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Abstract

The distributions of general and coincidence site lattice (CSL) grain boundaries (GBs) in texture-free alumina and zirconia ceramics sintered at

two different temperatures were investigated based on electron backscatter diffraction (EBSD) measurements. Results were compared with the

distributions obtained from random 2D spatial models and with calculated random distributions reported in the literature. All alumina samples

independent on sintering temperature show the same characteristic deviations of the measured general GB distributions from the random model.

No such features can be seen in zirconia. The total fractions of CSL GBs in alumina and zirconia samples are clearly larger, for both sintering

temperatures, than those observed in the random simulations. A general GB prominence factor, similar to the twin prominence factor for fcc metals,

was defined to simplify the representation of the CSLGB content in zirconia. The observed deviations from the randommodel show no dependence

on sintering temperature nor on lattice geometry. In alumina, however, the change in the CSL GB character distribution with sintering temperature

seems to be crystallographically controlled, i.e. directly dependent on the orientation of the CSL misorientation axis.

Keywords: B. Grain boundaries; D. Al2O3; D. ZrO2; Electron backscatter diffraction (EBSD)

1. Introduction

Grain boundaries (GBs) have a significant influence on

important sintering processes such as densification [1], grain

growth [2], creep [3–5], segregation [6,7], diffusion [8], as

well as on electrical [9], mechanical [10], superconducting

[11–13] and optical [14] properties. The importance of GBs

on the overall properties of ceramics depends on several

factors, including the density of GBs in the material, the

chemical composition of the interface and the crystal-

lographic texture, i.e. the GB plane orientations and grain

misorientation. A special role is played by the coincidence

site lattice (CSL) GBs [15,16]. CSL GBs are characterized by

the multiplicity indexS, which is defined as the ratio between

the crystal lattice site density of the two grains meeting at the

GB and the density of sites that coincide when superimposing

both crystal lattices. For simple structures, it is generally

admitted that GBs with low S values have a tendency for low

interfacial energy and special properties. Thus, the study of

the proportion of special GBs and of the distribution of grain

misorientation inferred from the CSL model can be

considered as a prerequisite to understand the relationship

between microstructure and the properties of ceramics, from

which further detailed investigations are carried out (e.g.

Refs. [5,6]).

In recent years, a scanning electron microscope (SEM)-

based technique known as electron backscatter diffraction

(EBSD) has been used in a few specific studies dealing with

GBs in ceramic materials, e.g. to investigate the relationship

between grain misorientation and crack propagation [17],

abnormal grain growth [18], and doping [7,19] in alumina, or to

determine the lattice preferred orientation (LPO) in zirconia

[20] and zirconia-based ceramic composites [21]. The

distribution of grain misorientation and CSL GBs in similar

materials were investigated by other authors (e.g. Ref. [5])

through time consuming and fastidious TEM analyses of

individual GBs. In general, the authors compared CSL

distributions of samples with different compositions or process

histories, but not with modeled distributions. In this paper, the

grain misorientation and CSL GB distributions for texture-free

alumina and zirconia ceramics sintered at two different

temperatures are presented based on large GB sampling, and

the results are compared with the values obtained from

simulated random 2D spatial models.
* Corresponding author. Tel.: +41 26 300 89 33; fax: +41 26 300 97 42.
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2. Experimental methods

2.1. Ceramic processing and sample preparation

Two ceramic suspensions, containing respectively 80%

Mg-doped alumina (Alcoa CT3000 SG1) and 80% zirconia

(Tosoh TZ-8YS1, 8 mol% yttrium-stabilized) (Fig. 1) in

distilled water were ball milled for 24 h in polyethylene jars. An

organic surfactant and a molecular binder were added to the

suspensions to prevent coagulation and to ensure compact

strength after shaping. The powders were dried and granulated

using a Büchi1 B-190 mini spray dryer and subsequently

pressed uniaxially into disks, 15 mm in diameter and

approximately 10 mm thick, at 75–200 MPa. Isostatic pressing

at 200 MPa was then performed to remove the internal residual

strain induced by die pressing. Four alumina and four zirconia

compacts were prepared. Two of each kind were sintered at

1550 8C for 4 h at a basic heating rate of 300 8C/h. A lower rate

of 100 8C/h was chosen below 300 8C to induce a complete

burnout of the binder, as well as between 800 and 1150 8C to

improve the densification of the compacts. The remaining two

alumina and two zirconia green bodies were fired at 1700 8C
following the same heating profile. Bulk density measurements

were performed using Archimedes’ principle. They revealed

values ranging from 97.0 to 98.2% of their respective

theoretical density (Table 1).

For each sample, one of the two flat surfaces of the disk was

prepared for EBSD, first through grinding and polishing with

diamond paste, then through lapping for 6 h using a colloidal

silica suspension (grain size 25 nm). To avoid specimen

charging, the sample surface was coated with a 4 nm carbon

layer and connected with silver paint to the sample holder.

2.2. Electron backscatter diffraction (EBSD)

The EBSD technique is based on automatic analysis of

Kikuchi-type diffraction patterns generated by backscattered

electrons (see Ref. [22] for a complete review). For each point

of analysis, the crystallographic orientation is determined after

indexing of the corresponding diffraction pattern. The electron

microscopy image simulation (EMS) software developed by

Stadelmann [23] was used to generate the reflectors included in

the crystallographic material files needed for indexing. All

EBSD data were collected with a Philips1 FEI XL30 SFEG

Sirion SEM equipped with the EDAX1 (TSL) OIM 3.5

software package. The best results were obtained with an

acceleration voltage of 20 or 25 kV for a probe current of

20 nA.

For each sample, four scans were performed in beam scan

mode. The data of the first scans (numbered 1 in Table 1) were

used to generate the pole figures of the samples. To avoid

redundant point measurements from the same grains and

improve grain statistics, large step sizes were selected, i.e.

5 mm/step for an area of 500 mm � 500 mm and 15 mm/step for

an area of 1500 mm � 1500 mm were chosen for the fine

(1550 8C) and coarse (1700 8C) grained samples, respectively.

The data of the three other scans (2, 3 and 4) were used to map

the microstructure and highlight the GBs (Fig. 2). In order to

improve the pixel resolution of the maps, small step size/areas

of 0.4 mm/50 mm � 50 mm and 0.8 mm/100 mm � 100 mm
were preferred for the fine and coarse grained samples,

respectively.

To estimate the strength of the LPO, the texture index J was

calculated as the mean square value of the orientation

distribution function [24]. A purely random LPO gives a J

of 1, whereas for a single crystal, the texture index tends to

infinity (in reality to about 24 due to the truncation to 22 in

spherical harmonics calculations and the Gaussian half-width

of 158 used).
TheGBs satisfying the CSLmodel forS values up to 49were

automatically detected for the cubicmaterial (zirconia), using the

list integrated in the software (see also Ref. [25]). For alumina,

the constrainedCSLmodel [26] adapted for hexagonal lattices by

Grimmer [27] was used, consideringS values up to 28 (Table 2).

In this latter case coincidence is defined for specific c/a ratios;

only CSLs with misorientation axes parallel to [0 0 0 1] are

independent of the lattice parameters. Following the recom-

mendations of Grimmer [27], all common (unspecific) and

specific coincidence misorientations for c/a ratios ranging from

2.699 to 2.763 were included, assuming that small deviations

from the exact c/a value for the studied alumina (2.726 in the

present samples, calculated using the Rietveld refinement

method) could be accommodated by dislocations. For both
Fig. 1. SEM secondary electron images of the as-received powders. The

particles are platelet-shaped in alumina (a) and more regular in zirconia (b).

2

ht
tp

://
do

c.
re

ro
.c

h



alumina and zirconia, the Brandon criterion [28] was used to

account for the alloweddeviationDu of experimental values from

the theoretical values:

Du ¼ 15S�0:5 (1)

Special GBs corresponding to given S values were counted

and expressed as a fraction of the total GBs. To improve GB

statistics, averaging between data collected from the different

scans within the same samples and from different samples of the

same material sintered at the same temperature was performed.

In the EDAX1 (TSL) OIM software, the reliability of

indexing is expressed by a confidence index (CI) comprised

between 0 and 1. It is generally admitted that patterns with a CI

value�0.2 are almost certainly indexed correctly. In this study,

the consistently high CI values (see Table 1) of our EBSD data

exclude indexing errors due to pseudo-symmetry, which might

occur, e.g. in alumina. Wrong indexing is generally accom-

panied by a very low CI, due to the fact that more than one

solution with similar likelihood is proposed during the indexing

procedure. As a consequence, the quality of EBSD maps would

markedly deteriorate, since large grains will typically contain

speckled points indexed by any of the pseudo-symmetric

orientations (K. Kunze, personal communication). Such

features were never observed.

2.3. Simulation of random spatial models

In order to compare the distributions of grain misorientation

and CSL GBs obtained from the measured samples with the

distributions expected for purely random textures, 2D models

containing 50,000 randomly orientated grains (Fig. 3) were

simulated for alumina and zirconia. Hexagonal-shaped grains

were chosen to approximate the well equilibrated microstruc-

ture observed in the samples. The grid of the models consists

thus of a regular honeycomb-type arrangement of grains, each

Table 1

Bulk properties and EBSD data for the eight ceramic samples

Sample Firing

temperature (8C)
Bulk/theoretical

densitya (%)

Scan Step size

(mm)

Area

(mm2)

Measurements

with CI � 0.2 (%)

Average

CIb
Number

of grains

Average grain

diameterc (mm)

A1 1550 98.0 1 5 500 � 500 44.6 0.25 (0.48) 5195 2.1

2 0.4 50 � 50 65.1 0.37 (0.53) 556

3 0.4 50 � 50 67.3 0.38 (0.53) 549

4 0.4 50 � 50 74.5 0.43 (0.56) 730

A2 1550 98.0 1 5 500 � 500 44.9 0.25 (0.48) 5233 2.1

2 0.4 50 � 50 75.1 0.44 (0.56) 639

3 0.4 50 � 50 65.0 0.36 (0.52) 613

4 0.4 50 � 50 65.3 0.37 (0.52) 575

A3 1700 98.2 1 15 1500 � 1500 55.7 0.31 (0.50) 6495 6.2

2 0.8 100 � 100 82.7 0.48 (0.57) 281

3 0.8 100 � 100 82.7 0.49 (0.57) 260

4 0.8 100 � 100 81.5 0.49 (0.58) 284

A4 1700 98.2 1 15 1500 � 1500 52.9 0.29 (0.49) 6164 6.4

2 0.8 100 � 100 79.0 0.45 (0.55) 264

3 0.8 100 � 100 82.0 0.48 (0.57) 265

4 0.8 100 � 100 80.8 0.48 (0.57) 250

Z1 1550 97.5 1 5 500 � 500 72.7 0.43 (0.57) 8475 3.5

2 0.4 50 � 50 94.3 0.59 (0.62) 251

3 0.4 50 � 50 94.9 0.59 (0.62) 210

4 0.4 50 � 50 94.6 0.59 (0.62) 194

Z2 1550 97.2 1 15 1500 � 1500 63.5 0.37 (0.53) 7408 5.8

2 0.8 100 � 100 92.8 0.57 (0.60) 344

3 0.8 100 � 100 92.3 0.57 (0.61) 336

4 0.8 100 � 100 90.5 0.55 (0.60) 332

Z3 1700 97.7 1 15 1500 � 1500 61.6 0.36 (0.53) 7187 7.8

2 0.8 100 � 100 92.6 0.56 (0.60) 157

3 0.8 100 � 100 92.5 0.56 (0.60) 181

4 0.8 100 � 100 92.8 0.55 (0.59) 181

Z4 1700 97.5 1 15 1500 � 1500 73.0 0.43 (0.56) 8507 8.3

2 0.8 100 � 100 95.4 0.58 (0.60) 160

3 0.8 100 � 100 95.5 0.60 (0.62) 158

4 0.8 100 � 100 95.7 0.61 (0.63) 172

a Measured according to Archimedes’ principle and assuming a theoretical density of 3.98 and 6.08 (g/cm3) for alumina and zirconia, respectively.
b In parentheses the average CI considering only the values � 0.2.
c Calculated from EBSD scans 2, 3 and 4 using the equivalent disc diameter method.
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having six neighbors and 1208 triple junctions. The micro-

structure corresponds to a cut through a 3D arrangement of

Kelvin-polyhedra normal to the two-folded axes. This latter

model was used previously by Garbacz and Grabski [29] in 3D

simulations of GB character distribution.

A random number calculator was used to generate the Euler

angles w1, F and w2 necessary to define the orientation of the

grains, following the equations first defined by Bunge [24] and

used for similar purposes by Pan and Adams [30]:

’1 ¼ 2r1p; F ¼ cos�1ð1� 2r2Þ; ’2 ¼ 2r3p (2)

where r1, r2 and r3 are randomly generated numbers comprised

between 0 and 1. Each of the 50,000 Euler triplets was

attributed to a grain of the honeycomb microstructure and

the grain orientation data were loaded into the EDAX1

(TSL) OIM Analysis software to generate the grain misorienta-

tion and CSL distributions.

3. Results and discussion

3.1. Microstructures and textures

Typical microstructures for alumina and zirconia ceramics

sintered at 1550 and 1700 8C are presented in Fig. 4. The

average grain diameter increased by approximately 100% for

zirconia and 200% for alumina in the samples fired at

1700 8C (see Table 1). Zirconia specimens are characterized

by a well equilibrated equi-dimensional microstructure with a

large number of six-sided grains. The remaining pores are

located almost exclusively in the interior of the grains. The

alumina samples have a wider grain size and shape

distribution. Abnormal grain growth, however, was never

observed. The porosity is concentrated at GBs and triple

junctions. Occasionally, large pores resulting from insuffi-

cient powder compaction during the shaping process are

encountered.

The LPO for the eight samples (Fig. 5) were calculated from

EBSD scans (numbered 1 in Table 1) containing several

thousands of grains each. From the texture indexes J, which

vary between 1.00 and 1.05, the samples can be considered as

texture-free. Nevertheless, small peaks are present in some of

the pole figures. In alumina a very weak but obvious LPO was

observed, the [0 0 0 1] pole maximum being orientated parallel

to the normal direction (ND). This is probably due to the

reorientation of the platelet-shaped crystallites present in the

initial powder (see Fig. 1a) in response to the uniaxial pressing

of the green bodies. The LPO of zirconia is purely random,

except for sample Z3, for which a very weak [1 1 1] pole

maximum is orientated parallel to ND.

Fig. 2. Inverse pole figure maps showing the crystallographic orientation of the normal to the sample surface (ND) for alumina (a: sample A2 scan 2) and zirconia (c:

sample Z2 scan 3), and CSL GB maps (b and d) of the corresponding areas. CSL misorientations with high S values were grouped for clarity. Since the EDAX1

(TSL) OIM software only highlights GBs between contiguous points, a smooth cleaning up according to the grain dilation method was performed before generating

the CSL GB maps.
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3.2. Grain misorientation distributions

The grain misorientation distributions were calculated up to

107.58 for alumina and 62.88 for zirconia, i.e. the limits

imposed by symmetry. The histograms of the measured

misorientation angles for both alumina and zirconia were

compared with the model random distributions using the

Kolmogorov–Smirnov test [31]. Using all misorientations, i.e.

without prior classification, the measured distributions cannot

be distinguished from the random distribution even as far down

as the a = 0.2 level. The same holds for histograms of the same

data with a restricted number of classes (Fig. 6).

Visual inspection of the histograms for the measured

alumina grain misorientation distributions shows, however, that

the positions of the relative maxima and minima are not

completely random. There are relative maxima in both

Table 2

Coincidence rotations used to determine CSL GBs in rhomboedral alumina [27] and cubic zirconia [25]

Alumina Zirconia

S c/a Miller indices ½u v :w� u (8) Tolerance (8) S Miller indices

½u vw�
u (8) Tolerance (8)

3 All 0 0 0 1 60.00 8.67 3 1 1 1 60.00 8.66

71 All 0 0 0 1 38.21 5.67 5 1 0 0 36.87 6.71

72 2.739 2 4 �6 1 85.90 5.67 7 1 1 1 38.21 5.67

73 2.739 4 2 �6 1 85.90 5.67 9 1 1 0 38.94 5.00

8 2.699 2 4 �6 1 86.42 5.30 11 1 1 0 50.48 4.52

111 2.739 2 1 �3 1 68.68 4.52 131 1 0 0 22.62 4.16

112 2.739 1 2 �3 1 68.68 4.52 132 1 1 1 27.80 4.16

113 2.739 1 2 �3 0 95.22 4.52 15 2 1 0 48.19 3.87

12 2.763 28 56 �84 11 94.78 4.33 171 1 0 0 28.07 3.64

131 All 0 0 0 1 27.80 4.16 172 2 2 1 61.93 3.64

132 2.739 3 6 �9 0 57.42 4.16 191 1 1 0 26.53 3.64

133 2.739 5 10 �15 2 94.41 4.16 192 1 1 1 46.83 3.64

134 2.739 10 5 �15 2 94.41 4.16 211 1 1 1 21.79 3.27

135 2.763 2 4 �6 1 85.59 4.16 212 2 1 1 44.40 3.27

141 2.711 7 14 �21 5 75.52 4.01 23 3 1 1 40.45 3.13

142 2.717 32 64 �96 13 94.10 4.01 251 1 0 0 16.25 3.00

151 2.699 17 34 �51 7 93.82 3.87 252 3 3 1 51.68 3.00

152 2.717 2 4 �6 1 86.18 3.87 271 1 1 0 31.58 2.89

171 2.739 2 2 �4 1 71.12 3.64 272 2 1 0 35.42 2.89

172 2.739 5 4 �9 1 96.76 3.64 291 1 0 0 43.61 2.79

173 2.739 4 5 �9 1 96.76 3.64 292 2 2 1 46.39 2.79

174 2.763 28 14 �42 11 72.90 3.64 311 1 1 1 17.90 2.69

18 2.711 2 1 �3 1 68.83 3.53 312 2 1 1 52.19 2.69

191 All 0 0 0 1 46.83 3.44 331 1 1 0 20.05 2.61

192 2.739 5 10 �15 1 65.10 3.44 332 3 1 1 33.55 2.61

193 2.739 10 5 �15 1 65.10 3.44 333 1 1 0 58.98 2.61

194 2.739 1 1 �2 0 86.98 3.44 351 2 1 1 34.04 2.54

201 2.717 32 16 �48 13 72.45 3.35 352 3 3 1 43.23 2.54

202 2.755 2 4 �6 1 85.70 3.35 371 1 0 0 18.92 2.47

211 All 0 0 0 1 21.79 3.27 372 3 1 0 43.13 2.47

212 2.711 28 14 �42 5 99.59 3.27 373 1 1 1 50.57 2.47

213 2.739 3 3 �6 0 64.62 3.27 391 1 1 1 32.21 2.40

221 2.699 68 34 �102 7 64.42 3.20 392 3 2 1 50.13 2.40

222 2.724 2 4 �6 1 86.09 3.20 411 1 0 0 12.68 2.34

231 2.711 2 4 �6 1 86.26 3.13 412 2 1 0 40.88 2.34

232 2.739 1 1 �2 0 55.58 3.13 413 1 1 0 55.88 2.34

233 2.739 5 10 �15 1 87.51 3.13 431 1 1 1 15.18 2.29

234 2.739 10 5 �15 1 87.51 3.13 432 2 1 0 27.91 2.29

235 2.739 4 4 �8 1 91.25 3.13 433 3 3 2 60.77 2.29

24 2.699 1 1 �2 0 65.38 3.06 451 3 1 1 28.62 2.24

251 2.699 2 1 �3 1 68.90 3.00 452 2 2 1 36.87 2.24

252 2.704 3 6 �9 1 102.71 3.00 453 2 2 1 53.13 2.24

253 2.750 58 116 �174 23 94.59 3.00 471 3 3 1 37.07 2.19

26 2.758 2 1 �3 1 68.57 2.94 472 3 2 0 43.66 2.19

271 2.728 62 124 �186 25 94.25 2.89 491 1 1 1 43.58 2.14

272 2.750 2 4 �6 1 85.75 2.89 492 5 1 1 43.58 2.14

273 2.763 16 8 �24 11 64.79 2.89 493 3 2 2 49.22 2.14

281 2.711 14 7 �21 1 82.82 2.83

282 2.711 5 4 �9 1 97.18 2.83

Subscripts are used to differentiate angle/axis pairs characterized by the same multiplicity index S.
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distributions at around 508, 608, and between 82.58 and 92.58.
Relativemaxima for similarmisorientation angles are also found

in other misorientation distributions for alumina published so far

(e.g. Refs. [7,19]). All samples had, similar to the present ones, a

weak texture, which may be the reason for these characteristic

maxima (see Section 3.3). The increase in temperature and the

associated increase in grain size have no effect in the distribution

observed in the present samples, i.e. the details of the

distributions (relative maxima) remain the same. This is

consistent with the distributions extracted from Monte Carlo

grain growth simulations of Hassold et al. [32], which showed

that the fraction of CSLGBs does not changewith time, i.e. with

increasing grain size, except for low angle GBs (S1).

The misorientation distributions of the zirconia average

samples show no relative maxima and the differences between

the distributions are as small as the differences between

measured and random distributions.

3.3. CSL grain boundary distributions

3.3.1. Validity of the simulated spatial models

Twomethods are described in the literature to obtain random

CSL GB distributions for microstructures consisting of cubic

phases. Model distributions are either calculated from

randomly generated pairs of grain orientations or they are

extracted from a plane or space filling arrangement of randomly

orientated grains, as was done in the present study. It has been

shown that the two methods are not equivalent [29] and that the

values obtained from random spatial models built with Kelvin

polyhedra-shaped grains fit better with measured random grain

misorientation and CSL GB distributions. The 3D model,

however, does also not reflect truly the geometry of the EBSD

measurements, which are obtained from a 2D cut through the

3Dmicrostructure. Therefore, we decided to extract the random

CSL GB distribution from a 2D honeycomb microstructure.

The CSL GB frequencies obtained for zirconia are close to the

values obtained by Garbacz and Grabski [29]. For S values up

to 37, the differences are less than 10 rel%.

With regards to alumina, there are no data given in the

literature for the theoretical CSL distribution in a random

texture with trigonal symmetry. However, the analytical

expression given by Morawiec et al. [33] to calculate the

number fraction of individual CSL GBs, although based on

randomly distributed orientation matrices and not on a physical

random microstructure, can be used as a rough guideline to test

the validity of our simulated 2D model. According to these

authors, the calculated number fraction of CSL GBs with given

S, fCS, is given by

f CS ¼ lN2

pNðgÞ ðDu � sinDuÞ (3)

N is the order of the subgroup of the crystallographic point

symmetry containing only rotations (six for trigonal point

groups), l and N(g) are parameters taking into account the

orientation of the CSL misorientation axis relative to the crystal

rotation axis and Du is the angle given by the Brandon criterion.
The calculation of fCS is complicated by the c/a dependence of

the CSL. Therefore, only the calculated frequencies of the

common (unspecific) CSL misorientations are presented

(Table 3). They are all larger than the fractions fSS obtained

from the present 2D random model, an observation already

made for the cubic system [29]. The details and the full set of

results will be presented in a forthcoming paper.

The good correspondence between the calculated and

simulated values for both alumina and zirconia is an

indication that our simulated random CSL GB distributions

are reliable.

3.3.2. CSL grain boundary distributions in measurements

and simulated models

3.3.2.1. Alumina. In alumina the total number fraction of CSL

GBs is 3.98 � 0.2% for the average sample sintered at 1550 8C
and 4.44 � 0.1% for the one sintered at 1700 8C (Table 4).

Fig. 3. (a) Map of the simulated spatial model containing 50,000 hexagonal-

shaped and randomly orientated grains. (b) Pole figures for the simulated

textures with crystallographic properties corresponding to alumina and zirconia.

Pole figures are represented on upper hemisphere equal area projections. The

number on the bottom right of each plot is the maximum density expressed in

multiples of uniform distribution (see scale bar). For each sample, the texture

index J, calculated for an expansion index of 22 and a Gaussian half-width of

158 is shown on the bottom left. TD, RD and ND (page normal) are indicated for

the first plot only. Texture indexes J of 1.00 for both alumina and zirconia

indicates that the simulated spatial models are texture-free.
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These values are significantly higher than the number fraction

of CSL GBs for the simulated random model, i.e. 2.67%. The

GB character distribution (Fig. 7a) shows a predominance of

S3 GBs in the measured samples. The other CSL GBs,

however, also contribute to the differences between the

measurements and the spatial model, as shown by the relative

difference parameter h:

h ¼ fMS� f SS

f SS
� 100 (4)

where fMS and fSS are the S number fractions relative to the

total number of GBs for the measured average samples and

Fig. 4. SEM forescattered electron images showing typical microstructures of alumina (a and b) and zirconia (c and d) samples. Contrast and topography from one

grain to the next express changes in crystallographic orientations. The samples displayed in (a) and (c) were sintered at 1550 8C and those in (b) and (d) at 1700 8C.

Fig. 5. (a) Alumina pole figures showing the preferred orientations of the [0 0 0 1] and ½2; 1̄; 1̄; 0� axes. Avery weak but obvious texture is observed with the [0 0 0 1]

pole maximum orientated parallel to ND (direction of uniaxial pressing). (b) Zirconia pole figures displaying the preferred orientations of the [1 0 0], [1 1 0] and

[1 1 1] axes. The constantly small J index values indicate absence of significant texture. Pole figures are represented on upper hemisphere equal area projections and

were calculated from the data of the scans labeled 1 in Table 1. Symbols and reference axes as in Fig. 3.
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simulated random models, respectively. To avoid bias due to

insufficient GB sampling, calculations according to Eq. (4) was

limited to CSL GBs for which fMS > 0.1%.

For the alumina samples sintered at 1550 8C, all except one
of the fMS’s are larger than the fSS’s (relative difference

h > 0) (Fig. 8a). However, h is, for most GBs less than the

1 � s error calculated from counting statistics. The largest

difference is for the S3 GB fraction. In the literature, high S3

number fractions are also reported for REE-doped alumina

samples characterized by very weak textures [7,34] and for

alumina produced by gel-casting [35]. In this latter study, the

idiomorphic and platelet morphology (normal to the [0 0 0 1]

axis) of the initial particles, which were deposited in an oriented

manner onto a substrate, was interpreted to be responsible for

the increased concentration of S3 GBs, for which the [0 0 0 1]

axis is the misorientation axis. The starting powder used in the

Fig. 6. Histograms of misorientation angles for (a) alumina and (b) zirconia ceramics sintered at 1550 and 1700 8C; n = number of grains. The distribution for the

spatial models simulated for 50,000 randomly orientated grains is indicated for comparison.
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present investigation also consists of platelet-shaped crystal-

lites (see Fig. 1a) and the pressure applied during the

manufacturing of the green bodies might, therefore, explain

the increase in S3 GBs.

For the alumina samples sintered at 1700 8C, more than 80%

of the fMS’s are larger than the fSS’s. Two thirds of them show

a relative difference h > 100%, with again a high S3 number

fraction. The deviation relative to the random model is,

therefore, statistically significant.

About 65% of the CSL misorientations for which fMS

is > 0.1% in one or two of the samples show an increase

relative to the samples sintered at the lower temperature, i.e. the

relative difference j, defined as follows, is larger than 0:

j ¼ fMS1700 � fMS1550

fMS1550

� 100 (5)

where fMS1550 and fMS1700 are the measured S number

fractions relative to the total number of GBs for the average

samples sintered at 1550 and 1700 8C, respectively. Increase or
decrease of the amount of CSL GBs with sintering temperature

seems to be crystallographically controlled. The fractions of

CSL misorientations with rotation axes parallel or slightly

inclined with respect to the basal plane, i.e. normal to the

[0 0 0 1] axis, decrease with temperature, whereas the misor-

ientations with rotation axes normal to the basal plane, i.e.

parallel to the [0 0 0 1] axis, increase (Fig. 9). This may be

explained by the anisotropy of physical parameters that influ-

ence grain growth, such as GBmobility. Prism faces (parallel to

the [0 0 0 1] axis) tend to move faster (along the ½2; 1̄; 1̄; 0� axis)
than the basal planes (along the [0 0 0 1] axis) [36]. Therefore,

the surface ratio Sprism/Sbasal decreases with increasing grain

size, whereas the number fraction ratio fprism/fbasal increases. As

GB planes for grain misorientations with the CSL misorienta-

tion axes parallel to the [0 0 0 1] axis are likely to be also

parallel to the [0 0 0 1] axis, theS number fraction of such GBs

is expected to increase, as observed.

3.3.2.2. Zirconia. Zirconia globally shows higher fMS’s

compared to alumina, as expected for a phase with cubic

symmetry. The GB character distribution shows that the

number fraction of CSL GBs decreases exponentially with

increasing S, as predicted by the random 2D model (Fig. 7b).

The total fractions of CSLGBs are very similar for both average

samples, i.e. 17.82% � 0.1% for the average sample sintered at

1550 8C and 16.94% � 0.8% for the one sintered at 1700 8C
(Table 4). These values are 4.59% and 3.71% higher than the

total fraction of CSLGBs predicted from the random 2Dmodel,

even though the Kolmogorov–Smirnov test indicates that the

measured distributions cannot be distinguished from the latter.

The relative difference h of three fourths of the CSL GBs

(considering only fMS > 0.1%) in zirconia (Fig. 8b) decreases

with higher sintering temperature. None of the CSL GBs in the

1550 8C average sample and only three in the 1700 8C average

sample (S11, S131 and S331) have number fractions that

differ by more than 100% from the random model.

About 65% of the CSL misorientations for which fMS’s is

larger than 0.1% in one or two of the samples show a decrease

relative to the samples sintered at the lower temperature (j

negative, not presented), but only two show differences larger

than 50%.

3.3.3. Triple junction character and prominence factors in

zirconia

The number of CSL GBs in zirconia is a sizeable amount of

the total number of GBs present in the samples, which increases

the probability that two or three CSL GBs meet at a triple

junction. In both average zirconia samples, the triple junction

character, i.e. the fractions Jn of junctions with n CSL GBs

(n = 0, 1, 2, 3), fit relatively well with simulated triple junction

distribution curves reported in the literature [37]. GBs meeting

at a triple junction follow the misorientation conservation law,

which states that the total misorientation around each triple

junction has to be zero. In terms of the CSL theory, the general

misorientation law becomes the sigma combination rule:

SaSb ¼ m2Sc (6)

where the S-terms represent numerical S-values and m can be

any common divisor of a and b.

Schuh et al. [38] have presented a generalized description of

the GB character distribution for fcc metals based on these

conservation laws. The microstructure of fcc metals with low to

medium stacking fault energies is dominated byS3 GBs, which

are the result of annealing twinning. The larger the number of

S3 GBs in a microstructure the higher is the likelihood that two

of them meet at a triple junction. The third GB is determined by

the sigma combination rule and must be a S9 (m = 1) or a S1

(m = 3) GB. A S3 and S9 meeting at a triple junction fix the

third GB to be a S3 (m = 3) or a S27 (m = 1). The number

fractions of these GBs are thus related. The prominence of S3,

S9 and S27 GBs may be expressed by so called twin

prominence factors A3 and A9 [38]:

A3 ¼ fS3

fS3þ fS9þ fS27
and A9 ¼ fS9

fS9þ fS27
(7)

with fSi representing the number fraction for S GBs of type i.

As expected, these factors have similar values and for the

samples analyzed by Schuh et al. [38] they are between 0.5

and 0.9, with a maximum at 0.75. Furthermore, in most samples

A3 � A9, so that one parameter is sufficient to describe a large

part of the CSL GB population.

Table 3

Fractions fCS (%) of CSL GBs calculated according to Eq. (3) for the common

(unspecific) coincidence misorientations in alumina

S l N fCS fSS

3 1 6 0.110 0.087

71 1 3 0.061 0.049

131 1 3 0.024 0.016

191 1 3 0.014 0.013

211 1 3 0.012 0.011

Fractions obtained from the simulated random 2D spatial model ( fSS) are

shown for comparison.
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Zirconia has also an fcc structure, but with high stacking fault

energy, which explains its rather low CSL GB fraction (17.5%).

This value is at the lower end of the range investigated by Schuh

et al. [38]. The prominence factors calculated both for the

zirconia average samples (A3,1550 = 0.52, A3,1700 = 0.53,

A9,1550 = 0.60, A9,1700 = 0.57) and for the simulated random

model (A3,S = 0.53, A9,S = 0.64) fall in the range given for fcc

metals. Therefore, the limit of 0.5 given by Schuh et al. [38]

might be a too small lower bound for the twin prominence factors

in fcc metals and the range given by Gertsman and Tangri [39]

andPalumboet al. [40] are probablymore appropriate to describe

microstructures dominated by annealing twinning.

Parameters similar to the twin prominence factors may be

used to visualize differences between the measured and a

Table 4

S number fractions (%) of the total GBs for the individual and average samples, as well as for the simulated random models

Alumina Zirconia

S fMSA1 fMSA2 fMS1550 fMSA3 fMSA4 fMS1700 fSS S fMSZ1 fMSZ2 fMS1550 fMSZ3 fMSZ4 fMS1700 fSS

3 0.49 0.79 0.64 0.65 0.69 0.67 0.09 3 1.89 2.00 1.97 1.74 1.91 1.82 1.54

71 0.06 0.04 0.05 0.05 0.16 0.10 0.05 5 1.49 1.59 1.56 1.03 1.75 1.38 1.08

72 0.04 0.07 0.05 0.05 0.11 0.08 0.06 7 0.86 0.83 0.84 1.11 0.58 0.85 0.85

73 0.41 0.31 0.36 0.70 0.58 0.64 0.31 9 1.10 1.10 1.10 0.79 1.08 0.93 0.87

8 0.13 0.22 0.17 0.35 0.05 0.20 0.12 11 1.41 1.02 1.15 1.27 1.50 1.38 0.67

111 0.15 0.07 0.11 0.00 0.11 0.05 0.10 131 0.31 0.30 0.31 0.40 1.00 0.69 0.25

112 0.17 0.22 0.20 0.15 0.32 0.23 0.15 132 0.71 0.30 0.43 0.40 0.25 0.32 0.32

113 0.13 0.26 0.20 0.10 0.16 0.13 0.15 15 1.18 1.13 1.15 1.03 0.17 0.61 0.79

12 0.00 0.02 0.01 0.00 0.00 0.00 0.02 171 0.39 0.26 0.31 0.08 0.33 0.20 0.13

131 0.06 0.07 0.07 0.00 0.00 0.00 0.02 172 0.79 0.64 0.69 0.40 0.42 0.41 0.34

132 0.15 0.18 0.16 0.10 0.11 0.10 0.12 191 0.39 0.26 0.31 0.16 0.50 0.32 0.26

133 0.06 0.02 0.04 0.05 0.05 0.05 0.01 192 0.24 0.23 0.23 0.16 0.25 0.20 0.18

134 0.13 0.15 0.14 0.25 0.11 0.18 0.12 211 0.16 0.26 0.23 0.08 0.33 0.20 0.15

135 0.04 0.00 0.02 0.05 0.05 0.05 0.02 212 0.24 0.34 0.31 0.71 0.50 0.61 0.49

141 0.11 0.11 0.11 0.25 0.26 0.26 0.11 23 0.24 0.53 0.43 0.79 0.67 0.73 0.41

142 0.00 0.00 0.00 0.00 0.05 0.03 0.01 251 0.16 0.19 0.18 0.16 0.17 0.16 0.09

151 0.11 0.09 0.10 0.05 0.21 0.13 0.05 252 0.16 0.61 0.46 0.24 0.42 0.32 0.37

152 0.00 0.04 0.02 0.00 0.05 0.03 0.05 271 0.31 0.19 0.23 0.32 0.25 0.28 0.15

171 0.17 0.07 0.12 0.10 0.05 0.08 0.08 272 0.47 0.53 0.51 0.47 0.33 0.41 0.33

172 0.04 0.09 0.07 0.05 0.05 0.05 0.04 291 0.16 0.11 0.13 0.16 0.08 0.12 0.04

173 0.11 0.09 0.10 0.10 0.21 0.16 0.07 292 0.00 0.42 0.28 0.47 0.33 0.41 0.29

174 0.00 0.02 0.01 0.00 0.00 0.00 0.02 311 0.16 0.23 0.20 0.16 0.08 0.12 0.07

18 0.00 0.02 0.01 0.05 0.00 0.03 0.03 312 0.55 0.42 0.46 0.47 0.17 0.32 0.28

191 0.00 0.00 0.00 0.05 0.00 0.03 0.01 331 0.08 0.11 0.10 0.24 0.75 0.49 0.14

192 0.11 0.13 0.12 0.10 0.05 0.08 0.06 332 0.39 0.30 0.33 0.40 0.33 0.36 0.25

193 0.00 0.04 0.02 0.15 0.05 0.10 0.02 333 0.39 0.08 0.18 0.08 0.17 0.12 0.12

194 0.06 0.02 0.04 0.05 0.05 0.05 0.03 351 0.31 0.30 0.31 0.32 0.25 0.28 0.23

201 0.11 0.18 0.14 0.05 0.11 0.08 0.07 352 0.31 0.38 0.36 0.08 0.25 0.16 0.24

202 0.00 0.02 0.01 0.00 0.00 0.00 0.01 371 0.16 0.08 0.10 0.08 0.08 0.08 0.01

211 0.04 0.00 0.02 0.05 0.05 0.05 0.01 372 0.31 0.11 0.18 0.16 0.25 0.20 0.21

212 0.13 0.02 0.08 0.10 0.05 0.08 0.06 373 0.39 0.19 0.26 0.08 0.25 0.16 0.03

213 0.00 0.02 0.01 0.00 0.00 0.00 0.01 391 0.08 0.15 0.13 0.16 0.08 0.12 0.02

221 0.06 0.07 0.07 0.30 0.05 0.18 0.06 392 0.31 0.49 0.43 0.40 0.25 0.32 0.39

222 0.00 0.00 0.00 0.00 0.00 0.00 0.00 411 0.08 0.04 0.05 0.08 0.17 0.12 0.04

231 0.02 0.00 0.01 0.00 0.05 0.03 0.01 412 0.31 0.19 0.23 0.32 0.08 0.20 0.17

232 0.04 0.07 0.05 0.05 0.00 0.03 0.02 413 0.00 0.04 0.03 0.00 0.25 0.12 0.05

233 0.02 0.04 0.03 0.05 0.05 0.05 0.06 431 0.00 0.08 0.05 0.00 0.00 0.00 0.03

234 0.09 0.09 0.09 0.05 0.16 0.10 0.04 432 0.24 0.23 0.23 0.08 0.17 0.12 0.17

235 0.09 0.04 0.06 0.00 0.11 0.05 0.06 433 0.08 0.11 0.10 0.16 0.25 0.20 0.09

24 0.06 0.00 0.03 0.00 0.00 0.00 0.03 451 0.00 0.19 0.13 0.16 0.08 0.12 0.18

251 0.04 0.00 0.02 0.00 0.00 0.00 0.01 452 0.31 0.23 0.26 0.24 0.08 0.16 0.16

252 0.09 0.13 0.11 0.05 0.11 0.08 0.05 453 0.16 0.11 0.13 0.24 0.42 0.32 0.17

253 0.02 0.02 0.02 0.00 0.05 0.03 0.01 471 0.08 0.11 0.10 0.08 0.25 0.16 0.16

26 0.00 0.07 0.03 0.00 0.05 0.03 0.05 472 0.08 0.15 0.13 0.00 0.00 0.00 0.14

271 0.00 0.09 0.04 0.05 0.00 0.03 0.05 491 0.08 0.08 0.08 0.00 0.00 0.00 0.00

272 0.00 0.07 0.03 0.10 0.00 0.05 0.04 492 0.08 0.26 0.20 0.24 0.08 0.16 0.13

273 0.06 0.00 0.03 0.00 0.16 0.08 0.04 493 0.16 0.34 0.28 0.00 0.25 0.12 0.13

281 0.06 0.09 0.08 0.00 0.00 0.00 0.04

282 0.06 0.04 0.05 0.00 0.00 0.00 0.04

Total 3.75 4.21 3.98 4.33 4.55 4.44 2.67 17.75 17.85 17.82 16.14 17.79 16.94 13.23

For each individual sample, the values are obtained by averaging the fractions of CSL GBs over three EBSD scans (scans 2, 3 and 4). The values of the average

samples are calculated by summing all CSL GBs occurring in the same material for a given sintering temperature.
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Fig. 7. GB character distribution in (a) alumina (S3–S28) and (b) zirconia (S3–S49) for the two different sintering temperatures, as well as for the random spatial

models; nGBs = total number of GBs (CSL and non-CSL).
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random CSL GB distribution. For CSL GB triplets related by

the function

S3Sb ¼ Sc (8)

the following general prominence factor P is linearly depen-

dent on b for values up to b = 13:

P3;b ¼ fS3

fS3þ fSbþ fSc
(9)

P3;b ¼ 0:021bþ 0:340 (10)

The linear dependence resulting from Eq. (10) is a

consequence of the symmetry relationships between such

triplets. This equation describes over 70% of the CSLGBs up to

S39. The values of P3,b for both average samples are very close

to the theoretical values except P3,7 for the samples sintered at

1550 8C and P3,11 for the samples sintered at 1700 8C (Fig. 10).

A more in depth presentation will be given in a forthcoming

paper.

4. Conclusions

In this paper the grain misorientation and CSL GB

distributions in texture-free alumina and zirconia ceramics

sintered at two different temperatures were presented and

compared with simulated random 2D models. The main points

are the following:

(1) The grain misorientation distribution for alumina show

relative maxima at 508, 608, and between 82.58 and 92.58
for both sintering temperatures, whereas no relative

maxima are observed for zirconia. The maxima and

minima in the misorientation distribution are present in

all alumina samples independent on the sintering tempera-

ture and are most likely due to properties of the starting

powders and green body manufacturing processes. This has

to be considered when comparing GB character depen-

dencies.

Fig. 10. Linear dependence of the general prominence factor P as a function of

parameter b in zirconia.

Fig. 8. Relative difference h for CSL GBs in (a) alumina and (b) zirconia

sintered at 1550 8C (open circles) and 1700 8C (full circles). Only theS values

for which fMS > 0.1% is presented. h = 0 indicates that the proportions of CSL

GBs in the measured samples and in the models are equal. S values with

h > 100% are mainly observed for high sintering temperature.

Fig. 9. Plot of the relative difference j vs. the angle u between [0 0 0 1] and the

CSL misorientation axis in alumina. Only data for which fMS1550 and/or

fMS1700 > 0.1% are considered. For the values with the misorientation axis

parallel to [0 0 0 1] (u = 08), fMS1700 is larger than fMS1550 (j positive), whereas

fMS1700 is smaller than fMS1550 (j negative) for all values with the misorienta-

tion axis normal or slightly inclined with respect to [0 0 0 1] (u = 908).S values

for different c/awith the same misorientation axis and angle plus symmetrically

equivalent S values were added together.
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(2) 2D models for random CSL GB distributions were

calculated for microstructures consisting of cubic and

trigonal phases. They may serve as reference for the

interpretation of EBSD results.

(3) The total number fractions of CSL GBs for both alumina

and zirconia are significantly higher in the measurements

than in the simulated models.

In alumina, this feature is particularly obvious for S3,

even though most CSL GBs contribute to the trend. Relative

difference over 100% is predominant in the samples

sintered at the high temperature. It has been shown that the

increase or decrease of the amount of CSL GBs with

sintering temperature is crystallographically controlled and

dependent on the orientation of the CSL misorientation axis

with respect to the [0 0 0 1] axis.

(4) The twin prominence factors A3 and A9 both for the zirconia

average samples and the simulated random model are

within the lower and upper bounds defined by Schuh et al.

[38] for fcc metals, i.e. 0.5 and 0.9. This suggests that the

lower limit of 0.5 might be too small to characterize the

twin prominence factors in fcc metals.

(5) A general (non-twin dependent) prominence factor has

been proposed for fcc-materials. This parameter shows,

for the random case, a linear relationship with S, which

could be used as a very simple criterion to determine

the randomness of CSL GB distribution in fcc-type

materials.
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