distortion. However, the

extent of the strain field in the adjacent domains is less

clear, with estimates ranging from a few nanometers [24,

33] to a few micrometers [30, 32].

The focus of this paper is the direct, quantitative

determination of the variation in strain across a series of

parallel c- and a-domains and their boundaries in BaTiO3.

EBSD is used in two ways to accomplish this determina-

tion: (i) EBSD patterns are indexed to obtain domain ori-

entation; (ii) EBSD patterns are cross-correlated to

determine the components of the strain tensor. The fol-

lowing section describes the sample used for the mea-

surements and the measurement methods, including the

determination of stress from strain. This is followed by

presentation of strain and stress linescans and consideration

of the variation of strain with domain size. Finally, a dis-

cussion considers the relationships between the crystal

structure and the strains within domains and at domain

boundaries, a comparison of measured strain component

ratios with those predicted from elastic constants, a method

to determine orientation from cross-correlation strain

measurements for instances where pattern indexing is

unclear, and estimation of the flaw sizes required to cause

material failure.

Materials and methods

Material

The sample used for all of the experiments was a single

crystal of BaTiO3 grown by the Czochralski method. The

crystal was in the form of a plate, approximately 4 9 3 mm

and 1 mm thick, the bulk of which was oriented with the

c-axis perpendicular to the surface of the large (c-domain)

face. Regions near both ends of the sample contained mul-

tiple 90� domain boundaries, where the c-axis rotated from

perpendicular to the surface (Z-direction) to parallel to the

plane of the surface (X-direction). Figure 1 shows two light

microscope images of the sample as well as a schematic

diagram of the domain region showing the orientation of the

c-axis as well as the XYZ co-ordinate system used throughout

the paper. Prior to EBSD analysis, the sample was manually

polished with a chemical mechanical polishing solution

composed of 2.6 g alumina powder with a diameter of

0.3 lm, 1.6 g NaCl, 5.4 g 30 % hydrogen peroxide, and

30.2 g deionized water. The sample surface was not coated

before being loaded into a field emission scanning electron

microscope (SEM) (Hitachi S4700 FESEM,1 Hitachi High-

Tech, Tokyo, Japan) for EBSD analysis.

Orientation analysis

The orientation of the single crystal as shown in Fig. 1 was

determined from EBSD patterns of the surface. EBSD does

not distinguish between 180� rotations of ±c, but for

simplicity patterns indexed with the c-axis along the Z-

direction (c-domain) are shown with the polarization along

the positive Z-axis, and patterns indexed with the c-axis

parallel to the X-direction (a-domain) are shown with the

polarization along the positive X-axis. In this scheme,

1 Certain commercial equipment, instruments, and software are

identified in this paper in order to specify the experimental procedure

adequately. Such identification is neither intended to imply recom-

mendation or endorsement by the National Institute of Standards and

Technology, nor is it intended to imply that the equipment or software

identified are necessarily the best available for the purpose.
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a- and c-domains have their [100] and [001] axes,

respectively, parallel to Z, and the a-c domain boundaries

are (101) planes (relative to c-domain axes) inclined at

approximately 45� to Z.

EBSD diffraction patterns were recorded with the sample

tilted at 70� to the incident electron beam at an accelerating

voltage of 20 kV and a beam current of &2 nA. An upper

bound for the escape depth of the electrons producing the

EBSD patterns is 10–40 nm, with experimental values

obtained that are as small as 2–6 nm [34, 35]. Lateral res-

olution is estimated as 50 nm in the X direction and 150 nm

in the Y direction. No binning (image size: 1344 9 1024

pixels) was applied to the EBSD patterns, which were

recorded with automatic background subtraction. Typical

scans of the BaTiO3 crystal were composed of at least three

lines of 200 EBSD patterns; each pattern was recorded in

approximately 1 s. The distance between patterns in the X-

direction was 0.5 lm, with a distance of 5 lm between

adjacent lines in the Y-direction. Each EBSD pattern was

indexed with Oxford HKL Flamenco software (version

5.0.9.1, Oxford Instruments, Abingdon, United Kingdom).

Kikuchi band detection was determined with a resolution of

the Hough space of 125, using the band edges from a cir-

cular region centered on the middle of the pattern with a

radius of 511 pixels. Indexing was determined from the

automatic detection of five to six bands.

Strain analysis

Entire datasets (typically 600 patterns giving 600 data

points) were analyzed for strain using the method of cross-

correlation (CrossCourt 3.0, BLG Productions, Bristol,

United Kingdom) [36]. Two reference patterns were used

in each dataset; one in the center of a c-domain and the

second centered in an a-domain. All c-domains were ana-

lyzed with the c-domain reference, and all a-domains were

analyzed with the a-domain reference. Reference points

were chosen from large domains near the center of scans.

By definition the reference points are assigned values of

zero strain, and thus all values of strain are actually the

difference in strain between the reference location and the

measurement location. The domain center was chosen as

the reference location as the literature results have sug-

gested strain concentrations near domain boundaries [28,

29, 37] and X-ray microdiffraction measurements [18]

showed a minimum in strain at the domain center. The

tensor strain data (exx, eyy, ezz, exy, eyz, exz) were obtained

from analyzing 20 regions of interest [36] (256 9 256

pixels) from each EBSD pattern, and are reported as both

interpolated maps of the entire three-line dataset and

linescans extracted from the middle row of data. The

normal stress, rzz, was taken as zero as the measurement

was regarded as surface-localized (and in fact, this is a

condition used in the determination of the strain tensor

from the EBSD measurements [36]).

Stress calculations

The strain data were converted to stress (r) using the

appropriate elastic constants for BaTiO3, using (in Voigt

Fig. 1 Light microscope images of the BaTiO3 single crystal (top,

middle) and a schematic diagram of the banded region observed at

both ends of the sample (bottom). The center region of the crystal was

oriented with the c-axis perpendicular to the surface (Z), while both

ends have alternating bands with the c-axis perpendicular or parallel

to the surface (X) (indicated by the black arrows on the Y face)
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notation) ri = Cijej. Several different sets of elastic con-

stants are available in the literature [38–41], but the ones of

Berlincourt and Jaffe [38], which are those quoted in the

CRC Handbook of Chemistry and Physics [42], are used in

this study and are given in the Cij stiffness matrix below.

Cij GPað Þ ¼

275 179 152 0 0 0

179 275 152 0 0 0

152 152 165 0 0 0

0 0 0 54:4 0 0

0 0 0 0 54:4 0

0 0 0 0 0 113

2
6666664

3
7777775

The relative uncertainty in a given Cij value is less than

2 % [38], and hence converting strain to stress adds an

additional relative uncertainty of 2–3.4 %. As there was a

slight misorientation (2�–3�) between the crystallographic

axes and the sample axes, the stiffness matrix was rotated

by CrossCourt in order to obtain the correct values of

stress.

Results

The majority of the data presented in the following sections

detail the results from a single scan on the BaTiO3 single

crystal containing three lines of 200 data points. Several

other scans were obtained from different locations on the

same sample, and all gave similar results.

Sample orientation

With a freshly polished surface it is possible with EBSD to

clearly distinguish between regions of the single crystal

that are oriented with the c-axis perpendicular to the sur-

face (c-domains) or parallel to the surface (a-domains).

Examples of EBSD patterns with and without the simulated

pattern overlay and indexing are shown in Fig. 2 for points

in the bands observed on the surface under light micros-

copy as light and dark regions as seen in Fig. 1. These were

identified (computationally) as c-domains (lighter gray)

and a-domains (darker gray); the small tetragonal distortion

leads to EBSD patterns from the two domain orientations

that are extremely difficult to distinguish by eye, as is

apparent in Fig. 2. (Although the insets in Fig. 2 indicate

axes labeled a, b, and c, EBSD cannot distinguish between

a and b as they are equivalent.)

The orientation results from an entire scan bisecting 15

domains are shown in Fig. 3; the carbonaceous deposits

left by the three scan lines are apparent. The pattern

indexing shown toward the bottom of the SEM image

reproduces the banding seen in the SEM image very well,

with the darker gray bands having the c-axis in the X-

direction and the lighter gray bands having the c-axis in the

Z-direction, or perpendicular to the surface. There were a

few mis-indexed points, which primarily occurred in the

domain to the far right where there was increased surface

roughness. Excluding the data from this last domain,

Fig. 2 a, b EBSD patterns

obtained from the BaTiO3

single crystal and c, d the

indexed EBSD patterns in (a,

b). a and c correspond to a point

in a c-domain and b and d to a

point in an a-domain. The insets

in a, b show the different

crystallographic orientations
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&96 % of the data points were indexed correctly. Points

were considered to be mis-indexed if an isolated data point

had a different direction of the c-axis from the surrounding

data points. Mis-indexed points could also easily be

observed as large abrupt changes in apparent strain with

values approaching 1 % (the tetragonal distortion of BaTiO3).

A procedure has been developed to confirm the automated

indexing, and is presented in the ‘‘Discussion’’. The color

scheme shown in the orientation map is used throughout

the paper to indicate the different domain orientations

(red = a-domain, blue = c-domain).

Also evident in Fig. 3 is a small misorientation between

the sample axes (X, Y, Z) and the crystallographic axes of

the sample (a, b, c): the light and dark banding of the

domains follows crystallographic axes. From an analysis of

the Euler angles of the scan it was determined that the

crystallographic axes in the plane of the mounted sample

were rotated &2�–3� clockwise from the XY-axes. The

misorientation between the Z-axis and the out-of-plane

crystallographic axis was less than 0.5�.

Strain analysis

The results from the strain analysis of the scan shown in

Fig. 3 are shown in Fig. 4 for the normal strain compo-

nents. The locations of the reference points are indicated by

the stars located in the eighth and ninth domains of the top

orientation map. The composite strain maps were derived

from interpolations of strain component measurements

between the three line scans; the colors indicate different

levels of strain from compression (dark) to tension (light).

The banding in strain closely follows the orientation map,

indicating strain consistency between the three scans. The

results from the normal strains show considerably more

strain in the X- and Z-directions than in the Y-direction and

the strain in the X- and Z-directions mirror one another, i.e.,

when one is positive the other is negative. The results from

the shear strains showed no clear trends across the multiple

domain scan. A second scan (not shown) performed just

above the data shown in Fig. 4, but with a smaller step size

(0.2 lm compared to 0.5 lm) indicated small fluctuations

in eyz and exz, although both shear strain components were

approximately an order of magnitude less than exx and ezz.

The data from the first half of the middle scan in Fig. 4

are shown in the linescans of Fig. 5a and b; note the change

of scale between the normal and shear strains. For the

c-domains, the normal strains are near zero across the

majority of the domain, becoming positive in the X-direc-

tion near the domain boundaries, slightly negative in the Y-

direction near the boundaries, and negative in the Z-

direction near the boundaries. For the a-domains, the exact

Fig. 3 SEM image of the BaTiO3 single crystal showing the location

of an EBSD scan in the center of the image. At the top right of the

image is the crystallographic orientation of the sample according to

EBSD pattern indexing. Beneath the scan the complete orientation

map is shown, with red indicating an a-domain and blue a c-domain

Fig. 4 Normal strains in the X-,

Y-, and Z-directions obtained

using the cross-correlation

method for the scan location

shown in Fig. 3. The top image

shows the sample orientation,

with the arrow and bulls-eye

indicating the direction of the c-

axis and the stars indicating the

EBSD reference locations. The

maps of strain were generated

from interpolation of all three

lines of data; the tic marks to the

left indicate separations of

approximately 2 lm
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opposite trends occur at the boundaries, but with greater

values of strain. A slightly different strain profile was noted

in one of the a-domains (first full a-domain), which shows

peak strains at the domain boundaries as well as at the

domain center. This is likely due to a small un-indexed

c-domain, or a subsurface c-domain. It is also noted that the

strain is not always zero at the domain center in the

a-domains, in contrast to the c-domains. For both domain

orientations, the peak value of strain is fairly constant

across the entire scan.

A summary of the data from three different scan regions

of the single crystal, encompassing about 40 domains, is

presented in Fig. 6 for the strain range, De (the magnitude

of the difference between the maximum and minimum

strains in a particular domain), Fig. 6a, and the maximum

strain, emax (the largest numerical value of strain in a par-

ticular domain, independent of sign), Fig. 6b, as a function

of domain orientation. In the figures, the open square

represents the mean value, the filled box shows standard

deviations about the mean, and the asterisks indicate

maximum and minimum observed quantities. The data

clearly show that the a-domains have a greater magnitude

of strain than the c-domains, and the sign of strain is

opposite for the two domain types. The strain in the Y-

direction is the smallest of the three strains, and in most

cases has the same sign as the strain in the Z-direction,

which is opposite to the strain in the X-direction. The strain

and strain range in the X-direction are slightly greater than

the strain and strain range in the Z-direction. As with the

maximum strain, the a-domains have a larger strain range

than the c-domains, and the largest range values are

observed in the X- and Z-directions.

There is a lot of scatter in the data for the strain range

and this is due to the different domain widths observed in

the scan area. The strain range data from Fig. 6 are re-

plotted in Fig. 7 as a function of the width of the domains.

A clear correlation is observed between the strain range

and the domain size: as the domain size increases, so does

the strain range in the domain. This is more evident in the

Fig. 5 Line profiles of the a normal strains, b shear strains, c normal

stresses, and d shear stresses for the first half of the scans shown in

Fig. 4 from the middle row of data. For clarity the eyy, ezz, eyz, exz, ryy,

syz, and sxz data are offset from zero; the location of zero in these

cases is indicated by a dashed line

Fig. 6 Normal a strain ranges, b maximum strains, and c maximum

stresses measured for domains from scans of three different regions of

the BaTiO3 single crystal
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X- and Z-directions and in the a-domains. No observable

trend was detected for the maximum strain as a function of

domain size.

Stress calculations

The strain data presented in the previous section were

converted to stress using the stiffness matrix of BaTiO3.

Linescans are shown in Fig. 5c and d for both the normal

and shear stresses using the strain data in Fig. 5a and b.

The stresses in the BaTiO3 single crystal show trends that

are similar to the trends for strain: as was the case for

strain, the a-domains have the largest magnitude of stress.

The stress is found to be compressive in the X- and Y-

directions in the a-domains and tensile in the X- and Y-

directions in the c-domains. As shown in Fig. 6c, in both

domain types the largest stress magnitude is along the X-

direction, with maximum compressive values of greater

than -600 MPa in the a-domains, and ?400 MPa tensile

values in the c-domains (maximum stress, rmax, is the

largest numerical value of stress in a particular domain,

independent of sign). Negligible shear stresses were

observed in both domain orientations, and in fact sxz and syz

should be zero if the assumed conditions of plane stress and

surface-localized measurement pertain.

Discussion

Strain within domains

Figures 4 and 5 show that the strain tensor is dominated

by strains in the X (in plane, parallel to the c-axis in

a-domains) and Z (normal to the plane, parallel to the

c-axis in c-domains) directions. In the c-domains, strains

are tensile in the X-direction and compressive in the Z-

direction, whereas the reverse is true for a-domains. It is

also noted that the a-domains have considerably more

strain than the c-domains. If we consider the state of strain

in an a-domain surrounded by c-domains: As the material

transforms from cubic to tetragonal at the Curie tempera-

ture, the volume of material in the newly formed a-domain

region will attempt to expand along the direction of the

c-axis (X-direction) and contract along the directions of the

a-axes (Y- and Z-directions). If there are any constraints in

these directions, smaller than equilibrium expansion or

contraction will occur and compressive strain in the X-

direction and tensile strains in the Y- and Z-directions will

result. As there are in fact constraints from the surrounding

c-domain material, strains are generated. The opposite

strains will occur for a c-domain surrounded by a-domain

material. These expected strains are in agreement with the

experimental results. As there were no constraints on the

contraction in the Y-direction, there was very little strain in

this direction. The small strain in the c-domains is likely

due to the fact that the majority of the crystal is oriented in

the c-direction. Previous studies of majority c-domain

BaTiO3 crystals [16, 17, 26] also observed considerably

more strain and distortion in the minority a-domains, and

strains predominantly in the X- and Z-directions, although

in some cases [26] the strain was not quantified. In another

case [18], the strain in an isolated a-domain in a c-oriented

crystal determined with X-ray microdiffraction was

reported as opposite in sign to that here: tensile strain in the

c-axis direction parallel to the surface and compressive

strain in the a-axis perpendicular to the surface. The reason

for this inconsistency is unclear.

Fig. 7 Normal strain ranges as a function of domain size for the

BaTiO3 single crystal using data from the same three scans as in

Fig. 6. The straight lines are linear fits to the data with enforced zero

origin
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Strain and misorientation at domain boundaries

Although there is variation of strain within domains, the

magnitude of the strain rises to a maximum at the domain

boundaries, Fig. 5, and is almost invariant with domain size,

suggesting that the crystal structure remains the same at each

domain boundary regardless of the size of the domain. The

consistency of the maximum strain at domain boundaries

relative to the strain range within domains is highlighted in

Fig. 7. Previous studies, mostly focused on the relative

orientation of domains [23–27, 29, 30], have suggested from

crystallographic considerations that strain should peak at

domain boundaries and that the boundary region should

have lattice parameters that approach an average of the a and

c unit cell lengths [30] in opposite directions either side of

the boundary (assuming no dislocations reduce the lattice

coherence). For the boundary between a 90� a–c domain this

would result in a contraction of the c-axis in the c-domain

and an expansion of the a-axis in the a-domain, and thus

compressive strains would occur in the c-domain along the

c-axis and tensile strains would be present in the a-domain

along the a-axis, as observed in Figs. 4, 5, and 6. Figure 5

shows that the strains decrease from the peak values at the

domain boundaries as the domain interior is approached. In

larger domains, the decrease is almost to zero strain,

whereas in smaller domains the decrease is very small; the

two right-most a-domains in Fig. 5 are examples of almost

full strain decrease and limited strain decrease. As a con-

sequence, the strain range increases with domain size, as

shown in Fig. 7. If strain range divided by domain size is

taken as an estimate of strain gradient within a domain, the

nearly linear variation of strain range with domain size (the

fitted lines in Fig. 7) implies that strain gradient is almost

invariant with domain size, suggesting that the change in

crystal structure as the domain boundaries are approached is

also invariant. The relatively rapid reversal of sign of strain

gradient at the center of domains suggests that opposing

domain boundaries do not sense each other mechanically.

For very large domains, the strain and strain gradient should

decay to zero as the center of the domain is approached.

Inspection of Figs. 5 and 7 suggests that the length scale

over which this occurs is about 3–4 lm for the c-domains

and about 6–8 lm for the a-domains. Note that the exx strain

ranges for the larger a-domains in Fig. 7 are of the order of

0.8 %; nearly that of the equilibrium BaTiO3 tetragonal

distortion [26], and hence 8 lm could be regarded as an

estimate of the length scale over which the strain decreases

to zero from the peak strain at a single isolated a-c domain

boundary. These length scales are much greater than those

observed with TEM [24], but consistent with AFM and

X-ray topography observations [30, 32], implying that there

may be strain relaxation in unconstrained thin TEM

specimens.

Due to the tetragonal distortion, the angle between the

c-directions in a- and c-domains deviates slightly from

90�. For an unstrained lattice with lattice parameters of

a = 3.992 Å and c = 4.036 Å [26, 41], the deviation

from 90� can be determined from geometry to be

h = 0.63� as given by

h ¼ 90� 2 tan�1 a

c

However, as shown above, the lattice is strained, and

deviations from this ideal value could be expected. Several

groups have measured this deviation, and those that mea-

sure this value close to the boundary typically obtain values

less than the expected value of 0.63�. Experimental values

have been obtained ranging from 0.35� to 0.60� [30, 43–

46]. Preliminary analysis of our data also yields a value

less than 0.63�, and a comprehensive analysis of the con-

nection between strain and misorientation at domain

boundaries is forthcoming.

Relative magnitudes of strain components

The crystallography discussed in the previous section

provides insight into the signs and relations between the

strain components, but, apart from an upper bound to the

strain (the magnitude of the tetragonal distortion), does not

provide quantitative information. Quantitative relations

between the strain (and stress) components can be obtained

through an analysis of Hooke’s law in three dimensions

and the elastic constants. For each domain orientation, six

equations can be used to describe the relationships between

stress and strain (shear terms are ignored as negligible

shear was observed in the experiments). In matrix notation

these 12 equations can be written as shown below. (The

surface is assumed to be under a state of plane stress, and

thus rzz is set to zero, and the small misalignment between

the crystallographic and sample axes is not included in this

analysis.)
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ei = Sijrj defines the elastic compliances, Sij. For each

domain, the six equations can be combined to provide six

ratios of stress and strain, and in particular here, the ratios

ezz/exx and eyy/exx can be predicted and compared with

experimental values. For example, using the equation for

rzz = 0 for the c-domain results in ezz/(exx ? eyy) = -C13/

C33. Furthermore, if plane strain perpendicular to the

Y direction is assumed, as the lamellar domains are very

long compared with their lateral dimensions, then eyy & 0

and ezz/exx & -C13/C33 & -0.921. Using the complete set

of equations with no assumptions gives strain ratios of eyy/

exx (c-domain) = -0.002, ezz/exx (c-domain) = -0.920,

eyy/exx (a-domain) = 0.001, and ezz/exx (a-domain) =

-0.553. A comparison of the expected ezz/exx values with

the experimental results is shown in Fig. 8, and good

agreement between the average experimental and expected

ratios is obtained, especially for the a-domains; the larger

scatter observed in the c-domains is a consequence of

division by small exx strain values in these domains. The

almost zero eyy/exx strain ratios reflect the near plane strain

assumption made above and the data of Fig. 5. An assumed

double constraint of orthogonal plane stress and plane

strain reduces both the shear stress and strain components

to zero, as was observed here on the long lamellae (Fig. 5)

and in measurements on long SiGe mesas [47].

Domain boundary detection using cross-correlation

The automated indexing used to determine the orientation

of the BaTiO3 single crystal was able to accurately deter-

mine the domain orientation &96 % of the time. A method

was developed to identify these mis-indexed points, which

is especially useful when analyzing samples with smaller

domains that may be as small as two to four data points

wide. The method used to determine the location of domain

boundaries from cross-correlation data is shown in Fig. 9

and relies on treating the tetragonal distortion as an

apparent strain.

To determine the location of 90� domain boundaries

from EBSD data, the dataset is analyzed using the cross-

correlation method as if only a single orientation is present

(only one reference point needs to be specified anywhere in

the scan region). The resulting strain from this analysis will

have bands of small strain, which have the same orientation

as the chosen reference point, and bands of much greater

strain (approaching 1 % in some instances), which have an

orientation 90� from the chosen reference point. The exact

cross-over point from one domain type to the next is easily

determined by plotting the strain gradient, which shows

peaks at the domain boundaries. The domain type (a or c) is

determined by the sign of the strain in the high strain

bands. If the reference point is chosen such that it is located

in a c-domain, the strain in the X-direction will be tensile

(positive) in the high strain bands (a-domains). This is

because in moving from the c-domain to the a-domain, the

X-axis is parallel to the short axis of the unit cell, and then

parallel to the long axis of the unit cell. When analyzed

with a single orientation, this change will be interpreted as

a tensile strain. Conversely, if the reference position is

located in an a-domain, the high strain bands will be

compressive (negative) in the X-direction and this will

indicate a transition to c-domains.

Flaw size estimation

Finally, with regard to the overall aim of providing insight

into microstructural features that could decrease the

mechanical reliability of MLCCs, it is noted that the strains

generated at 90� domain boundaries result in considerable

stresses, which for the tensile stresses peak at &400 MPa

in the c-domains. These values are significant, especially

considering that the fracture strength, rf, of polycrystalline

BaTiO3 falls in the range of 90–150 MPa [48, 49]. Using

Fig. 8 Strain ratios in the domains as a function of domain size. The

ratios were calculated from the values of strain observed at the

domain boundaries and were obtained from the same three scans of

the BaTiO3 single crystal from Fig. 6. The horizontal lines show the

strain ratios predicted from bulk BaTiO3 elastic constants
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the relation KIc ¼ rf

ffiffiffiffiffiffi
pa
p

and literature values for the

fracture toughness of BaTiO3, KIc = (0.7–1.5) MPa
ffiffiffiffi
m
p

[49], the flaw sizes required to cause failure in the single

crystal examined herein with a peak tensile stress of

&400 MPa can be estimated to be in the range of

a = 1–5 lm; no such flaws were observed on the nearly

pristine surface. The values of stress and strain in poly-

crystalline BaTiO3 could be expected to be greater than

those observed here, as more complex domain arrange-

ments, such as herringbone and square net patterns [50, 51]

are observed, and polycrystalline samples may also have

additional strain from the intersection of domains with

grain boundaries. However, the insight from the current

study is that large stress and strain regions are localized,

and hence these regions may well have more influence on

crack initiation rather than propagation. However, even

small cracks initiated in localized high stress regions,

especially adjacent to contacts and interfaces, could lead to

MLCC electrical failure. These are topics for future study

with EBSD.

Conclusions

The results presented herein demonstrate that high spatial

and strain resolution mapping of strain variations in a

dielectric, and correlation of those variations with micro-

structural features, is possible using EBSD cross-correla-

tion techniques. The particular case examined was a

ferroelectric BaTiO3 crystal containing parallel, lamellar,

alternating a- and c-domains separated by 90� domain

boundaries. The strain tensor was dominated by the strain

components perpendicular to the crystal surface and per-

pendicular to the domain boundary intersections with the

surface, consistent with the long lamellae being in a state of

near plane-strain. The magnitudes of the two dominant

strain components peaked at the domain boundaries and

relaxed toward the domain interiors. The constant values of

the maximum strain and relaxation gradient as a function of

domain size suggest invariant boundary and near-boundary

crystallographic structures. The signs of the strain com-

ponents were consistent with crystallographic consider-

ations of strain compatibility at the domain boundaries, as

the BaTiO3 unit cell rotates by 90� and the 1.1 % tetrag-

onal distortion must be accommodated. The state of strain

at the domain boundaries is consistent with expansion of

the a-axis and contraction of the c-axis of the unit cell; both

deformations were larger in the minority a-domains than in

the majority c-domains. The magnitudes of the largest

strains observed were approximately 0.8 %, suggesting a

spatially distributed domain boundary structure. The ratios

of the strain components were consistent with bulk elastic

constant values. Considerable stresses were associated with

the strains, with tensile stresses as great as 400 MPa in

some cases. This value is much greater than the typical

strengths of polycrystalline BaTiO3 used in MLCCs, sug-

gesting that accommodation of changes in unit cell orien-

tation at domain and grain boundaries in MLCCs could

well lead to MLCC failure. The results provide a founda-

tion for extending EBSD mapping of BaTiO3 to smaller

and more complicated domain and grain structures and to

considerations of domain rotations.
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Fig. 9 Illustration of the determination of domain boundary locations

from cross-correlation strain data: The apparent strain (upper) and

strain gradient (middle) were obtained using a single reference point

shown by the star in the orientation map (lower). Dotted lines show

the domain boundaries as determined by pattern indexing. The bottom

two images show a comparison of the domain boundaries determined

by indexing and by using the peaks in the strain gradient profile
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