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ABSTRACT

Since the beginning of the nineties, the automa-
tion of electron backscatter diffraction (EBSD) has
completely revolutionized texture analysis carried out
on rocks and man-made materials. Among the most
striking advances, not only does EBSD allow a rela-
tively rapid and straightforward bulk texture analysis,
but it also allows the grain-by-grain determination
of crystallographic orientations. The interest for the
technique is obvious for academic purposes but also
for the industry, as most of the physical properties of
materials depend on the lattice preferred orientation
(LPO) of the constituting grains. Since EBSD is the
main investigation method applied in each of the three
investigated case studies, it is clearly the keystone of
the present work.

In the first Case Study, a petrophysical analysis
of twelve upper mantle peridotite xenoliths collected
in the Quaternary basalt fields of Lanzarote (Canary
Islands) is presented. The goal of this project is to
determine the deformation mechanisms responsible
for the formation of observed textures and to calculate
the propagation velocities of seismic waves through
the samples. Seismic velocities are of particular inte-
rest as two contradictory interpretations resulting from
the same campaign of field geophysical measurements
are reported in the literature. The present EBSD ana-
lysis is aimed at providing new data on the seismic
properties of the upper mantle in this region, in order
to aid the geological interpretation of geophysical
measurements. For each sample, the LPO of olivine,
orthopyroxene and clinopyroxene was measured.
Two deformation mechanisms, probably dominated
by simple shear under low strain rate and relatively
high temperature, are put forward. The velocities of
P-waves calculated from the LPO and the elastic cons-
tants of the minerals for upper mantle pressure and
temperature conditions confirm the most recent geo-
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physical interpretation. In addition, this project also
highlights remarkable examples of anomalous folia-
tion, characterized by an orientation of the foliation
plane at right angle with respect to the olivine [100]
pole maximum. Based on microstructural, crystal-
lographic and geochemical arguments, the anomalous
foliation is interpreted as a result of strong recovery
processes.

The second Case Study is devoted to the forma-
tion of snowball garnets from the Liassic Stgir series
(Lukmanier Pass, Switzerland). For more than two
decades, the mechanisms responsible for the forma-
tion of snowball garnets have been in the center of an
intense debate. Based on a multi-analytical approach
involving micro-computed X-ray tomography, elec-
tron microprobe and EBSD analyses, two successive
growth mechanisms are suggested for the formation
of the analyzed garnets: whereas several pieces of evi-
dence seem to indicate that the first stages of growth
are initiated in a rotational context, the final stages
of growth occur in a post-kinematic regime. This
assumption is based on (1) the occurrence and distri-
bution of secondary Mn maxima inside the spiral, (2)
the constant crystallographic orientation of the bridges
connecting the core and the arms of the spiral and (3)
the post-kinematic growth of garnet by replacement
of deformed mica-rich levels. In addition, EBSD
brings into light the fact that snowball garnets from
the Lukmanier Pass are not made of a unique grain
with a single crystallographic orientation but of seve-
ral grains with different, distinct orientations.

In the third Case Study, the distributions of coin-
cidence site lattice (CSL) grain boundaries in alumina
and zirconia ceramics are investigated through EBSD.
The main interest of this project lies in the fact that
most physical properties involved in the processing
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and behavior of ceramics depend on the nature and
distribution of grain boundaries. 2D spatial models
consisting of 50000 randomly oriented grains have
been simulated to serve as references for random
distributions. Comparison between the simulated
and measured distributions has shown higher CSL
grain boundary fractions in the latter. This trend is
particularly obvious for the samples sintered at high
temperature. In alumina, change in individual CSL
grain boundary fractions with temperature is crystal-
lographically controlled and directly dependent on the
orientation of the misorientation axis with respect to
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the [0001] axis. Finally, based on the data of zirco-
nia, this study has also allowed the definition of a so-
called general prominence factor likely to be used as
a simple criterion to determine the randomness of the
CSL grain boundary distribution in FCC-type mate-
rials.

This PhD thesis has attempted to show the central
role played by EBSD in earth and materials sciences.
The various types of materials analyzed as well as the
multidisciplinary character of the different case stu-
dies give evidence for the polyvalence of the method.



RESUME

L’automatisation au début des années ’90 de la
technique de diffraction par électrons rétro-diffusés ou
electron backscatter diffraction (EBSD) a compléte-
ment révolutionné les analyses de textures menées tant
sur les roches que sur les matériaux industriels. Parmi
plusieurs avancées majeures, cette méthode permet
une détermination relativement rapide et simple de
Iorientation cristallographique des grains contenus
dans les solides polycristallins. L’intérét est de taille
non seulement dans le milieu purement académique
mais également dans I’industrie puisque la plupart
des propriétés physiques des matériaux dépend de
I’orientation cristallographique préférentielle ou lat-
tice preferred orientation (LPO) des grains qui les
constituent. En tant que méthode d’analyse a la base
de chacune des trois études de cas abordées, ’EBSD
occupe clairement la position centrale de ce travail.

La premiére étude de cas présente une analyse
pétrophysique de douze xénolithes mantelliques
de péridotites échantillonnés dans les laves basal-
tiques quaternaires de I’ile de Lanzarote (archipel
des Canaries). Le but de ce projet est tout d’abord de
déterminer les mécanismes de déformation a 1’origine
des textures observées, puis dans un deuxiéme temps
d’utiliser les résultats de LPO obtenus pour calculer
les vitesses de propagation des ondes sismiques dans
ces échantillons. Cet aspect revét un intérét particulier
dans la mesure ou deux interprétations contradictoires
émanant d’une méme campagne de sismique-réfrac-
tion ont été rapportées dans la littérature. Ce projet a
donc pour objectif de fournir de nouveaux éléments
sur les propriétés sismiques du manteau supérieur a
cet endroit du globe, pour permettre par la suite de
confirmer ou d’infirmer les interprétations tirées des
mesures de terrain. Pour chaque échantillon, la LPO de
I’olivine, de I’orthopyroxéne et du clinopyroxene a été
déterminée par EBSD. Sur la base des résultats obtenus,
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deux mécanismes de déformation, vraisemblablement
dominés par une composante de cisaillement simple
sous faible taux de contrainte et a température relative-
ment élevée, sont avancés. Les vitesses de propagation
des ondes, calculées a partir de la LPO et des constan-
tes élastiques des phases dérivées aux conditions de
pression et de température du manteau supérieur, con-
firment I’interprétation géophysique la plus récente au
détriment de la plus ancienne. Dans un autre registre,
ce projet a permis également de mettre en évidence de
superbes exemples de foliation dite anormale, carac-
térisée par une orientation du plan de foliation a 90°
par rapport aux poles [100] de I’olivine. Sur la base
d’arguments microstructuraux, cristallographiques et
géochimiques, ce cas de figure est interprété comme le
résultat de processus de recuit trés avancés.

La deuxiéme étude de cas est consacrée a la problé-
matique de la formation des grenats spiralés de la série
liasique de Stgir (col du Lukmanier, Suisse). Cette
étude s’inscrit dans le débat animé qui sévit dans la
communauté scientifique depuis plus de vingt ans au
sujet des mécanismes responsables de la formation de
ce type de grenats. Sur la base d’une approche multi-
analytique impliquant des mesures de micro-tomo-
graphie & rayons X, de microsonde électronique et
d’EBSD, deux mécanismes de croissance successifs
sont avancés pour la formation des grenats analysés:
alors que dans un premier temps la géométrie spiralée
des grenats semble avoir été initiée par une rotation,
plusieurs indices tendent a démontrer qu’une frac-
tion significative de leur croissance s’est produite de
maniére post-cinématique. Ces indices s’appuient sur
(1) la répartition dans la spirale de pics secondaires
de haute concentration de manganése, (2) I’orientation
cristallographique constante des ponts entre les dif-
férents niveaux de la spirale et (3) la croissance tar-
dive de grenats le long de niveaux déformés riches en
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micas. L’EBSD a permis en outre de démontrer que les
grenats spiralés du Lukmanier ne sont pas formés d’un
seul grain muni d’une orientation cristallographique
unique mais de plusieurs grains orientés de maniére
différente.

Dans la troisitme étude de cas, la distribution
des joints de grains satisfaisant le formalisme dit de
coincidence site lattice (CSL) est analysée pour des
échantillons de céramique haute performance d’oxyde
d’aluminium et de zirconium. L’intérét principal de
ce projet réside dans le fait que la majeure partie des
propriétés physiques intervenant dans la synthése des
céramiques et régissant leur comportement dépend
directement de la nature et de la répartition des joints
de grains. Les résultats obtenus sont comparés avec des
distributions simulées générées a partir de modeles spa-
tiaux aléatoires. Que se soit pour I’oxyde d’aluminium
ou de zirconium, la fraction de joints de grains CSL
se révele sensiblement plus élevée dans les mesures
que dans les simulations. Cette tendance est particu-
lierement évidente pour les échantillons frittés a haute
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température, avec des différences de fréquences pour
les joints de grains CSL individuels dépassant régu-
lierement 100%. Dans le cas de I’oxyde d’aluminium,
I’augmentation, respectivement la diminution de la
fraction de joints de grains CSL avec la température
est controlée par la cristallographie : une dépendance
directe entre I’orientation de I’axe de misorientation
et I’axe [0001] a pu étre soulignée. D’autre part, sur la
base des résultats obtenus dans 1’oxyde de zirconium,
cette étude a permis de définir pour la premiere fois
un facteur général de proéminence ou general promi-
nence factor, qui pourrait étre utilisé a I’avenir comme
un critére simple permettant de vérifier la distribution
aléatoire de joints de grains CSL dans les matériaux de
structure FCC.

Ce travail souligne le réle central joué par 'EBSD
tant en sciences de la Terre qu’en sciences des maté-
riaux. La variabilité des matériaux analysés ainsi que
le caractére multidisciplinaire des sujets abordés sont
autant d’éléments témoignant de la polyvalence de la
méthode.
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1 - FOREWORD

1.1 INTRODUCTION

Most solid materials, including rocks, have a poly-
crystalline structure in that they are composed of a
large number of individual grains. Among the micro-
structural features displayed by polycrystals, the crys-
tallographic orientations of grains have a determining
influence on the properties of the materials. Elastic,
thermal, plastic, electric, magnetic and diffusion pro-
perties are all dependent on crystallographic orienta-
tions, making this a challenging field of research for
materials scientists. In addition, the distribution of
crystallographic orientations is a key feature in earth
sciences as well, as it is frequently used to reconstruct
the deformation mechanism of rocks. In this PhD
thesis, the crystallographic orientations in both man-
made polycrystalline materials and natural rocks were
investigated using a powerful and increasingly popu-
lar analytical technique called electron backscatter dif-
fraction (EBSD).

Before getting to the heart of the matter, however,
a point of definition must be clarified. In the litera-
ture, the distribution of crystallographic orientations
in a polycrystal is called in turn lattice preferred orien-
tation (LPO), crystallographic preferred orientation
(CPO), crystallographic texture or simply texture.
The latter acceptance should not be mistaken with
the meaning of texture in general geological litera-
ture, where the term describes the overall appearance
of a rock and encloses the whole set of microstruc-
tural parameters, such as grain size and shape, degree
of crystallinity, and arrangement. In this volume, the
term texture is used as a synonym of LPO, following
the nomenclature adopted in materials science and
structural geology.
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1.2 GoALs

The goal of this PhD thesis is to investigate tex-
ture and texture-related features in polycrystalline
rocks and materials through three different case stu-
dies, using electron backscatter diffraction (EBSD) as
the main investigation method. EBSD is thus clearly
the keystone of the present work. Moreover, since
the EBSD system was installed only recently in our
department, this PhD thesis also served as an incen-
tive to bring the EBSD lab into service and to explore
through a multidisciplinary approach the potential
applications of this technique. The underlying goal
of this work is therefore to acquire strong expertise in
the EBSD technique by investigating different types
of materials and rocks under various conditions and
acquisition modes.

As each of the three case studies has its own spe-
cific objectives, it has not been possible to draw up a
list of goals shared by the very different and indepen-
dent topics of research. Consequently, the subjects of
each case study have been briefly outlined below:

- In Case Study 1, the seismic properties of upper
mantle xenoliths from Lanzarote (Canary Islands)
were investigated using texture measurements through
EBSD. Peridotite minerals and particularly olivine
have a strong tendency to develop LPO in response to
deformation (Hess 1964). Since the elastic behavior of
waves in minerals is anisotropic, the seismic properties
of rocks are directly dependent on LPO. In this study,
the seismic velocities were calculated from the LPO
and the elastic constants of the minerals. The results
were then used to infer the velocities of seismic waves
in depth and confronted with the field geophysical
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measurements reported in the literature (BANDA et al.
1981, DarNoBerTiaA & CanaLEs 2000). EBSD allowed
us to characterize the deformation of the upper mantle
in this region and to confirm the most recent field geo-
physical interpretation.

- Case Study 2 dealt with the growth mechanisms
of snowball garnets from the Lukmanier Pass area
(Switzerland). Snowball garnets define well-deve-
loped spiral-shaped garnets characterized by curved
inclusion trails rotated over more than 90°. They are
typically found in pelitic schists, which underwent
non-coaxial deformation in a context of regional meta-
morphism. For more than two decades, the processes
responsible for the formation of snowball garnets have
been at the center of an intense debate. Two schools
of thought have confronted each other about the rota-
tional (e.g. SCHONEVELD 1977, PAsscHIER et al. 1992) or
non-rotational (e.g. BELL et al. 1992) character of their
development. In this study, EBSD was performed on
snowball garnets from the Lukmanier Pass in order to
identify possible changes in crystallographic orienta-
tion within the garnet spirals. Results collected from
electron probe microanalyses (EPMA), micro X-ray
tomography (LCT) and EBSD suggest that the final
stages of growth of the investigated garnets occur
in a post-kinematic regime by replacement of mica,
whereas the first stages are best explained by a rota-
tional regime.

- In Case Study 3, the distributions of coincidence
site lattice (CSL) (BoLLMANN 1970, WARRINGTON &
BuraLINt 1971) grain boundaries in alumina and zir-
conia ceramics sintered at two different temperatures
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were investigated and compared with the distributions
obtained from simulated random 2D spatial models.
Coincidence grain boundaries are often considered as
indicators of low interfacial energy from which special
physical and chemical properties may arise. The distri-
bution of such grain boundaries is thus a prerequisite
to understand the properties of ceramics.

1.3 STRUCTURE

Whereas Chapter 1 aims at introducing the reader
to the main issues tackled in this project, Chapter 2 is
devoted to the more technical aspects of EBSD. The
aim is not to provide a substitute for the very complete
books available on the subject. It is rather to give, as
the first EBSD user at the University of Fribourg, a
comprehensive summary of the technique, as well as
valuable tricks for parameter settings resulting from
many sessions of experimenting. Chapter 2 is thus
essentially aimed at facilitating the task of the next
users of our lab by avoiding time-consuming ses-
sions of unfruitful testing. Three publications, cor-
responding to the case studies briefly summarized in
Section 1.2, were accepted in peer-reviewed journals.
They form the core of the thesis and are presented in
Chapter 3, 4 and 5 respectively. Some perspectives for
further investigations are found in Chapter 6. Finally,
Appendices I, II and III contain all EBSD data as well
as the useful basics related to the corresponding case
studies. In Appendix III, the technical and theoreti-
cal aspects for the processing of alumina and zirconia
ceramics are discussed in detail.
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2 - ELECTRON BACKSCATTER DIFFRACTION

2.1 EBSD AND FORMER DIFFRACTION
TECHNIQUES

The goal of this section is to highlight the early
methods, some of which are still used nowadays, as
well as the precursory techniques that led to the advent
of electron backscatter diffraction (EBSD). For a
complete history of texture analysis, the reader is refer-
red to DINGLEY (2000) and RaNDLE & ENGLER (2000).

In the historical overview that follows, a distinc-
tion is made between macrotexture and microtexture
techniques. The former only allow average bulk tex-
ture measurements (i.e. without reference to the local
crystallographic information), while the latter enable
the determination of local high resolution orientation
data. Macrotexture techniques were already in use in
the first half in the 20* century, whereas microtexture
methods appeared only in the late sixties because they
require high performance electron microscopes.

2.1.1 Macrotexture techniques

2.1.1.1  X-ray diffraction

X-ray diffraction, first used by WEVER (1924) to
investigate preferred orientations in metals, is still
the most widespread technique to investigate macro-
texture. Practically, the sample is inserted into a 3-
circle texture goniometer and systematically rotated
about well-defined angles (typically in 2.5° or 5°
steps) in order to bring, for given lattice planes (hkl),
the grains in the sample in reflection conditions. For
each sample orientation, the reflected intensity, which

is proportional to the volume fraction of grains in
reflecting condition, is recorded. The intensities are
then projected in a pole figure, as a function of the
sample orientation provided by the goniometer radial
and azimuthal angles. The intensity distribution in the
pole figure is a measure of the average texture of the
sample. The main advantage of X-ray diffraction over
other macrotexture techniques such as neutron diffrac-
tion consists in its ability to record the average texture
of a sample rapidly and without any highly sophisti-
cated equipment.

2.1.1.2  Neutron diffraction

Macrotexture analyses through neutron diffraction
were first carried out by BRockHOUSE (1953). The basic
principles of the technique are very similar to those of
X-ray based texture measurements, with the difference
that X-rays are replaced by neutrons. As the absorption
of neutrons by matter is almost negligible compared
to X-rays, neutron diffraction allows investigations in
transmission geometry. Voluminous specimens can be
analyzed with very little sample preparation and with
much better grain statistics than those obtainable by
X-ray diffraction. The low absorption of neutrons by
matter also facilitates in situ investigations involving
heating, cooling or straining of the samples during mea-
surements. Nevertheless, neutron diffraction requires
a supply of fast neutrons which can only be generated
in atomic reactors through nuclear fission processes,
therefore making the method less straightforward than
X-ray diffraction. Moreover, the relatively low inten-
sity of the neutron signal significantly increases the
acquisition time by a factor of 10 to 100. Neutron dif-
fraction is thus mainly used for more specific purposes
that make up for the higher initial constraints inherent
to the technique.
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2.1.2 Microtexture techniques

2.1.2.1 Kossel X-ray diffraction and selected area

electron channeling (SAC)

Two techniques, available since the late sixties,
can be considered as forerunners of electron backscat-
ter diffraction (EBSD): the Kossel X-ray diffraction
(DiNGLEY & StTeEDS 1974) and the selected area elec-
tron channeling or SAC (Coartes 1967). Both methods
were early scanning electron microscope (SEM)-based
diffraction techniques, which provided information
about local determination of crystallographic orienta-
tions and other microstructural parameters.

The Kossel technique is based on the diffrac-
tion of X-rays generated through the interaction of
the incident electron beam with the core electrons of
the sample atoms. Diffraction of these characteristic
X-rays by the crystal lattice planes produces a strip
pattern, called Kossel pattern, which is recorded on
a sensitive film. The indexation of the Kossel pattern
allows the determination of the crystallographic orien-
tation. The SAC technique is based on the diffraction
of the incident electron beam by the crystal lattice. The
electron beam is focused on the sample site to be ana-
lyzed and tilted incrementally without jutting out of
the selected sample location. Each time the orientation
of the electron beam fulfils Bragg’s conditions for a
certain lattice plane (hkl), reflection occurs and a band
is produced in the so-called electron channeling pat-
tern (ECP). Indexing of the ECP pattern is performed
to obtain the crystallographic orientation. The main
drawback of both Kossel diffraction and SAC con-
sists in a relatively bad spatial resolution of about 10
um, making these methods inapplicable to many poly-
crystalline materials. This severe limitation sounded
the knell for both techniques at the expense of EBSD,
which appeared very promising in the world of texture
analysis.
2.1.2.2  Electron backscatter diffraction (EBSD)

First described by VENABLES & HarLAND (1973),
EBSD has become the most suitable and popular tech-
nique to measure the texture of artificial and natural
polycrystalline materials. Compared with existing
microtexture techniques, the Kossel diffraction and
SAC, and U-stage measurements, EBSD’s major
advantage lies in its highly improved spatial resolu-
tion of less than 0.5 um. Moreover, as add-on pack-
age to an SEM, EBSD also enables rapid microtexture

measurements of large polycrystalline samples, and
can be coupled with other continually improved capa-
bilities of SEM’s, for example in the field of imaging
or chemical analyses through energy dispersive X-ray
spectrometry (EDS). The combinations of these tech-
niques and progress in the theory has led to new analy-
sis methods such as orientation imaging microscopy
(OIM) and grain boundary distribution. EBSD is thus
highly suitable for most texture-related applications,
except in cases where a very high spatial resolution
is necessary and transmission electron microscopy
(TEM)-based techniques are preferable.

2.2 PrincrpeLEs oF EBSD

The fundamentals of EBSD have been widely
discussed in the literature already. A concise review
on the subject is available in Prior et al. (1999).
For a complete description of the world of texture
analysis, including EBSD, the following books are
available: Texture and Anisotropy (Kocks et al. 1998),
Electron Backscatter Diffraction in Materials Science
(Scawartz et al. 2000) and Introduction to Texture
Analysis (RANDLE & ENGLER 2000). The sections below
only give an overview of the basic principles, inclu-
ding some useful advice about the system available in
our department.

2.2.1 System set-up

EBSD analyses are based on diffraction patterns
generated by backscatter electrons (s. Section 2.2.2),
i.e. primary elastically scattered electrons which
escape from the sample through the same surface
they entered. In order to maximize the proportion of
backscatter electrons and increase the number of pos-
sible diffraction events in the solid, the sample is tilted
within the SEM chamber at 70° from the horizontal
(ScHwARZER & WEILAND 1988).

EBSD diffraction patterns are collected on a fluo-
rescent phosphor screen, in which incoming backscat-
ter electrons are converted into light. This signal is
then transferred through fiber optics into a retractable
charge coupled device (CCD) video camera (DINGLEY
& RaNDLE 1992) which has the advantage of good
signal to noise ratio. The video signal is then trans-
ferred to a computer where the patterns can be pro-
cessed and indexed (s. Section 2.2.3). A sketch of the
whole system set-up is shown in Fig. 2.1.
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Fig. 2.1 Schematic representation of the EBSD system and the
computer interface (after WricHt 1993).

The University of Fribourg’s EBSD system is
mounted on a Philips® FEI XL30 SFEG Sirion SEM,
equipped with a 2-sector solid state forescattered elec-
tron (FSE) detector. The diffraction patterns collected
on the phosphor screen are recorded with a DigiView®
CCD camera. The video frames are fed on-line into
the processing software EDAX® (TSL) OIM Data
Collection 3.5 on a computer. Typical operating condi-
tions to collect EBSD patterns included an acceleration
voltage of between 20 and 30 kV for a probe current of
20 nA (in spot 5). A working distance of 15 mm was
used in beam scan mode, whereas 20 mm was neces-
sary in stage scan mode to avoid contact with the final
lens of the electron gun. The tilting of the sample was
achieved without a pre-tilted sample holder through a
whole stage rotation of 70°. Because of the large size
of the peridotite specimens, a special sample holder
was built.

2.2.2 Electrons-sample interaction and ge-
neration of EBSD Kikuchi patterns

A wide variety of interactions occur between an
incident electron beam and the atoms of the sample
(GoLpsTEIN et al. 1992). Both elastic and inelastic inter-
actions cause the incident electrons to deviate from the
original trajectory, thus leading it to become diffuse in
the solid even though it was well-defined initially. The
omni-directional population of elastically scattered
electrons acts as the source for the EBSD signal. Once
they are scattered in all directions the electrons may
further interact elastically with the atoms in the crys-
talline material. For a given wavelength and lattice
plane spacing, certain incidence angles satisfy Bragg’s

Electron backscatter diffraction - 15

law and lead to constructive interference:
2dsin® =n\ (Eq. 2.1)

where 0 is the angle between the electron trajectory
and the lattice plane, n an integer (order of diffrac-
tion), A the wavelength of the electron beam energy
(depending on the acceleration voltage) and d the lat-
tice spacing. Because of the omni-directional character
of the electron propagation, the trajectories of elec-
trons which satisfy the Bragg conditions do not define
one single direction (as in X-ray diffraction analysis)
but two cones for every lattice plane population. Since

a)

Phosphor

Electron gun screen

Cone
sections

Electron beam

Fig. 2.2 (a) Schematic representation illustrating the genera-
tion of an EBSD Kikuchi pattern in the SEM chamber, only
two bands are shown for clarity (after HJELEN et al. 1993). (b)
Example of a Kikuchi pattern for olivine (sample PV01). Acce-
leration voltage: 20 kV; probe current 20 nA.
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the Bragg angle for the diffraction of electrons accele-
rated through a few tens of keV is very small (typically
about 0.5° due to the short A of the electron beam),
the opening angles of the diffraction cones are close to
180°. Consequently, the two diffraction cones approxi-
mate planes which intersect the phosphor screen of
the EBSD apparatus along straight, parallel lines (Fig.
2.2a).

Each pair of parallel lines, known as a Kikuchi band
(Kikuchi 1928), represents a particular lattice plane in
the crystal structure. The width of Kikuchi bands is a
function of the geometry of the system and the SEM
acceleration voltage, which determines the wave-
length A of the electron beam and consequently also
the diffraction angle 0. A set of several bands defines
a so-called EBSD Kikuchi pattern, or simply Kikuchi
pattern (Fig. 2.2b), which is the basic raw data for all
EBSD analyses. The intersection of bands corresponds
to a zone axis or pole, and major zone axes are recog-
nized by the intersection of a large number of bands.
As the angular relationship between bands in the pat-
tern reflects the angular relationship between planes in
the crystal, the EBSD pattern makes an implicit state-
ment about the crystal symmetry. These angular rela-
tionships are used to index the Kikuchi bands and to
identify the poles. The Kikuchi pattern thus represents
a partial projection of the crystal lattice, which allows
researchers to determine the crystallographic orienta-
tion of the source point.
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2.2.3 EBSD pattern indexing procedure

To determine the crystallographic orientation of
the source point, the EBSD Kikuchi pattern must be
processed through a procedure called indexing. This
now fully automated operation is divided into two suc-
cessive steps: (1) the detection of the diffraction bands
and (2) the identification of the diffracting planes asso-
ciated with the detected bands.

During step (1), the diffraction bands of EBSD
Kikuchi patterns are detected using a mathematical
algorithm called the Hough Transform (ILLINGWORTH &
KITTLER 1988, KRIEGER LASSEN et al. 1992, KuNzE et al.
1993). The equation governing the Hough Transform
is:

p=xcosO+ysinb (Eq.2.2)

where (x, y) describe a set of pixel coordinates in
the EBSD pattern image. During the Hough transfor-
mation, each point (X, y) of the pattern is converted
into a sinusoidal curve in the Hough space, where the
X- and Y-axes correspond to 0 and p respectively (Fig.
2.3). The sinusoidal curves of all points belonging to a
line in (X, y) space will intersect in a single point in the
Hough space. The p value of this point corresponds to
the shortest distance between the line and the origin of
the EBSD pattern image in the (X, y) space, whereas
the 0 value is the angle between p and the horizontal.
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Fig. 2.3 Schematic illustration of the Hough Transform. Each point of a Kikuchi band (e.g. points A and B of band 1 respectively 2) in
the EBSD pattern (a) is represented by a sinusoidal curve in the Hough space (b). (after RANDLE & ENGLER 2000).
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Fig. 2.4 (a) Hough space after transformation of the olivine
pattern shown in Fig. 2.2b. The detected peaks (colored crosses
in the Hough space = intersection of sinusoidal curves) cor-
respond to the lines shown in (b).

All p and 6 pairs for which there is no intersection of
sinusoidal curves in the Hough space have no geometri-
cal significance in the EBSD pattern image.

As the Hough transformation is performed consi-
dering the gray-tone intensity of points in the original
image, the cross points representing bright Kikuchi
lines will also be bright. Thus, identifying a band in
the diffraction pattern amounts to detecting a peak of
high intensity in the Hough space (Fig. 2.4).

During step (2), the reflecting planes associated
with the detected bands must be identified. To achieve
this, the interplanar angles between the bands are com-
pared to interplanar angles calculated from a theoreti-
cal crystallographic data set of the material, commonly
called material file. A wide choice of material files is
available in most EBSD software databases. However,
if the needed file does not exist (which might be the
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case for some minerals), it has to be created before the
indexing procedure can begin. To create such a file,
some knowledge of the crystal structure is required,
including (1) the point-group symmetry, (2) the unit
cell parameters (3) the positions of atoms in the crys-
tal structure and (4) the intensity of major reflections.
Whereas (1), (2) and (3) are available for virtually all
minerals, (4) must be usually calculated. The reason
for this is that not all crystallographic planes satis-
fying the Bragg conditions give rise to Kikuchi bands.
Theory actually shows that interference effects reduce
some diffracted intensities to zero and render other
reflections not of equal intensity. In other words, scat-
tering from one atom in the unit cell can interfere with
scattering from another atom to reduce or increase the
intensity of diffraction. For single crystal diffraction,
the diffracted intensity I, of a specific reflection (hkl)
is proportional to the absolute square of the so-called
structure factor F

Ihkl o |Fhk1|2 (Eq. 2.3)

The structure factor is defined as the sum of scat-
tering from all atoms of the unit cell, or:

B,J

£ (0)exp[2mi(hx, +ky, +1z,)] (4. 24)

fes!
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where j represents the j* atom in the unit cell and
fe,j (0) is the corresponding atomic scattering factor for
a given diffraction angle 6. The exponential function
describes the phase shift of waves diffracted by the
atom j, for which the position in the unit cell is defined
by the coordinates x;, y,, z. The electron scattering
factor can be derived for a particular element from the
X-ray atomic scattering factor fX’j (0) using the Mott
formula:

4nm e’)’

=—~\Z-f__ . 2.
h280 Sln2(9/2)( X,J(e)) (Eq 25)

£.,(0)

with the electron rest mass m, the electron charge
e, the wavelength A, Planck’s constant h, the permitti-
vity of vacuum ¢, and the atomic number Z.

It must be noted that, since electrons interact much
stronger with matter than X-rays, multiple (dynamic)
diffraction occurs. As the structure factor is propor-
tional to the diffracted intensity only under kinematic
conditions, it might, therefore, not be well suited to
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estimate the intensity of the Kikuchi bands. Resolution
tests, however, have shown that the main part of the
EBSD signal originates in a volume much smaller
than the calculated interaction volume (HUMPHREYS et
al. 1999) and consists of electrons, which have suf-
fered only one diffraction event. For most minerals,
the ranking in the electronic structure factor lists thus
needs only minor adjustments. There are a few excep-
tions such as albite, for which the kinematic model is
not precise enough (PrRioR & WHEELER 1999). In the
future, dynamic diffraction models may give better
results in the simulation of EBSD patterns.

The reflecting planes with the largest structure
factors are incorporated in the material file, in order
to allow the software to identify the detected bands.
Once the pattern has been indexed, the orientation
of the source point is known. An example of a fully
indexed pattern is shown in Fig. 2.5.

In this thesis, the reflectors included in the mate-
rial files have been generated using the Electron
Microscopy Image Simulation software package
developed by STaDELMANN (1987). The software cre-
ates a list of numerous reflectors with the correspon-
ding structure factors (indicated as vhkl+i). To obtain
the reflectors that give rise to the highest diffracted
intensity (without considering multiple scattering), the
operator selects only those with the highest absolute
square of vhkl+i. The number of reflectors necessary

Fig. 2.5 EBSD Kikuchi pattern of Fig. 2.2b after indexing. Each
band corresponds to a distinct set of planes in the crystal; inter-
sections of bands represent zone axes. Only the major zone axes
have been labeled for clarity.

for successful indexing increases with the decreasing
symmetry. Typically four or five reflectors may be suf-
ficient for cubic crystals, whereas more than 40 may
be needed for triclinic ones.

Two material files were created or refined during
this PhD thesis to index trigonal alumina and cubic
yttrium-stabilized zirconia patterns (s. Table II1.7 in
the Appendix). Material files for olivine, orthopyro-
xene, clinopyroxene and garnet were put at our dis-
posal by Karsten Kunze (ETH Ziirich, Switzerland).

2.2.4 Confidence Index (Cl), Fit and Image
Quality (IQ)

The EDAX® (TSL) OIM Data Collection software
proposes three parameters to assess the reliability of
indexing: the Confidence Index (CI), the Fit and the

Image Quality (10).
2.2.4.1 Confidence Index (CI)

During the automated indexing routine each EBSD
pattern is indexed using combinations of three bands
known as triplets. They are generated from a selection
of bands identified by the Hough Transform. For each
given triplet several possible solutions may be found,
thereby corresponding to different crystallographic
orientations and satisfying the angular relationship of
the Kikuchi bands. After processing all the triplets,
the software ranks these potential solutions by sum-
ming all the votes corresponding to a given orientation
(WRIGHT & Apams 1992). The CI parameter is then
calculated according to the equation:

CI: (Vl _Vz)
A%

IDEAL

(Eq. 2.6)

where V| and V, are the number of votes for the
first and second solution and V _ is the total possi-
ble number of votes, which corresponds to the number
of different triplets used in the indexing procedure. In
EDAX" (TSL) OIM the user controls V, by limit-
ing the number of bands available to generate triplets.

The confidence index may range from 0 to 1. In
order to discriminate between reliable and unreliable
indexing, a threshold value for CI must be set. This
is particularly important when calculating pole figures
or orientation distribution functions from an orienta-
tion map, where wrong indexed points with low CI



values may completely distort the results. According
to MauULER (2000), a threshold of CI > 0.2 is appro-
priate for peridotite samples. The same value has been
used in this PhD thesis.

2.2.4.2 Fit

The fit parameter indicates the average angular
deviation between the observed position of the bands
and a recalculated position of the bands based on the
orientation obtained from the voting procedure. A
small angular deviation (e.g. 0.5°) means a good fit
between detected and recalculated data.
2.2.4.3 Image Quality (IQ)

The 1Q parameter reflects the intensity and sharp-
ness of the observed bands in the EBSD patterns. It is
calculated by summing up the detected peaks in the
Hough Transform and it expresses the quality of the
original image. Most factors affecting the quality of
Kikuchi patterns depend on the quality of the crystal
lattice in the diffracting volume. Any natural distor-
tions of the crystal lattice, low crystallinity due to bad
polishing, charging effect, too thick coating, grain
boundaries or dirty marks lead to more diffuse patterns
of a lower quality and IQ. Commonly, patterns with a
very low 1Q value will also have a poor CI.

The 1Q parameter is not an absolute value because
it also depends on the width of diffraction bands,
which in turn is dependent on the crystal structure
and the geometry of the EBSD system. Therefore, 1Q
values for patterns obtained for different materials or
with different equipments cannot be compared to each
other.
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Fig. 2.6 Schematic view of the pattern centre (PC).
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2.2.5 Pattern centre calibration

To accurately index patterns, it is necessary to
perform a calibration that takes into account the geo-
metry of the system. A successful calibration requires
an accurate identification of the specimen-to-screen
distance and of the pattern centre (PC), defined as the
point of intersection on the phosphor screen of a ray
perpendicular to a plane containing the electron beam
and the horizontal direction of the sample (Fig. 2.6).

A raw PC calibration using very high quality pat-
terns of nickel was performed each time new materials
were analyzed. The Auto Pattern and Tuning methods,
described in the EDAX® (TSL) OIM Data Collection
user manual, were applied in this case. The raw calibra-
tion values X*, Y* and Z* were then used as a stan-
dard basis and refined manually for each sample when
necessary.

2.2.6 Orientation mapping

Computerized indexing of Kikuchi patterns (s.
Section 2.2.3) coupled with the SEM’s ability to con-
trol beam or stage movements have led to fully auto-
mated EBSD orientation mapping capabilities (JuuL
JENSEN & ScuMIDT 1990, KRIEGER LASSEN et al. 1992,
WRIGHT & ApAMms 1992, Abams et al. 1993, WRIGHT et
al. 1993). During orientation mapping, data are col-
lected spot by spot on a grid defined by the operator.
The image is then reconstructed by coloring pixels on
the basis of a look-up table (Fig. 2.7). In this thesis,
orientation mapping was performed using the soft-
wares EDAX® (TSL) OIM Data Collection 3.5 and
EDAX® (TSL) OIM Analysis 3.08.

As long as the area of interest is small (< 1 mm?) a
beam-controlled scan is performed. The position of the
stage is held fixed while the electron beam scans the
selected area. On larger areas, however, the beam scan
mode is no longer possible and has to be replaced by a
stage-controlled scan mode. Grain statistics dictate the
choice of the acquisition mode: whereas the number
of grains contained in 1 mm? of high-tech ceramics
is generally sufficient to obtain a reliable texture, the
same area is meaningless for coarse-grained rocks.

2.2.6.1  Scanning procedure and tricks
Because it does not involve automatic movements

of the stage, beam scanning is more straightforward
and less hazardous than stage scanning. In beam scan
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Fig. 2.7 Schematic illustration of orientation imaging in a poly-
crystalline material: for each analysis point (a), an EBSD Ki-
kuchi pattern is collected and indexed automatically (b). The
image is reconstructed by coloring pixels on the basis of orien-
tation data (c).

mode, the area to be scanned is directly selected by
dragging the cursor onto the image preview in EDAX®
(TSL) OIM Data Collection, without going through a
time-consuming determination of manual coordinates.
On the contrary, stage scanning involves movements

of the stage inside the SEM chamber. As a collision
of the mobile parts with the detectors or the final lens
of the electron gun may seriously damage the system,
a precise procedure must be followed scrupulously.
With our system configuration, the following points
should be taken into account:

(a) During the first step the SEM chamber must
remain open. The stage file called NORMAL is set
into the VENT/PUMP position and the special sample
holder for stage scans is inserted into the SEM cham-
ber according to the corresponding mark on the stage.
The stage file NORMAL is then replaced by the OIM
stage file set in position /NITIAL. Changing this posi-
tion to EBSD 70 moves the stage to its tilted position.
At this point the SEM chamber can be closed and the
air pumped out.

(b) The sample is then moved manually to a 20 mm
working distance (WD). A smaller WD would make
the sample collide with the final lens during stage
scan.

(c) Once the WD is set, the sample is moved to
the position corresponding to the first point of the
scan. The selected scanning directions are from the
back of the chamber towards the door and from top
to bottom (s. Stage Setting in (g)). However, because
it is the stage which is moved and not the beam, the
stage motions are actually in the opposite direction.
The starting position, which corresponds to the bottom
right corner of the area when displayed on the com-
puter screen (scan rotation option set to 0), is chosen
accordingly. Finally, the coordinates x; and y, of the
origin point are recorded by the user (e.g. x, = 9000
pm and y, = -18000 pm).

(d) The sample is then moved manually to the
last point of the scan and its coordinates x_and y_ are
recorded (e.g. x, = -11000 pm and y_ = -5000 pm).

() The dimensions of the scan are calculated
according to the coordinates of the origin (x,, y,) and
the final point (x, y ) of the scan (for the example
above: the size in x = [x -x | = 20000 um, the size in'y
=ly,y, = 13000 pm).

(f) The parameters of the camera needed for the
EBSD pattern acquisition, i.e. the binning, gain, black
level and exposure, are set according to the usual pro-
cedure.

(g) Before running the stage scan, the following
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Fig. 2.8 Orientation mapping as performed in our lab in (a) stage scan mode and (b) beam scan mode. Because of the configuration
of the SEM chamber with respect to the EBSD system, the upslope rim of the sample (yellow bar) appears at the bottom of the image
when displayed in the Microscope Control program, whereas the downslope rim (blue bar) is at the top. In this configuration, the RD
direction points upwards and TD to the left of the image. In stage scan mode, the scanning direction (determined by the movement of the
stage) is chosen in such a way that the reconstructed EBSD scan in EDAX® (TSL) OIM Analysis is oriented in the same way as the pole
figure generated by the program (TD right and RD bottom). In beam scan mode, however, the scanning direction is exactly reversed:
the EBSD scan obtained (bottom right) has to be rotated by 180° before being compared with the corresponding pole figure.



22 - Chapter 2

parameters must be checked in EDAX® (TSL) OIM
Data Collection:

Environment Setting:

- Specimen Tilt = 70
- Scan Tilt=Y
- Library link for stage control: StageEDAX.dIl

Beam Control Setting:

- Tilt correct = yes
- Wait for reply = yes

Stage Setting:

- Using a pre-tilted or pre-rotated sample holder =
no

- Stage movement directions in position 4: Y
points up et X left

- Log stage command to a text file = yes

Stage Scan properties:

- Square grid

- Magnification = 100 (default)

- Start x : value x_ (for the example above: x =
9000 pm)

- Start y : value y_ (for the example above: y,
-18000 pm)

- Size: physical size of the scan calculated from x ,
X, y, et y, (for the example above: size in x =
20000 pm; size in'y = 13000 pwm).

(h) In the ClmShell32 application, verify that the
stage orientation option is set to position 4.

(i) The Active Scan pop-up menu in EDAX® (TSL)
OIM Data Collection must be free of data entered
during earlier sessions, in order to prevent the soft-
ware from performing the same scan again.

(G)  Run the stage scan.

2.2.6.2  Orientation of data in stage and beam scan
modes

Once the data have been collected attention must
be paid to the orientation of the EBSD scan with
respect to the pole figure generated by EDAX® (TSL)
OIM Analysis. In stage scan mode, the stage move-
ment is chosen so that the scanning direction corres-
ponds to TD and the direction of line skip to RD (s.

Section 2.3.1 for abbreviations). With this configura-
tion, the resulting EBSD scan has the same orientation
as the pole figure generated by EDAX® (TSL) OIM
Analysis, in which the positions of TD, RD and ND
are set. In beam scan mode, however, the situation is
exactly the reverse. The scanning direction and line
skip in the Philips® FEI XL30 SFEG Sirion SEM point
towards the opposite directions of TD and RD respec-
tively, which leads to a 180° relationship between the
scan and the pole figure generated by the software.
This problematic is illustrated graphically in Fig 2.8.

It must be noted, however, that the newest ver-
sion of EDAX® (TSL) OIM Analysis 4 (not available
in our lab) is more flexible than the 3.08 version on
that score. The TD, RD and ND positions of the pole
figures can be adjusted by the user in accordance with
the scanning direction, thus avoiding post-acquisition
rotation of the scan.

2.3 MATHEMATICAL ASPECTS RELATED TO
TEXTURE ANALYSIS

This section gives a concise overview of the mathe-
matical background used in texture analysis. For more
details the reader is referred to BUNGE (1982), RANDLE
(1993 & 2000) and Kocks (1998). Please note that the
term direction used below always refers to the position
of a single linear feature (vector, axis) with respect to
a coordinate system, whereas orientation describes the
relation between two complete coordinate frames.

2.3.1 Coordinate systems

In order to specify the orientation of a single crys-
tal relative to the polycrystalline sample it belongs
to, two sets of orthogonal reference axes, known as
coordinate systems, must be defined (BoLLmanN 1970,
McKIE & McKIE 1974). One is assigned to the crystal
and written C_. {x_, ¥, Z.} While the other is attributed
to the sample and noted C, {x, y,, . }. By convention
both frames are Cartesian and right-handed.

The crystal coordinate system C. {X., Y., Z.} 1S
specified by directions in the crystal. For convenience,
directions are chosen in order to match the crystal
symmetry. For orthogonal systems (cubic, tetragonal,
orthorhombic) the axes [100], [010] and [001] already
form an orthogonal frame and are used for x_, y. and



a)
z,=ND
y. = [010]
z.=[001]
/ X, =RD
b) Z = pole to foliation
ZS
ye = [010]
z,=[001]
X = lineation \A
\
/ X Y Foliation plane

Fig. 2.9 Sample and crystal coordinate systems C {xg, y, z}
and C.{x., Y., 2.} as commonly chosen in materials science
(a). An example of common configuration in earth sciences for
orthogonal crystals is shown in (b). (after RanpLE 2000).

z., respectively. For non-orthogonal systems (hexa-
gonal, trigonal, monoclinic, triclinic), an orthogonal
frame needs to be associated with the crystal axes. In
the hexagonal and trigonal systems, the axis [0001] is
associated with z., whereas x ., and y,. are attributed
either to [-10-10] and [-12-10], or to [2-1-10] and [0-
1-10]. The latter option is the one used in EDAX®
(TSL) OIM softwares.

The sample coordinate system Cg {x, y, Z} is
chosen according to important surfaces or directions,
often associated with the shape or microscopic fabric
of the specimen. As a general rule, zg is attributed to
the normal to the surface to analyze.

In materials science, there are obvious choices
determined by the processing geometry. For example a
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fabricated piece of metal will have the rolling direction
RD assigned to x, the transverse direction (TD) to y,
and the through-thickness direction, i.e. the direction
normal to the rolling plane (ND) to z, (Fig. 2.9). In
earth sciences macroscopic features like the orienta-
tions of platy and elongated crystals (the rock foliation
and lineation) determine the choice of the sample coor-
dinates. The directions y and z, are generally placed
in the foliation plane, whereby the y, direction is orien-
tated parallel to any existing lineation. This notation
may be confusing because standard geological repre-
sentations of LPO are often shown according to the
tectonic directions X, Y and Z, with XY defining the
foliation plane and X the lineation. There is no gene-
ral convention for the assignments of tectonic axes to
the directions x, y, and z, and different schemes are
found in the literature. One of the most widespread
choices is to assign X to -y, Y to -z, and Z to -x,. In
this case, the system is left-handed with respect to X,
Y and Z directions, although right-handed with respect
to X, ¥, and z. Another frequently used option is to
attribute X to y,, the other axes being the same, so that
the system becomes right-handed with respect to X, Y
and Z as well.

Whichever option is selected, the most impor-
tant point is to know exactly to which directions in
the sample coordinate system the structural directions
were attributed. Hence the foliation and the lineation
must be identified at an early stage in the sample pre-
paration in order to avoid troublesome and somewhat
haphazard post-processing rotation of the data. This
latter procedure must be followed, however, when the
hand specimen lacks any visible fabric or is too small
to be sawed in the desired direction.

2.3.2 Reference sphere, pole figures and in-
verse pole figures

Directions or orientations are often given in polar
coordinates, which can be graphically represented
with the help of a reference unit sphere. The direction
is represented by the point of intersection between the
direction line D going through the center and the sur-
face of the unit sphere. The position of the point is
given by two angles: W representing the azimuth of the
pole and Q the angle between the direction D and the
polar axis (Fig. 2.10).

However, this three dimensional representation is
not practical and often replaced by a well-known ste-
reographic or equal area projection of the unit sphere.



24 - Chapter 2

z, (polar axis)

Y

direction D

\

(¥=0°)

Fig. 2.10 Illustration of the reference sphere (after MATTHIES et
al. 1990).

Common two-dimensional representations include
pole and inverse pole figures. In pole figures, the refe-
rence directions coincide with the sample coordinate
system C {x, Y, Z,} and single crystal directions (e.g.
z. = [001]) are projected into that frame. In an inverse
pole figure, the reference is given by the crystal coor-
dinates C_ {X., ¥, .} and one of the sample direc-
tions (e.g. z. = ND) is projected. Materials scientists
commonly use projections of the upper hemisphere
whereas earth scientists often pick the lower hemi-
sphere. In this study, the Unicef Careware software
package (MAINPRICE 1990 & 1999) was used to gene-
rate pole figures for the peridotite minerals, whereas
EDAX® (TSL) OIM Analysis 3.08 was used for the
pole figures of the ceramic project.

2.3.3 Orientation

The orientation of a single crystal relative to the
sample is given by the rotation required to make the
crystal coordinates C.. coincide with the sample coordi-
nates C,. Commonly rotation operations are expressed
either by an orientation matrix or by Euler angles.
2.3.3.1  Orientation matrix representation

In the orientation matrix representation, the orien-
tation g of the crystal coordinate system C.. relative

to the sample coordinate system Cg, is given by the
relation:

C.=g-C, (Eq27)

in which g is expressed by a 3x3 square orientation
matrix defined as follows:

cosa, cosfP, cosy,

g=|cosa, cosB, cosy,| (Eq 28)

cosa, cosfB, cosy,

where o (with n=1,2,3) represent the angles
between the unit cell edges (e.g. the crystallographic
directions [100], [010], [001]) and x respectively, B
the angles between [100], [010], [001] and y, y, the
angles between [100], [010], [001] and z, (Fig. 2.11).
The matrix representation is mostly used when mathe-
matical manipulations are necessary. Of the nine com-
ponents of the matrix, only three are independent.
2.3.3.2  Euler angles representation

To indicate an orientation, the so-called Euler
angles @,, ® and ¢, (BunGe 1965 & 1982) are used as
a standard method. They represent a set of three rota-
tions that are needed to make the principal axes of the
sample coincide with the principal axes of the crystal
lattice. Several other equivalent conventions describe
this sequence of rotations (i.e. Roe 1965, Kocks 1988).

Xs

Fig. 2.11 Stereographic projection (upper hemisphere) showing
the angles used in the matrix representation. (C,{x., y., z.} =
crystal coordinates system; C{x, y,, z,} = sample coordinates
system).



Fig. 2.12 Stereographic projection (upper hemisphere) showing
the sequence of rotations (¢ ,, @ and ¢ ,) required to make the
sample coordinate system C coincide with the crystal coordi-
nate system C, (after BunGe 1982). C*{x’, y’, z’} and C” {x”,
v”, z”} are the sample coordinates after the first and second
rotation respectively. The angle ¢ | is defined by the rotation
of C,into C’around z, @ is defined by the rotation of C’into
C” around x’ and ¢ , is defined by the rotation of C” into C,
around z”.

Fig. 2.13 Misorientation between two crystals described by the
angle/axis pair (0 / UVW) representation (after FISCHMEISTER
1985).

Electron backscatter diffraction - 25

Bunge’s convention, which was used here, is described
in Fig. 2.12.

2.3.4 Misorientation

Misorientation is defined as the difference in orien-
tation between two neighboring grains. In other words
it is the rotation, defined by the rotation matrix Ag,,,
which is required to make the crystal lattice of grain 1
coincide with the crystal lattice of grain 2. Given two
grains with orientations defined by g, and g, the rota-
tion matrix Ag , can be expressed by the equation:

AgIZ =g, 'g;l (Eq. 2.9)

As with orientations, the misorientation Ag can be
represented by three Euler angles. However, misorien-
tations are commonly described in terms of a single
rotation axis UVW and an angle 6 (IBE & LuckE 1972,
PospiecH 1972, HanseN et al. 1978). This is known as
the angle/axis representation. The axis UVW is a crys-
tallographic direction common to both crystal lattices,
whereas 0 depicts the rotation around UVW required
to make the two crystal lattices coincide (Fig. 2.13).

Other representations of misorientation include
the Rodigues vector and quaternion descriptions. For
more information s. Kocks (1998).

2.3.5 Orientation Distribution Function
(ODF) and texture index (J)

2.3.5.1  Orientation distribution function

The orientation distribution function (ODF) f(g)
expresses the volume fraction of orientations in the
interval between g and g+dg in a space containing all
possible orientations (BunGe 1982):

AV/V =[f(g)dg (Eq 2.10)

dg = 8Lzsin ®Odoe, ddde, (Eq. 2.11)
T

where AV/V is the volume fraction of crystals
with orientation g, f(g) is the texture function and dg
is the volume of the region of integration in orienta-
tion space. Practically, the ODF can be calculated in
two ways: the so-called direct methods and the series
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expansion methods.

In the direct methods the ODF is directly calcu-
lated from the pole figure. A regular grid with a spa-
cing of a few degrees (typically 2.5 or 5°) is applied to
the pole figure and the individual poles are counted for
each cell. The values obtained are then normalized to
the cell size and the total number of poles. From these
discrete values the continuous distribution function
(ODF) is derived by interpolation.

The series expansion methods are based on the
assumption that pole figure data can be fitted by a
series of spherical harmonic functions. The series
expansion f(g) is given by (BunGe 1982):

fg)=% > ilC{““Tl‘““ (2) (Eq212)

1=0 m=—1 n=—

where T ™(g) are the spherical harmonic func-
tions calculated for each orientation (g) and C™ are
the series expansion coefficients. The expansion index
1, called Series Rank (L) in the EDAX" (TSL)
OIM Analysis software, is used to truncate the series
expansion. An 1__value of 22 is generally considered
to yield sufficiently accurate results with a reasonable
computation time.

The truncation of the series expansion leads to both
positive and negative values. However, since the ODF
is a probability density function, it has to be positive
everywhere. To overcome this negativity problem, the
C™ coefficients are adjusted by a Gaussian spread
function K:

The Gaussian half-width parameter ®, which has to
be set by the user in the EDAX® (TSL) OIM Analysis
software, has a marked influence on the peak geo-
metry. A small ® value will sharpen the peaks (without
making data more accurate), whereas a large value
will have a smoothing effect. Even if the choice of ©
is somewhat arbitrary, a small ® should be avoided
when the number of measured orientations is small.
This invariably leads to the creation of artifacts, indi-
vidual points becoming sharp peaks in the ODF repre-

sentation. In the Unicef Careware software package
(MainprICE 1990 & 1999), the user does not intervene
in the choice of the Gaussian half-width, which is set
to a fixed value of 8.5°.

2.3.5.2  Texture index (J)

The texture index J indicates how strongly a sample
is textured. It is defined as the mean square value of
the ODF f(g) (Bunge 1982):

J=[f(g)'dg (Eq214)

The J index has a value of 1 for a random distribu-
tion and a value of infinity for a single crystal, pro-
vided the expansion index 1 _is an infinite number.

2.4 SAMPLE SURFACE PREPARATION

2.4.1 Pre-polishing considerations

2.4.1.1 Peridotite

For statistical reasons, LPO analyses of polycrys-
talline samples require that the orientation of a suf-
ficient number of grains be measured. According to
BEN IsmAiL & MAINPRICE (1998), at least 100 to 150
grains should be analyzed in order to obtain a repre-
sentative texture. All peridotite xenoliths investigated
in this study are coarse-grained with individual crys-
tals of several millimeters in size. Scanning of large
areas was therefore imperative. Rectangular blocks of
peridotite with analyzable surfaces ranging from 2 to 6
cm? were prepared, allowing the measurement of more
than 300 grains for each sample.

The peridotite xenoliths are very brittle with weak
cohesion between grains. In order to avoid sample
break up during grinding, all blocks were impregnated
with an epoxy Araldit® D glue before surface prepara-
tion.

2.4.1.2  Ceramics
The density of a green body shaped by cylindri-

cal die pressing is not homogeneous throughout the
whole sample (s. Section I11.2.6.1). Indeed, the top and



bottom surfaces of the cylindrical green body show a
relatively large density variation normal to the pres-
sing axis while the density in the middle of the sample
is more constant. Such density heterogeneities are
often translated into the sintered body. In order to ana-
lyze the most homogenous surface possible in terms of
density, each sample was sawed transversally half way
between its upper and lower bases. One of the two new
surfaces was then prepared for EBSD analyses.

2.4.2 Polishing

2.4.2.1  Peridotite

EBSD measurements require that a pristine crys-
talline lattice extend to within a few nanometers of
the specimen surface. A deteriorated surface would
seriously affect the Kikuchi pattern quality and
make reliable EBSD data acquisition impossible. To
minimize the mechanical damage of the surface to
be analyzed, the peridotite sample blocks were first
grinded on Struers® diamond-bearing discs. The
next polishing steps were achieved on a synthetic
Teflon® plate using successive diamond-bearing
pastes starting with a grain size of 15 um and ending
with 0.25 um. At last, chemical-mechanical lapping
(FynN & PoweLL 1979, LLoyp 1987) with a basic col-
loidal silica solution (particle size 0.025 um) was
performed. After 10 h of lapping, the samples were

seskeoskokok
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rinsed in water.

To reduce the charging effects under the SEM elec-
tron beam, silver painting was applied on the ridges of
the sample blocks. Finally, each specimen was coated
with a 2 nm carbon layer using a BalTec® MED 020
high vacuum coating system equipped with a quartz
film thickness monitor. The minute carbon thickness
applied was sufficient to avoid charging and did not
deteriorate the EBSD patterns.
2.4.2.2  Snowball garnets

The polishing procedure for the snowball garnet
samples was exactly the same as the one followed
for the peridotite samples. Nevertheless, the analyzed
specimens consisted of thin sections instead of blocks.
Because of the physical limitations of the sample
holder, however, the thin sections were mounted on
rectangular blocks. This configuration also turned out
to be more practical when applying silver painting on
the samples.
2.4.2.3  Ceramics

The surface preparation for alumina and zirconia
ceramics was very similar to the procedure followed
for rocks. Because of the smallest size of the ceramic
bodies, however, the duration of the chemical-mecha-
nical lapping with the colloidal solution was limited to
6 h instead of 10.
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3 - SEISMIC PROPERTIES OF THE UPPER MANTLE BENEATH
LANZAROTE (CANARY ISLANDS): MODEL PREDICTIONS
BASED ON TEXTURE MEASUREMENTS BY EBSD

VonrLantHEN P, Kunze K., BURLINT L. & GROBETY B.

published in Tectonophysics 428, 65-85 (2006)

ABSTRACT

We present a petrophysical analysis of upper mantle xenoliths, collected in the Quaternary alkali basalt fields
(Series III and IV) from the island of Lanzarote. The samples consist of eight harzburgite and four dunite nodules,
5 to 15 cm in size, and exhibit a typical protogranular to porphyroclastic texture. An anomalous foliation resulting
from strong recovery processes is observed in half of the specimens. The lattice preferred orientations (LPO) of
olivine, orthopyroxene and clinopyroxene were measured using electron backscatter diffraction (EBSD). In most
samples, olivine exhibits LPO’s intermediate between the typical single crystal texture and the [100] fiber texture.
Occasionally, the [010] fiber texture was also observed. Simultaneous occurrence of both types of fiber textures sug-
gests the existence of more than one deformation regime, probably dominated by a simple shear component under
low strain rate and moderate to high temperature. Orthopyroxene and clinopyroxene display a weaker but signifi-
cant texture. The LPO data were used to calculate the seismic properties of the xenoliths at PT conditions obtained
from geothermobarometry, and were compared to field geophysical data reported from the literature. The velocity
of P-waves (7.9 km/s) obtained for a direction corresponding to the existing seismic transect is in good agreement
with the most recent geophysical interpretation. Our results are consistent with a roughly W-E oriented fastest P-
wave propagation direction in the uppermost mantle beneath the Canary Islands, and with the lithosphere structure
proposed by previous authors involving a crust-mantle boundary at around 18 km in depth, overlaid by intermediate
material between 11 and 18 km.

3.1 INTRODUCTION During sea-floor spreading, plastic deformation of the

lithosphere and the upper part of the asthenosphere

Anisotropy of petrophysical properties and struc-
ture is a well established feature of the upper mantle,
documented by numerous field observations (e.g.
RarrT et al. 1969, ForsytH 1975, NATAF et al. 1984,
TaNIMOTO & ANDERSON 1985, SHEARER & ORCUTT
1986, MONTAGNER & TaNiMoTo 1990, SiLvErR & CHAN
1991) and laboratory experiments (e.g. CARTER & AVE
LaLLEMANT 1970, NicoLas et al. 1973, Kunze & AVE
LALLEMANT 1981, ZEucH & GREEN 1984, CHOPRA &
PaTErSON 1981, ZHaNG & KaraTo 1995, Tommast et
al. 1999, ZuanG et al. 2000, BysTricKy et al. 2000).

generates a lattice preferred orientation (LPO) of upper
mantle minerals. Since olivine is elastically anisotro-
pic (VERMA 1960, Kumazawa & ANDERSON 1969) and
constitutes the volumetrically dominant phase, LPO
of olivine is considered the main source for seismic
anisotropy in the upper mantle (Hess 1964).

Ultramafic xenoliths represent a unique opportu-
nity to investigate the geochemical and geophysical
nature of upper mantle material. Calculations of seis-
mic properties from xenolith LPO’s help to evaluate
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the magnitude of seismic velocities in the upper mantle
(e.g. MAINPRICE & SILVER 1993, BarruoL & KERN
1996, KErN et al. 1996, BEN IsMAIL & MAINPRICE 1998,
MAINPRICE et al. 1998, SOEDIATMIKO & CHRISTENSEN
2000, SARUWATARI et al. 2001, Pera et al. 2003) and
can be used to better constrain the interpretations
inferred from field geophysical measurements. In
the last few decades, the upper mantle xenoliths of
Lanzarote have been investigated by numerous petro-
logical and geochemical studies (Siena et al. 1991,
NEUMANN et al. 1995, THoMAS et al. 1999, NEUMANN
et al. 2004). However, our knowledge on the petro-
physical properties of the upper mantle beneath this
island remains controversial. Using the seismic refrac-
tion method, Banpa et al. (1981) calculated a very low
mantle velocity of 7.4 km/s for Pn-waves in the NNE-
SSW direction. However, this interpretation was ques-
tioned recently by DaNoOBEITIA & CANALES (2000), who
proposed an upper mantle velocity of 7.6-7.8 km/s in
the same direction. In this paper, we present an elec-
tron backscatter diffraction (EBSD) study carried out
on twelve ultramafic xenoliths sampled on the island
of Lanzarote. The objective is to measure LPO’s of
olivine, orthopyroxene and clinopyroxene and to infer
the seismic properties of the upper mantle in depth.
These results are used to better constrain the defor-
mation regimes and the geodynamic setting of the
upper mantle and are compared to the interpretations
deduced from field geophysical measurements.

3.2 GEOLOGICAL BACKGROUND

The geodynamic setting of the Canary Archipelago
continues to be a debated issue among earth scientists.
Historically, four concepts were proposed to explain
the magmatic activity of the Canary Islands: (1) the
hot spot model (MorGan 1971, Burkte & WiLsoN 1972,
ScHMINCKE 1973, Voagt 1974, KHAN 1974, MORGAN
1983), (2) the propagating fracture hypothesis, pos-
sibly related to the tectonics of the Moroccan Atlas
(DasH & BossHARD 1969, MacFARLANE & RIDLEY
1969, BossHARD & MACFARLANE 1970, LE PicHoN &
Fox 1971, Grunau et al. 1975, ANGuita & HERNAN
1975), (3) the uplift tectonic concept (ARANA &
OrTiz 1986) and (4) the local extensional ridge theory
(FusTer 1975). Among these, the hot spot model has
clearly gained in popularity in the last two decades
(e.g. ScumINcKE 1982, HoLik et al. 1991, WarTts 1994,
HoErNLE et al. 1995, NEUMANN et al. 1995, CARRACEDO
et al. 1998, DaNoBEITIA & CaNALES 2000, RHODES
& Davies 2001). However, numerous inconsisten-

cies between the evolution of the Canary Islands and
the classical hot spot scheme have been reported by
HoerNLE & ScHMINCKE (1993). To explain these diffe-
rences, these authors suggested that the Canary Islands
plume corresponds to a “blob type” (ALLEGRE et al.
1984) hot spot, whereas others (ANGUITA & HERNAN
2000) proposed a unifying model partly reconciling
three of the historically cited hypotheses, thus giving
more weight to the regional tectonics. Whatever the
scenario, it seems now widely accepted that volcanism
in the Canary Islands cannot be attributed to a classi-
cal hotspot alone and is not completely independent
of the regional tectonics. The question whether the
importance of tectonics is major or minor has not been
elucidated yet.

Lanzarote is the easternmost island of the Canary
Archipelago, located about 140 km off the African con-
tinent in the Atlantic Ocean. Together with the island
of Fuerteventura, Lanzarote represents the emergent
part of the East Canary Ridge (Fig. 3.1), a NNE-SSW
linear volcanic structure about of 400 km in length
and 65 km in width (MARINONI & PasQuari 1994).
Subaerial volcanic activity in Lanzarote dates back to
the mid-Miocene (ABDEL MoNEM et al. 1971, CoELLO
et al. 1992). It can be divided into (1) a shield-building
stage, mainly Miocene in age (14.5 - 8.7 Ma), followed
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Fig. 3.1 Map of the East Canary Ridge with altitude contours
at 500 m intervals. Areas above sea level are light shaded. Qua-
ternary lava fields for Series 11l and IV in Lanzarote are shown
in dark gray and black, respectively, the straight line represents
the seismic transect of Banp4 et al. (1981).



by sporadic volcanic activity interrupted by long-
lasting erosive periods up to the early Pliocene (3.8
Ma), and (2) a post-shield or post-erosion stage, Plio-
Quaternary in age (2.7 Ma — Recent), characterized
by the formation of small NE-NNE aligned volcanoes
with associated lava fields. The volcanic products of the
shield-building stage are known as Series I, whereas
the post-shield stage volcanics comprise the Series 11,
III and 1V, the latter referring to the Historical volca-
nic products (FUSTER et al. 1968). Recent eruptions on
Lanzarote occurred between 1730 and 1736 and in
1824. Like the other islands of the Canaries, Lanzarote
is built on a pre-Miocene basal complex (FUSTER &
AGUILAR 1965, STILLMAN et al. 1975, ROBERTSON &
STiLLMAN 1979, RoOBERTSON & BERNoUILLI 1982, LE
Bas et al. 1986), consisting of Cretaceous turbidites
overlain by interbedded Albian-Oligocene sediments
and submarine volcanics. However, the basal complex
does not crop out in Lanzarote.

The crustal and upper mantle structure beneath
Lanzarote was investigated by gravimetric
(MACFARLANE & RIDLEY 1969, CAMACHO & VIEIRA
1991), seismic (Banpa et al. 1981) and magnetotellu-
ric (OrTiz et al. 1986) studies. On the basis of seismic
refraction data, Banpa et al. (1981) divided the crust
into an upper layer, about 5 km in thickness, formed
by pelagic and volcanoclastic sediments overlain by
Tertiary and Quaternary volcanics, and a lower layer,
about 6 km in thickness, containing the base of the
ophiolitic sequence. In this interpretation, the Moho
lies at a depth of 11 km and overlies anomalously hot
upper mantle material characterized by a very low
Pn-wave velocity of 7.4 km/s. However, after re-inter-
preting the data of Banpa et al. (1981), DANOBEITIA &
CaNALEs (2000) located the Moho at 18 km, conside-
ring the material between 11 and 18 km as resulting
from underplating. These authors hence suggested
a higher Pn-wave velocity for the upper mantle (7.6
— 7.8 km/s).

3.3 SAMPLES

In this study, twelve peridotite xenoliths collected
in the Quaternary lava fields (Series III and IV) of
Lanzarote were examined. From these, seven samples
(labeled LA) were already investigated from a geo-
chemical point of view in a former study by NEUMANN
et al. (1995) and were kindly put at our disposal. The
other five samples (labeled PV) are part of the ETH
Ziirich collection.
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Fig. 3.2 Modal compositions (based on EBSD scans) for the
twelve spinel-peridotites from Lanzarote. The samples analyzed
in the geochemical study of NEumann et al. (1995) are repre-
sented by open circles.

The xenoliths of Lanzarote form rounded nodules,
typically 5-15 centimeters in size, embedded in alkali
basalts. Eight samples are spinel-harzburgites (PVO01,
PV05, PV06, PV08, LA2-4, LA6-1, LA6-35, LA8-4)
and four are spinel-dunites (PV04, LA6-16, LA6-19,
LAB8-7) (Fig. 3.2). According to the nomenclature of
MERCIER & NicoLas (1975), the fabric of the samples
can be classified either as protogranular or porphyro-
clastic, except for sample LAS8-7, which is extensively
recrystallized and tends to adopt an equigranular fabric
(Fig. 3.3). A correlation exists between fabric and
composition, the protogranular samples being mainly
spinel-harzburgites, whereas all spinel-dunites (except
PV04) are either porphyroclastic or equigranular.

The protogranular fabric (PVO01, PV04, PVO0S5,
PVO06, PV08, LA2-4, LAS8-4) is characterized by very
coarse strain-free to moderately strained olivine and
orthopyroxene grains up to 15 mm in size. Most pro-
togranular samples show a strong recovery texture,
generally indicative of high temperature conditions
typically in the order of 1200°C (NicoLas & POIRIER
1976). If present, the subgrain boundaries are straight
and widely spaced. The grain boundaries are either
slightly curved, indicating migration, or straightened
by grain boundary area reduction. Small rounded oli-
vine grains showing a possible pathway of a percolating
magma were also observed (Fig. 3.4a). Orthopyroxene
often displays corroded grain shapes with embayments
filled by olivine or an aggregate of secondary olivine,
clinopyroxene and spinel. Clinopyroxene is generally
scarce and interstitial, but may form larger subhedral
grains up to 5 mm in size.
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Fig. 3.3 Typical microstructures of Lanzarote peridotites. For each fabric type, a close-up view of the framed area in the left image is
presented on the right. (a-a’) Coarse-grained protogranular sample (PV06) showing clear signs of recovery: large and optically strain-
free grains, widely spaced subgrain boundaries, stepwise straight grain boundaries due to area reduction (white arrow) and smoothly
curved grain boundaries indicating grain boundary migration (black arrow). (b-b’) Partly recrystallized porphyroclastic harzburgite
(LA6-35) showing well developed and closely spaced subgrain boundaries in remnant porphyroclasts (P). Neoblasts (N) are optically
strain-free. (c-c’) Pervasively recrystallized dunite (LAS-7) equilibrated at high temperature (annealing) with a mosaic equigranular

fabric. Foliation horizontal; crossed polarizers.

The porphyroclastic samples (LA6-1, LA6-16,
LA6-19, LA6-35) show clear signs of plastic defor-
mation by dislocation creep, as evidenced by undulose
extinction and narrowly spaced subgrain boundaries
in the coarse (up to 10 mm) olivine porphyroclasts.

Recrystallization into small (typically 0.1 to 1 mm
in size) subhedral and strain-free neoblasts is strong
to moderate. The porphyroclast grain boundaries
are often serrated or imbricated. Little signs of reco-
very processes were observed in these samples. This



Fig. 3.4 (a) Recrystallization of rounded olivine grains indicat-
ing a possible pathway of percolating magma in sample PV04
(protogranular). (b) Subautomorphic olivine grain truncating a
former porphyroclast in sample LAS-7 (equigranular). Crossed
polarizers.

porphyroclastic fabric is generally interpreted as the
result of a deformation under moderately high tempera-
ture (typically 1000-1100°C), partly confirmed by the
thermometric analyses of NEumann et al. (1995). In
their description, the coarse, strained porphyroclasts
are identified as generation I as opposed to the neo-
blasts of generation II. Orthopyroxene also displays
large (up to 10 mm) porphyroclasts of generation I,
frequently with narrow exsolution lamellae of clino-
pyroxene and spinel. Rare kink bands are observed
in orthopyroxene of sample LA6-35. Partial or com-
plete recrystallization of orthopyroxene in aggregates
of minute olivine, orthopyroxene, clinopyroxene and
spinel is commonly observed. In most samples, clino-
pyroxene occurs either as neoblasts, usually smaller
than 0.1 mm, or as exsolution lamellae in orthopyro-
xene.

At increasing strain, the porphyroclastic fabric
evolves towards a dynamically recrystallized and equi-
granular microstructure (LA8-7). The neoblasts form
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a groundmass of equi-dimensional, optically strain-
free olivine grains, occasionally embedding relicts
of earlier porphyroclasts. Recrystallization by sub-
grain rotation is predominant, as evidenced by bands
or patchy areas containing newly formed neoblasts
with similar crystallographic orientations. However,
tabular shaped “subautomorphic” olivine (BOULLIER &
Nicoras 1975, Mercier 1979) truncating the residual
porphyroclasts (Fig. 3.4b) clearly indicates a later
growth from recrystallized nuclei.

In both protogranular and porphyroclastic fabrics,
the shape preferred orientation of the large olivine
grains marks a weak foliation, which is barely visible
in hand specimen, but obvious in thin section and
EBSD maps. Most protogranular samples, however,
show an anomalous grain shape foliation relative to
olivine LPO, which is oriented normal to the olivine
[100] pole maximum. This feature, already mentioned
by Coisy (1977) in peridotites from the French Massif
Central, is discussed in detail in Section 3.6.2.

Geothermometry (NEumann et al. 1995) per-
formed on the porphyroclast and neoblast assemblages
revealed an extremely wide spectrum of equilibra-
tion temperatures, ranging from 750 to 1290°C.
Geobarometric analyses based on microthermomet-
ric measurements on the densest CO _-fluid inclusions
indicated a pressure of 0.6-0.8 GPa (20-26 km depth)
for the xenoliths, suggesting a very high geothermal
gradient beneath Lanzarote, with a temperature of
about 1100°C at 26 km depth (NEuMANN et al. 1995).
Trace elements and isotope analysis of ultramafic
xenoliths revealed that the upper mantle beneath the
Canary Islands became strongly depleted during the
opening of the Atlantic Ocean, after about 25-30 %
partial melting. Metasomatic processes related to
the intrusion of carbonate-rich melts, attributed to
Cenozoic intraplate volcanism, were also put forward
by NEUMANN et al. (2004).

3.4 METHODOLOGY

3.4.1 LPO measurement and representa-
tion

The lattice preferred orientations (LPO’s) of oli-
vine, orthopyroxene and clinopyroxene were measured
by electron backscatter diffraction (EBSD). The EBSD
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Sample Rock type Fabric Measurements Measurements Average CI  Total number ~ Area [em’] Phase [vol.%)]
with CI>0.2 of grains Ol Opx Cpx

PVO01 harzburgite protogranular 25696 12245 (48%) 0.23 335 2.54 76 20 4
PV04 dunite protogranular 27336 19590 (72%) 0.34 350 2.70 95 2 3
PV05 harzburgite protogranular 56776 41737 (74%) 0.36 450 5.62 84 13 3
PV06 harzburgite protogranular 58256 38975 (67%) 0.33 397 5.76 81 17 2
PV08 harzburgite protogranular 55266 41691 (75%) 0.37 396 5.48 80 19 1
LA2-4 harzburgite protogranular 62586 43020 (69%) 0.33 638 6.21 69 30 1
LAG6-1 harzburgite porphyroclastic 50406 34147 (68%) 0.34 2964 5.00 83 16 1
LA6-16 dunite porphyroclastic 30261 19384 (64%) 0.31 358 2.99 93 1 6
LA6-19 dunite porphyroclastic 57316 43759 (76%) 0.40 1160 5.68 100 0 0
LA6-35 harzburgite porphyroclastic 41396 29856 (72%) 0.36 3000 4.09 75 24 1
LA8-4 harzburgite protogranular 53856 35881 (67%) 0.32 715 533 82 15 3
LAS8-7 dunite equigranular 48546 35099 (72%) 0.37 4932 4.18 90 8 2

Table 3.1 Characteristics from EBSD scans for the twelve Lanzarote xenoliths. Only grains with a minimum of 2-3 (equigranular)
respectively 7-10 (protogranular) successful measurements were retained for the grain count statistics, in order to avoid artificial

overestimations of the number of grains.

technique (e.g. VENABLES & HARLAND 1973, ApaMms et
al. 1993, Prior et al. 1999) is based on automatic ana-
lysis of Kikuchi-type diffraction patterns generated by
backscattered electrons. For each point of analysis, the
crystallographic orientation, commonly expressed by
Euler angles (¢, ®, ¢,; Bunce 1982), is determined
after indexing of the corresponding diffraction pat-
tern. All EBSD data were collected at the University
of Fribourg using a Philips® FEI XL30 SFEG Sirion
scanning electron microscope (SEM). The best results
were obtained with an acceleration voltage of 20 or 25
kV for a probe current of 20 nA. Recording and pro-
cessing of the EBSD patterns were performed with the
EDAX® (TSL) OIM 3.5 software package.

EBSD measurements were carried out on mas-
sive sample blocks, approximately 4 x 2 x 1 c¢cm in
size. Because Lanzarote xenoliths are often brittle and
prone to break up when manipulated, each block was
impregnated with epoxy glue before surface polishing.
Usual grinding and polishing with diamond paste was
followed by lapping for 10 h using a colloidal silica
suspension (grain size 25 nm). To avoid specimen
charging, the sample surface was coated with a 2 nm
carbon layer and connected with silver paint to the
sample holder.

For statistical reasons, LPO analysis of a polycrys-
talline sample requires that the orientation of a suffi-
cient number of grains is measured. According to BEN
IsmaiL & MaINPRICE (1998), at least 100 to 150 grains
should be analyzed in order to obtain a representative
LPO of a rock. Due to the coarse grain size distribu-
tion of most Lanzarote xenoliths, data were collected
on grids with 100 um steps using a computer-control-

led SEM stage. This allowed the measurement and
mapping of several hundreds of grains per sample on
areas ranging from 14.5 x 17.5 mm? for the smallest
specimen and up to 17.0 x 36.5 mm? for the largest.
For each point of analysis, a Confidence Index (CI)
expresses the reliability of indexing. CI values are
always comprised between 0 and 1 and experience
has shown that a pattern with a C[>0.2 is almost cer-
tainly indexed correctly. In our samples, the average
Confidence Index (CI) was between 0.31 (LA6-16)
and 0.40 (LA6-19) except for sample PVO1 (0.23). The
points of the scans with a CI<0.2 were not considered
for further texture analysis. The consistently high CI
values of our EBSD data make indexing errors due
to pseudo-symmetry of olivine very unlikely. Wrong
indexing is generally accompanied 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. Such features are never
observed in this study. The scanning parameters, ave-
rage CI values and modal composition for the twelve
Lanzarote xenoliths are presented in Table 3.1.

In order to obtain data compatible with the format
of most of the already published EBSD analyses on
upper mantle material (e.g. MAINPRICE & SILVER 1993,
BEN IsMAiL & MAINPRICE 1998, MAINPRICE et al. 2000,
VaucHeEz & Garribo 2001, Pera et al. 2003), the
Unicef Careware software package (MAINPRICE 1999)
was chosen to generate orientation distribution func-
tions (ODF) and to calculate seismic properties. The
ODF f(g), defined by BunGe (1982) as the volume
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a) Olivine (py =3.355 [g/cmB]) Orthopyroxene (py =3.370 [g/cms]) Clinopyroxene (py = 3.327 [g/cms])
C;j(Po,Tp) 3205 68.1 716 0.0 0.0 0.0 2369 799 632 0.0 0.0 0.0 237.8 83.5 80.0 0.0 9.0 0.0
68.1 1965 76.8 0.0 0.0 0.0 79.9 180.5 56.8 0.0 0.0 0.0 83.5 183.6 599 0.0 9.5 0.0
71.6  76.8 2335 0.0 0.0 0.0 632 56.8 2304 0.0 0.0 0.0 80.0 599 2295 0.0 48.1 0.0
0.0 0.0 00 640 0.0 0.0 0.0 0.0 0.0 843 0.0 0.0 0.0 0.0 0.0 765 0.0 8.4
0.0 0.0 0.0 00 770 0.0 0.0 0.0 0.0 0.0 794 0.0 9.0 9.5 481 0.0 73.0 0.0
0.0 0.0 0.0 0.0 0.0 787 0.0 0.0 0.0 0.0 0.0 80.1 0.0 0.0 0.0 8.4 0.0 81.6
b) Olivine (p(P,T) =3.248 [g/cm3]) Orthopyroxene (p(P,T) =3.276 [g/cml]) Clinopyroxene (p(P,T) =3.214 [g/c1n3])
Cy(P,T) 289.6 602 649 0.0 0.0 0.0 209.8 63.6 368 0.0 0.0 0.0 207.0 67.0 522 0.0 8.3 0.0
60.2 1734 730 0.0 0.0 0.0 63.6 1547 514 0.0 0.0 0.0 67.0 1569 523 0.0 8.4 0.0
649 73.0 209.2 0.0 0.0 0.0 368 514 1878 0.0 0.0 0.0 522 523 1825 0.0 476 0.0
0.0 0.0 00 517 0.0 0.0 0.0 0.0 0.0 724 0.0 0.0 0.0 0.0 0.0 655 0.0 9.1
0.0 0.0 0.0 00 639 0.0 0.0 0.0 0.0 0.0 665 0.0 8.3 84 476 0.0 605 0.0
0.0 0.0 0.0 0.0 0.0 64.0 0.0 0.0 0.0 0.0 0.0 679 0.0 0.0 0.0 9.1 0.0  69.1

p(P,T) = po {[1+(KVK)(P-Po)] *[1-aa(T-T)]}  (Eq- 3.4)
Cy(P.T) = C;j(Py, To) + (dC;/dP)(P-Py) + 1/2(d*C;i/dP*)(P-Py)* + (dCy/dT)(T-T,) (Egq. 3.5)

with:

p(P,T) = density derived for P/T conditions of 0.7 [GPa] and 1000 [°C]

po = density at room pressure (P,) and temperature (T,)

K = bulk modulus in [GPa]: ol = 126.3 (ABRAMSON et al. 1997); opx = 115.5 (CHal et al. 1997); cpx = 113.0 (LEVIEN et al. 1979)

K' = bulk modulus pressure derivatives: ol = 4.28; opx = 7.82; cpx = 4.80; same authors

a,= volume thermal expansion coefficient* in [°C']: ol = 3.81-10” (HazeN 1976); opx = 3.45-10 (JACKsON et al. 2003); cpx = 4.10-10™ (FINGER & OHASHI 1976)

C;i(P T) = elastic constants in [GPa] derived for P/T conditions of 0.7 [GPa] and 1000 [°C]

C;j(Py,Ty) = elastic constants in [GPa] at room pressure and temperature for ol (ABRAMSON et al. 1997), opx (CHal et al. 1997) and cpx (CoLLINS & BROWN 1998)
dC;/dP = first order pressure derivatives (nondimensional) for ol (ABRAMSON et al. 1997), opx (FrisiLLO & BArscH 1972*%) and cpx (MATsul & BUSING 1984*%**)
dzcﬁ/sz = second order pressure derivatives in [GPa"] for ol and opx; same authors

dC;/dT = temperature derivatives in [GPa/°C] for ol (Isaak 1992), opx (CHal et al. 1997) and cpx (FRISILLO & BARSCH 1972%%**%*)

* average values considered constant over the temperature range of interest

** extrapolated to 1000 [°C], as suggested by MAINPRICE et al. (2000)

*** theoretical values

*#%% opx values were taken instead of the missing data for cpx, as recommended by ESTEY & DoucLas (1986)

Table 3.2 Density and elastic constants of olivine, orthopyroxene and clinopyroxene (a) for room conditions and (b) derived for upper
mantle P/T conditions of 0.7 GPa and 1000°C. Density and elastic constant variations as a function of pressure and temperature were
calculated using the Eq. 3.4 and 3.5, respectively.

fraction of orientations in the interval between g and The strength of the texture was expressed by the
g+dg in a space containing all possible orientations, is texture index J calculated as the mean square value of
given by: the ODF (BunGe 1982):
2
AV/V = [f(g)dg (Eq3.0) J=]f(g)dg (Eq33)

1 A purely random LPO gives a J of 1, whereas for a
dg = ——sin®de,ddde, (Eq.3.2) single crystal, the texture index tends towards infinity
81 (in reality to about 270 due to the truncation in spheri-
cal harmonic calculations and the Gaussian used).
where AV/V is the volume fraction of crystals with

orientation g, f(g) is the texture function and dg is LPO’s are plotted on lower hemisphere equal area
the volume of the region of integration in orientation nets displaying multiple of uniform distribution con-
space. Spherical harmonics truncated at an expansion touring. As Lanzarote xenoliths are often small in size
degree of 1 =22 with a default Gaussian half-width (typically only a few cm) and lack a clear macroscopic

of 8.5° were used. fabric, the geometric elements commonly used for the
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structural reference frame (foliation and lineation)
were often not visible at the scale of hand specimen.
This, added to the need for large areas of analysis, led
us to choose the sample’s orientation based on the
shape of the hand specimen rather than on the tex-
tural parameters. All orientation data acquired on non-
oriented samples were rotated after EBSD acquisition.
Depending on the possibility or impossibility to deter-
mine the foliation plane in three dimensions (from grain
shape in EBSD orientation maps and observation on
perpendicular cuts of the sample block), two different
rotation procedures were applied. (1) If the foliation
could be identified, orientation data were rotated in
order to place the foliation either horizontally, for the
samples with a normal foliation (Z = pole of the normal
foliation), or vertically for those with an anomalous
foliation (X = pole of the anomalous foliation). This
setting is considered the most appropriate because it
assumes that the original foliation, which should have
developed contemporaneously with the LPO, was in
horizontal position. This option also makes texture
comparisons between samples with both normal and
anomalous foliations possible. In texture and seismic
plots, the visible foliation is indicated by continuous
line, whereas the original foliation is approximated by
a dashed line. As lineation was never observed in these
samples, the orientation data were then rotated within
the foliation plane assuming olivine [100] (for the
samples with a normal foliation) or [010] (for those
with anomalous foliation) pole maxima (eigenvectors)
as lineation indicators placed in the projection plane
towards X or Z, respectively. (2) Orientation data of
the samples, for which neither foliation nor lineation
could be determined, were rotated so that olivine [100]
and [010] pole maxima (eigenvectors) correspond to
the X and Z structural directions, respectively. Previous
authors (e.g. BEN IsmaiL & MAINPRICE 1998, MAINPRICE
et al. 2000) had also identified those directions with X
and Z in oceanic upper mantle peridotites.

From the twelve Lanzarote xenoliths, an average
sample LPO (e.g. MaiNPRICE & HUMBERT 1994, BEN
IsmaiL & MainprICE 1998, Pera et al. 2003) was
calculated for olivine, orthopyroxene and clino-
pyroxene after rotation in the common reference
frame. Averages were obtained by merging all the
orientations of a given phase, each measurement
having the same weight independently of the size of
the scan. Pole figures for ortho- and clinopyroxene
were calculated only for the total data set but not for
the individual samples, as the number of grains per
scan was too small to generate any representative
texture.

3.4.2 Calculation of seismic properties

The density and elastic constants used for the
determination of the seismic velocities from LPO’s
were extrapolated to a pressure of 0.7 GPa and a tem-
perature of 1000°C for the whole sample population
(Table 3.2). These P/T estimates were taken from the
thermobarometric analyses of NEUMANN et al. (1995).
As olivine showed little chemical variability from one
sample to another (Fo,, ., on the samples analyzed
by NEUMANN et al. 1995), the variation of density and
elastic constants with iron content was not taken into
account and a fixed composition of Fo,, was assumed
for calculations.

The effective elastic constants of the samples were
calculated using the Voigt average over all reliable
crystal orientation measurements. For any propaga-
tion direction, the velocity of compressional (Vp) and
shear waves (Vs and Vs)) is calculated. Anisotropy of
P-waves (AVp) is defined by the relation 100%(Vp, -
Vp,.)/[2(Vp_ +Vp, . )], where Vp andVp . arethe
maximum and minimum P-wave velocity observed in
a given sample, respectively. Calculations of S-wave
anisotropy (AVs) are based on the velocities of the fast
and slow S-wave members produced by shear wave
splitting. For each given direction, AVs is determined
using the relation 100%(Vs,-Vs))/[V2(Vs +Vs)],
where Vs, is the faster wave members and Vs, the
slower (MAINPRICE & SILVER 1993). Calculations were
performed for each sample from the corresponding
LPO, assuming a modal composition of 100% olivine.
The seismic behavior of the peridotite average sample
was determined based on olivine, orthopyroxene and
clinopyroxene average sample LPO’s, assuming a
composition of 84 vol.% olivine, 14 vol.% orthopy-
roxene and 2 vol.% clinopyroxene.

3.5 REsuLTS

3.5.1 Lattice preferred orientation (LPO)

LPO’s of olivine for each of the twelve xenoliths
are presented in Fig. 3.5, whereas Fig. 3.6 shows the
average sample LPO’s for olivine, orthopyroxene and
clinopyroxene.

LPO data of olivine can be divided in two groups.
Group I (Fig. 3.5a) is characterized by a strong clus-
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227540

Fig. 3.5 Olivine pole figures showing the preferred orientations of the [100], [010] and [001] axes for the twelve Lanzarote xenoliths.
LPO’s of group I are shown in (a), those of group Il in (b). Pole figures are represented on lower hemisphere equal area projections.
When observed, foliation is represented by a continuous line either horizontally for the samples with a normal foliation (Z = pole of the
normal foliation) or vertically for those with an anomalous foliation (X = pole of the anomalous foliation). For the latter, the approxi-
mate position of the original foliation is indicated by a dashed line. Samples lacking any visible foliation are oriented with the maxi-
mum alignment (eigenvectors) of olivine [100] and [010] to the left and to the top, respectively. In case of an asymmetric distribution
of [100] axes relative to the pole maximum, the data were rotated so that the tails are counterclockwise from their maxima (assuming
a dextral shear). Contours are multiples of uniform distribution (1 m.u.d. intervals) beginning at 0.5 (dashed line); the number on the
bottom right of each plot expresses the maximum density (position marked by a small black square on pole figures). Labels on the left
side of each plot row indicate sample number, approximate number of grains n analyzed and texture index J. The three eigenvectors e,
e,and e, are plotted as grey triangles, squares and discs, respectively.

tering of the [100] poles parallel to the X structural relatively weak maxima in the Z and Y directions,
direction. The distribution of [010] and [001] axes respectively. This LPO is commonly referred as single
is less straightforward and ranges between two end crystal texture and corresponds to the type A of BEn

members. At one end, [010] and [001] have clear but IsmaiL & MaINpRICE (1998). At the other end, [010] and
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Fig. 3.6 Average sample LPO's of olivine, orthopyroxene and
clinopyroxene plotted on lower hemisphere equal area nets.
Symbols, references and calculation methods as in Fig. 3.5.

J=2.82

[001] tend to form diffuse girdles in the YZ structural
plane normal to the X structural direction, with [100]
acting as an approximate axis of rotational symmetry.
Occasionally, secondary peaks appear within these
girdles. This LPO was described as [100] fiber texture
by BUNGE (1982) and corresponds to the type B of BEN
IsmaiL & MAINPRICE (1998). Since most of the samples
of group I show an intermediate LPO between both
end members, they have been attributed to a common
textural entity in our study. The LPO’s of group II (Fig.
3.5b) show a clustering of [010] poles parallel to the
Z structural direction, with [100] and [001] distributed
along girdles in the XY structural plane. This LPO is
known as [010] fiber texture and was reported as type
D in BeN IsmaiL & MainprICE’s database. The texture
index J for olivine is comprised between 2.90 (LAS8-7)
and 16.73 (PV06). The olivine average sample is char-
acterized by a texture index J of 4.10. As this average
is strongly dominated by the samples of group I, it
logically tends to the type A single crystal texture.

In order to analyze olivine pole figure symmetry
in a more quantitative way, ternary PGR diagrams
defined by point (P), girdle (G) and random (R)
apexes (Woopcock 1977, VoLLMER 1990) were calcu-
lated from the three eigenvalues (e, €, and ¢,) of the
[100], [010] and [001] distributions. The definitions of
VoLimer (1990), with P = ¢ -¢,, G = 2(e,-¢,), R = 3¢,
and P+G+R = 1, were used for calculation. In the PGR
diagrams (Fig. 3.7), the distribution of [100] matches

R P
R P
R P
0.2 0.4 0.6 0.8
e PVO1 v PVO05 = PV08 & LA6-1 ALA8-4 o LA6-19
+ PV04 = PV06 * LA2-4 ¢ LA6-16 ® LA6-35 ALAS-7

Fig. 3.7 PGR diagrams of olivine [100], [010] and [001] crys-
tallographic axes calculated from eigenvalues e, e, and e, nor-
malized to 1, with P = e-e, G= Z(ez-ej), R= 363 and P+G+R
= 1. The majority of xenoliths fall in the P domain for [100],
in the R or G fields for [010] and in the R domain for [001].
Samples of group I and 11 are represented by full and open sym-

bols, respectively.



fairly well the subdivisions put forward in the quali-
tative analysis, the samples of group I being mainly
located in the P domain, whereas those of group II are
all in the R field. Three samples of group I, however,
depart from the rule: PVO0S8, which develops a stronger
girdle (G) component due to a secondary maximum in
the XY plane, as well as PV01 and LA6-16, which are

a) Vp AVs Vs;-PP
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maintained in the R field of the diagram due to their
weak [100] pole maxima. The distribution of [010] is
more dispersed: samples of group I are mainly spread
within the R and G fields, whereas both samples of
group I, despite a stronger point (P) component, do
not cross the R-P field boundary. Finally, nearly all
samples plot in the R field for [001], which reflects

LA6

Fig. 3.8 Calculated seismic properties of the xenoliths using the LPO of Fig. 3.5 projected on lower hemisphere equal area nets.
Column 1 (Vp) displays the velocity distribution of the P-waves (0.1 km/s intervals),; the numbers right and left of the diagram show
respectively the P-wave anisotropy (AVp) and the maximum velocity in km/s. Column 2 (AVs) shows the distribution of S-wave ani-
sotropy (1% contour intervals), resulting from shear wave splitting. Maximum anisotropy is presented at the bottom right and maximum
Vs, at the bottom lefi. For both Column I and 2, the dashed line represents the minimum contour, and the directions corresponding to
the maximum and minimum value in the plot are marked by solid square and open circle, respectively. Column 3 (Vs ,-PP) exhibits the
polarization plane of the faster S-wave. All calculations were performed using the Voigt average. X, Y and Z as in Fig. 3.5.
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the large dispersion of maxima in [001] pole figures.
The two samples of group II mark a trend towards the
G field.

LPO of the orthopyroxene average sample is cha-
racterized by several weakly clustered maxima. The
fabric for [001] shows one single maximum very close
to the X structural direction, which is the normal feature
commonly reported in the literature (e.g. MAINPRICE et
al. 2000). Several weak [010] poles are observed in
the YZ plane, whereas the maximum of the [100] pole
distribution is asymmetric to the X, Y and Z tectonic
orientations. The J index for orthopyroxene average
sample is 2.11.

The LPO patterns of the clinopyroxene average
sample display also a weak texture. The orientation
distribution of the [001] axes shows a more pro-
nounced obliquity than orthopyroxene relative to the
X structural direction. [010] poles have three maxima,
the strongest being close to the Y direction, whereas
[100] axes distribution shows several very weak
maxima oblique to the YZ plane. The texture index J
equals 2.82.

3.5.2 Seismic properties

The projections of the calculated seismic proper-
ties of the xenoliths (Fig. 3.8), considering only the
contribution of olivine grains, display either an ortho-
rhombic symmetry (PV01, PV05, PV06, PV08, LA6-
1, LA6-16, LA6-19, LA6-35 and LAS8-7) or tend to
a transverse isotropic character with a symmetry axis
parallel to Vp_  (PV04, LA2-4 and LA8-4). Vp_
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Fig. 3.9 Plot of fabric strength (J index) vs anisotropy of P-
waves (AVp). The results for Lanzarote xenoliths (full circles)
are compared with the updated olivine database (open circles)
of BEN Ismait & MaiNPRICE (1998).

Peridotite

Orthopyroxene

7.60 2.0%

Clinopyroxene

Fig. 3.10 Calculated seismic properties of the Lanzarote peri-
dotite average sample (top), assuming a modal composition of
84 vol.% olivine, 14 vol.% orthopyroxene and 2 vol.% clino-
pyroxene. Seismic properties of the olivine, orthopyroxene and
clinopyroxene average samples are shown for comparison.
Layout and reference frame as in Fig. 3.8.

ranges from 8.29 to 9.01 km/s (Vp__ = 8.62 km/s),
Vs, from4.69 to4.92 km/s (Vs =4.82km/s)and

Im:;

Vs, from 4.56 to 4.63 km/s (Vs, = 4.59 km/s).
The seismic anisotropy varies between 6.8 and 17.7 %
for AVp (AVp, . =12.3 %) and 5.3 to 13.0 % for the
maxima of AVs plots (AVs__=9.5 %). When plotted
versus fabric strength (Fig. 3.9), AVp is in good agree-
ment with the results derived from the updated olivine

database of BEN IsMAiL & MAINPRICE (1998).

The fastest propagation of P-waves generally cor-
responds to the X structural direction ([100] pole maxi-
mum), whereas the slowest P-waves tends to propagate
along the Z structural direction ([010] pole maximum).
However, because of the slightly asymmetric character
of LPO’s and the commonly observed obliquity of the
pole maxima with respect to the structural directions,
some samples (e.g. LA6-1 and LA6-35) show a slight
obliquity of their seismic maximum and minimum
relative to X and Z, respectively. The maximum aniso-
tropy of S-waves has no clear preferred orientation and
points variably to a direction intermediate between X,



Y and Z reference axes. AVs maxima strictly paral-
lel to the Z tectonic axes have never been observed.
In most samples, the Vs, polarization plane is parallel
or sub-parallel to the foliation plane perpendicular to
Z. For a few samples, however, the Vs, polarization
plane is tilted around the Y direction.

The projections of the seismic velocities of the
olivine and the peridotite average samples have a clear
orthorhombic symmetry (Fig. 3.10). Seismic veloci-
ties and anisotropy of the olivine average sample
reach 8.62 km/s (Vp,_ ),4.79 km/s (Vs ), 4.60 km/s
(Vs, . ), 11.9 % (AVp) and 7.9 % (AVs). The perido-
tite average sample has slightly lower velocities (8.45
km/s for Vp_ , 4.76 km/s for Vs, and 4.59 km/s
for Vs, ), and seismic anisotropies (10.4 % for AVp
and 6.8 % for AVs) than the olivine average sample.
Orthopyroxene and clinopyroxene show very little
anisotropy and lower absolute velocities compared to
olivine.

3.6 DiIscusSION

3.6.1 Lattice preferred orientation

Two groups of olivine LPO were distinguished in
the ultramafic xenoliths of Lanzarote. Group I (10 sam-
ples) is represented by fabrics intermediate between
the single crystal and the [100] fiber textures, whereas
group II (2 samples) is approximated by the [010]
fiber texture. These LPO’s are typical of the upper
mantle and have been widely reported in the literature
(e.g. BROTHERS & RODGERS 1969, Nicoras et al. 1973,
MERCIER & NicOLAS 1975, CHRISTENSEN & SALISBURY
1979, CHRISTENSEN 1984, MAINPRICE & SILVER 1993, Ji
et al. 1994, BEN IsmMAiL & MAINPRICE 1998, MAINPRICE
et al. 2000). It is currently admitted that simple shear
or a combination of simple and pure shear is the domi-
nant deformation regime in the oceanic upper mantle
(Nicoras 1976). Generally, a simple shear component
is indicated by a more or less pronounced obliquity
of olivine [100] and [010] axes relative to the X and
Z structural directions, respectively (ZHANG & KARATO
1995). This characteristic is a common feature of the
LPO in Lanzarote xenoliths. If we refer to the experi-
mental deformation experiments of Tommasi et al.
(1999) for polycrystalline olivine samples, the pre-
dominance of the single crystal and [100] fiber tex-
tures (group I) tends to indicate that low strain rate
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simple shear, with a possible tensional component
(transtension), is the prevalent deformation regime
for the source region of most of the Lanzarote xeno-
liths. These textures are consistent with the activation
of the (010)[100] and (0kI)[100] slip systems at high
to moderate operating temperatures (RALEIGH 1968,
CARTER & AVE LALLEMANT 1970), in good agreement
with the geothermometric determinations of NEUMANN
et al. (1995). On the other hand, the occurrence of the
[010] fiber texture (group II) is less common in the
upper mantle. According to Tommast et al. (1999),
axial [010] LPO patterns with strong clustering of
the [010] poles result either from widening-thinning
shear (transpression) or axial shortening, the former
being more likely in our xenoliths, due to the slight
obliquity of the pole maxima. Whatever the scenario,
the simultaneous occurrence of [100] and [010] fiber
textures indicate that at least two deformation regimes
operated at different locations in the upper mantle
beneath Lanzarote, suggesting a different source loca-
tion or depth for the xenoliths of group I and II.

Ortho- and clinopyroxene display weaker LPO’s.
The larger bulk moduli of pyroxene relative to oli-
vine require a higher stress to activate the dominant
slip systems (WENK & BENNET 1991). In addition, as
pyroxene represents only a small volume of the bulk
composition, most of the strain is accommodated by
the more ductile olivine matrix. Despite their weak
textures, both ortho- and clinopyroxene show compa-
rable orientations of the [001] maximum, i.e. slightly
oblique to the X structural direction in the XZ plane.
This preferred orientation is consistent with a deforma-
tion regime dominated by simple shear and compatible
with the dominant dislocation glide direction in ortho-
pyroxene (Cok & KirBy 1975) and clinopyroxene (VAN
RoerMuND & Boranp 1981). In the samples charac-
terized by an anomalous foliation (YZ plane in tex-
ture plots), the orientation of the orthopyroxene [001]
pole maximum close to the X direction is an additional
argument for our choice of reference frame.

3.6.2 Anomalous foliation

Anomalous foliations, with olivine [ 100] pole maxi-
mum oriented normal to the visible foliation plane,
were observed in about half of the samples analyzed
in this study. On the basis of microstructural (straight
and parallel subgrain and grain boundaries) and crys-
tallographic (similar lattice orientation of adjacent
grains, orientation of orthopyroxene [001] maximum
normal to the foliation) arguments, this feature is
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[100] ol.

Fig. 3.11 Sketch illustrating the development of anomalous foliation in peridotite. Olivine grains are shown in white, pyroxene in grey
and spinel in black; edge dislocations in large olivine porphyroclasts are indicated by , symbols. (a) In response to stress (shear plane
perpendicular, shear direction left-right), olivine has deformed through dislocation creep (mainly on the (010)[100] slip system), lea-
ding to a preferred orientation of the [100] axes close to the foliation F (trace marked by continuous line, top pole figure). (b) Reduc-
tion in free energy forces the dislocations to migrate to form well-developed and equally spaced subgrain boundaries. (c) When the
difference in orientation across subgrain boundaries parallel to the (100) planes (normal to shear direction) becomes too large to be
accommodated by dislocations, they evolve to grain boundaries. Depending on the spacing between the subgrain boundaries, the indivi-
dual new grains may be elongated perpendicular to the original porphyroclasts. This marks a new foliation F’ (continuous line, bottom
pole figure) normal to F (dashed line). As the overall olivine LPO is unaffected by this process, F’ appears now normal to the [100] axes
of olivine. (d) Grain boundary migration and area reduction may further modify the microstructure leading to a possible weakening
of the anomalous foliation with time. The presence of the original foliation F is sometimes suggested by the arrangement and shape of

pyroxene and spinel grains, and above all by the completely unusual LPO of olivine at right angle to the visible foliation F".

interpreted as a result of intensive recovery. The pro-
cesses involved migration of edge dislocations on the
(010)[100] slip system, development of widely spaced
subgrain boundaries after alignment of dislocations,
and individualization of new grains with a long axis
at right angle to the primary foliation (Fig. 3.11). An
example from our sample set is shown in Fig. 3.12.

It must be noted, however, that a right angle rela-
tionship between the foliation and the olivine [100]
pole maxima is not necessarily the result of recovery
processes. JUNG & Karato (2001) showed experimen-
tally that, in a water saturated system under high tem-
perature and moderate stress, olivine [100] maxima
can be orientated normal to the shear plane. The

development of such patterns requires the activation
of the (100)[001] slip system, enabled by the fixation
of hydroxyl groups in the olivine structure. Yet, this
hypothesis seems very unlikely in our case for several
reasons: (1) the source region of Lanzarote perido-
tites was described by NEUMANN et al. (2004) as a very
depleted and only weakly metasomatized mantle, as
evidenced by the absence of water bearing phases like
phlogopite or amphibole. The patterns observed by
JunGg & Kararto (2001), however, were from samples
deformed under high water fugacity, comparable to the
conditions found in mantle wedges above subduction
zones. (2) In our samples, the orientations of subgrain
boundaries perpendicular to the [100] axis clearly sug-
gest a dislocation glide on the (010)[100] slip system



(assuming edge dislocation). If plastic deformation had
occurred according to the (100)[001] slip system, the
subgrain boundaries would have been parallel to the
[100] axis. (3) Finally, the patterns of JunG & KaraTo
(2001) were extracted from fine grained experimental
samples characterized by a very high degree of recrys-
tallization. The samples from Lanzarote with a folia-
tion normal to the olivine [100] maxima, however,
display a completely different microstructure and
grain size distribution, making a similar deformation
path rather unlikely. Added to the initial observations,
these arguments make recovery the most convincing
explanation accounting for the occurrence of anoma-
lous foliation in Lanzarote peridotites.

Maxima of olivine [100] perpendicular to the folia-
tion were also reported in high pressure metaperidotites
from Alpe Arami and Cima di Gagnone, Switzerland

0° (Horizontal)

90° (Vertical) (Horizontal) 180°
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(MockeL 1969, Fresk et al. 2003). These peridotites,
however, are considered to be from subduction zone
upper mantle, where water fugacity and stress are suf-
ficiently high to activate the (100)[001] slip system.
The hypothesis of JunG & Karato (2001) is thus con-
venient in those cases.

3.6.3 Comparison between measured and
calculated velocities

In a previous study, Banpa et al. (1981) investi-
gated the deep structure of Lanzarote using the seismic
refraction method. Based on data collected on a NNE-
SSW seismic transect, these authors suggested a depth
of 11 km for the Moho and calculated a velocity of 7.4
km/s for Pn-waves in the upper mantle. At the time,
this very low mantle velocity was interpreted as a con-

Fig. 3.12 Sample LA8-4 as an example with the anomalous foliation. Olivine inverse pole figure maps showing the crystallographic
axes falling (a) parallel to the page normal (ND) and (b) parallel to the horizontal (TD). The recurrent greenish colors in (b) indicate
that the [100] axis is preferentially oriented in horizontal position. Black are other minerals (opx, cpx and spinel). (c) Close-up view
of the framed area in (a) showing three adjacent olivine grains with similar crystallographic orientation. These grains are separated
by nearly straight grain boundaries, suggesting that they originally formed one single crystal with a long axis oriented horizontally.
The vertical boundary separating two areas with different shades of red in grain 2 (arrows) suggests the development of a subgrain
boundary. (d) Grain shape orientation map showing a weak preferred orientation of the larger olivine grains indicating a vertical
alignment of their long axis (colors mainly range from pale green, yellow to salmon pink). (e) Olivine texture plot of the same sample
with the visible foliation F’ (continuous line) and the approximate position of the original foliation F (dashed line). The location of
[100] pole maximum relative to the actual foliation F’ coupled with the observations put forward in (a), (b), (c) and (d) strongly suggest

that F’is an anomalous foliation.
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sequence of the anomalous character of the mantle
close to the passive continental margin. Re-examining
the record section of Banpa et al. (1981), DANOBEITIA
& CanaLEs (2000) proposed a depth of 18 km for the
Moho and velocities of 7.6 - 7.8 km/s for Pn-waves.
They interpreted the interval between 11 and 18 km as
underplated material. In order to compare the veloci-
ties extracted from the seismic survey with the present
calculated values, the orientation relationship between
the average sample seismic stereoplot and the seis-
mic transect of BAnDA et al. (1981) needs to be estab-
lished. Peridotite xenoliths provide no information on
their original position and orientation in the mantle.
However, helpful indications for the alignment of the
stereoplot in space can be extracted from surface wave
seismic investigations and tomography models.

A recent study (Ganerty 2001), based on anoma-
lous polarization anisotropies of Love-Rayleigh waves
in the North Atlantic near Iceland, has suggested a ver-
tical transport direction (lineation) in the first kilome-
ters of the lithosphere. In this model, the olivine [100]
maximum is vertical for rocks above 100 km depth,
whereas a more classical horizontal position of linea-
tion in the mantle is proposed for greater depths. It is
suggested that the development of the vertical orien-
tation was associated with the upwelling flow of the
mantle below the Mid-Atlantic ridge, from which the
fabric was preserved or “frozen” during the subsequent
cooling of the lithosphere. This feature was observed
not only in the immediate vicinity of the ridge, but also
for progressively older lithospheric mantle (> 40 My),
suggesting that no reorientation of the original fabric
occurred in response to horizontal flow. It is not known
whether such a vertical orientation is a general fea-
ture of the uppermost mantle in slow-spreading ridge
systems, and whether it can be preserved unchanged
at farther distance from the ridge, e.g. until beneath
Lanzarote (150 My). A vertical fabric preserved from
the upwelling flow below the Mid-Atlantic ridge
would tend to show a XY structural plane parallel to
the ridge, favoring a fast wave propagation direction
in the NNE-SSW direction when projected on the
Earth surface.

However, if we refer to the anisotropy maps
inferred from seismic tomography, the fastest propa-
gation direction of Rayleigh waves (and thus also
of P-waves) in the upper mantle beneath the Canary
region is observed at a strike of about 118° (SiLVEIRA
et al. 1998), i.e. at about 90° from the direction sug-
gested by the model of Ganerty (2001). This result
was obtained from measurements based on a 50 s

wave period, which corresponds to an approximate
depth of 75-100 km. Because of the shallower origin
of our samples (20-26 km), this fastest wave propa-
gation direction does not provide an irrefutable argu-
ment allowing our seismic stereoplot to be orientated
in space. Nevertheless, it is inconsistent with a verti-
cal fabric orientation of the upper mantle immediately
above 100 km depth. The fastest propagation direc-
tions of Rayleigh waves inferred from other tomogra-
phy models (e.g. TANIMOTO & ANDERSON 1985, NATAF
et al. 1986, MONTAGNER & TaNIMOTO 1991) are consis-
tent with the direction given by SiLVEIRA et al. (1998),
but as they were deduced from waves in the 100-250
s period range (about 150-400 km), they are less rel-
evant for our purpose.

Further indications on the seismic properties of
the uppermost mantle in the region were given by
Contruccr et al (2004), based on seismic reflection
investigations carried out off the Moroccan coast. In
their model, the Pn-wave velocity in the lithospheric
mantle reaches 8.0 to 8.3 km/s for a seismic transect
oriented at a strike of 129°. Even if this record sec-
tion is located about 500 km North-East of Lanzarote,
the lithospheric crust in both places have the same age
(HiNz et al. 1982, RoEeser 1982, RoksT et al. 1992), thus
making a comparison of mantle properties between
both locations reasonable. The velocity obtained by
Contrucar et al. (2004) for a strike of 129° is in good
agreement with the fastest P-wave propagation direc-
tion of SiLVEIRA et al. (1998), pointing at a strike of
118°. This is a strong argument for the non-preser-
vation of the potentially vertical fabric of the mantle
(GanerTY 2001) and its reorientation in response to
horizontal flow (BLackMaN et al., 1996). Furthermore,
it suggests a preservation of the fastest wave propaga-
tion direction from the asthenosphere to very shallow
depth in the mantle.

On the basis of the above discussion, the seismic
stereoplot of the peridotite average sample was
orientated assuming a horizontal flow of the upper
mantle and a fastest wave propagation direction
corresponding to the strike mentioned by SILVEIRA
et al. (1998). As structural axes are orthogonal (with
Z vertical), Y has a strike of 28° (118° - 90°). The
original seismic transect of BAnDA et al. (1981) had
a strike of approximately 38°, that is, at about 10°
from the Y axis in the XY plane. When projected
in the seismic stereoplot of our peridotite ave-
rage sample, the direction of the seismic transect
of Banpa et al. (1981) corresponds to a velocity
slightly smaller than 7.9 km/s (Fig. 3.13). This
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Fig. 3.13 (a) Sketch map showing the fastest wave propaga-
tion direction in the upper mantle below the Canary Islands
according to SILVEIRA et al. (1998). (b) Block diagram show-
ing the orientation in space of the P-wave velocity plot of the
peridotite average sample. The strike values for X, Y and the
seismic transect of Banp4 et al. (1981) are put in brackets. The
calculated velocity of P-waves remains slightly below 7.9 km/s
for a strike of 38°, which is the direction of the seismic transect.
As the direction of interest is close to the Y direction, the velo-
city is only weakly influenced by any potential obliquity of the
original texture.

value is in good agreement with the interpretation of
DaNOBEITIA & CANALES (2000), but much higher than
the value of 7.4 km/s put forward by Banpa et al.
(1981). Our results suggest that the velocity obtained
by these latter authors is too low to be characteristic
of the upper mantle, giving an additional argument
for the presence of material different from the
typical mantle rocks between 11 and 18 km in
depth. Whether or not this material results from
underplating (DARNOBEITIA & CaNALES, 2000) cannot
be inferred from our study. The gabbroic xenoliths
collected in Lanzarote by ScHMINCKE et al. (1998)
and NEumaNnN et al. (2000), however, might give
some indications on the nature of this zone. Finally,
it must be noted that, whichever the orientation of
the seismic stereoplot, our calculated velocities will
always give higher values than the one suggested
by Banpa et al. (1981). This basically means that
our conclusions relative to both field interpretations
are independent on the correctness of the stereoplot
orientation in space.
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3.6.4 Variations of calculated velocities due
to P/T estimates

To check the validity of our argumentation relative
to the wide range of pressure and temperature put for-
ward by NEUMANN et al. (1995), the seismic velocity of
the peridotite average sample was calculated for low
T / high P and high T / low P end members, i.e. 800°C
/ 0.8 GPa and 1200°C / 0.6 GPa, which corresponds
to the highest and slowest seismic velocities. Even if
these extreme intervals in P/T conditions might have
little geological significance with respect to the geo-
thermal gradient, they give an idea of the possible error
spread of calculated P-wave velocity. For 800°C and
0.8 GPa, the seismic properties of P-waves are the fol-
lowing: Vp . =7.73 km/s, Vp__ = 8.56 km/s, AVp =
10.2%, whereas for 1200°C and 0.6 GPa, the calcula-
tions led to: Vp . =7.50 km/s, Vp = 8.34 km/s, AVp
= 10.6%. Even if considering the latter interpretation
as the true prevailing P/T conditions in the lithospheric
uppermost mantle beneath Lanzarote, the calculated
seismic velocity in the transect direction of BANDA et
al. (1981), i.e. near Y, gives a value on the order of
7.75 km/s, i.e. far bigger than the velocity suggested
from the original interpretation of those authors.

For a mantle lying at 11 km depth (0.4 GPa), cal-
culations show that a velocity of 7.4 km/s in the direc-
tion of interest would require a tremendously high
temperature without any geological significance. This
makes the occurrence of other material type, e.g. mafic
rocks, more convincing than mantle rocks in this depth
range. The absence of mantle material between 11 and
18 km might also be suggested by the mineralogy of
the samples with respect to the stability fields of peri-
dotites. If mantle material would occur at such shallow
depth, one would certainly expect to find a non-negli-
gible amount of plagioclase-bearing peridotites in the
xenolith population. On the contrary, plagioclase is
absent in our sample set and occur only twice in minor
amount in the whole sample population investigated
by NEuMANN et al. (1995), thus giving an additional
argument for a Moho lying at greater depth. In addi-
tion, serpentinization, which is often referred to as a
possible explanation for the slowing down of seismic
velocity in the upper mantle (e.g. ConTRUCCI et al.,
2004), was never observed in our samples and thus
cannot account for the slow velocity of Banpa et al.
(1981). Lastly, in order to discard the possible influ-
ence of nonrepresentative sampling with respect to the
true mantle fabric distribution, an average velocity for
both porphyroclastic and protogranular samples was
calculated separately for 800°C / 0.8 GPa and 1200°C
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/ 0.6 GPa end members. A similar approach was per-
formed considering successively samples of group I
and II, and finally assuming the same LPO types but
for a single orientation (J of 270). Even so, the calcu-
lated P-wave velocity was in all cases higher than 7.7
km/s in the direction of interest, strongly suggesting
that the observations put forward above are not due to
bad sampling.

Finally, it must be noted that the slight velocity
difference observed between the interpretation of
DaroBeITiA & CANALES (2000) and our calculated
values might be due to several factors, some of them
being inherent to the approach adopted here. This
includes (1) the limitations to obtain a set of fully rep-
resentative samples from the anisotropic uppermost
mantle, (2) the presence of large olivine porphyro-
clasts, e.g. in sample LA2-4, which tend to strengthen
the average LPO and related seismic anisotropy, (3)
the use of the Voigt average for calculation of seis-
mic properties, which gives for olivine values of about
2% higher than the Reuss averaging method and (4)
the inaccurate knowledge of the P/T conditions for
the xenoliths source region, necessary to calculate the
elastic constants at elevated pressure and temperature.
In addition, melt occurrence in the upper mantle leads
to a slight decrease of the measured velocity, thus
increasing the gap between velocities obtained from
seismic transects and values calculated from texture
data (e.g. HEss 1964, Kern et al. 1996).

3.7 CONCLUSIONS

In this paper, a petrophysical analysis of the ultra-
mafic xenoliths of Lanzarote was presented. From
the measured LPO’s, the seismic velocities in their
anisotropic distribution were calculated and compared

skokeskok sk

to the existing geophysical interpretations. The main
points of interest are summarized below.

(1) Lanzarote xenoliths exhibit two types of oli-
vine preferred orientation. The first texture group
showed a clustering of the [100] axis around the X
direction, with fabrics intermediate between the
single crystal and [100] fiber textures, whereas the
second displayed a [010] fiber texture, with strong
clustering of the [010] axes around the Z direction.
The simultaneous occurrence of both textural groups
suggests the coexistence of two different deformation
regimes, probably dominated by a simple shear com-
ponent under low strain rate and moderate to high
temperature.

(2) Strong recovery processes led to the develop-
ment of an anomalous foliation, with the olivine [100]
maximum oriented perpendicular to the visible folia-
tion. The possibility that this feature resulted from
deformation in a water-rich environment was ruled
out on the basis of microstructural, crystallographic
and geochemical evidence.

(3) Velocities of P-waves calculated from the
peridotite average sample range from 7.62 km/s to
8.45 km/s. The value slightly smaller than 7.9 km/
s, obtained in the direction of the seismic transect
of Banpa et al. (1981), is in good agreement with
the latest interpretation of DANOBEITIA & CANALES
(2000). Our results are consistent with a roughly W-
E oriented fastest wave propagation direction and an
original foliation in horizontal position.

(4) Average sample calculations performed sepa-
rately for varied P/T conditions, as well as for each
fabric types, suggest that our interpretations are
robust, even if errors in P/T estimates and truly repre-
sentative sampling are considered.
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ABSTRACT

For two decades considerable efforts have been made to explain the formation of snowball garnets by either the
rotational or non-rotational models. On the basis of morphological, chemical and crystallographic evidence, this
paper presents new data on snowball garnets showing that the formation of these microstructures can be explained
by the combination of the two previously proposed mechanisms operating consecutively during garnet growth. The
crystallization sequence of garnet revealed by Mn contouring and the distribution of crystallographic orientations
within the spiral indicate that the final stages of garnet growth are controlled by post-kinematic crystallization.
However, some microstructural arguments plead for a rotational contribution during the first stages of growth. In
this view the overall spiral geometry is thought to overestimate the true amount of rotation experienced by the gar-
nets. Results also reveal the existence of complex snowball garnets consisting of several grains formed from distinct

nucleation sites.

4.1 INTRODUCTION

Snowball garnets, also referred to as spiral-shaped
garnets, are characterized by the presence of sigmoidal
inclusion trails with a relative rotation angle exceeding
90° (WiLLIAMS & JIANG 1999). The formation of snow-
ball garnets is explained by two controversial models:
one argues for porphyroblast rotation with respect to
the foliation in a single tectonic phase of non-coaxial
flow (e.g. ScHONEVELD 1977, PasscHIER et al. 1992),
whereas the other argues for porphyroblast growth
without rotation, involving overgrowth of successive
generations of near orthogonal foliations (e.g. BELL
et al. 1992). So far, most efforts to assess these two
models have focused on geometrical proofs. However,
this approach has failed to resolve the issue comple-
tely since most geometries observed in snowball gar-
nets can be explained by both the rotational and the

non-rotational models (e.g. Jounson 1993, STALLARD
2003).

An alternative way of deciphering the development
of snowball garnet porphyroblasts consists of com-
bining chemical zoning and crystallographic orienta-
tion analysis with geometrical arguments. In a recent
paper, Ikepa et al. (2002) used a combined approach to
account for the formation of snowball garnets. Based
on the chemical zoning and the monocrystalline nature
of the investigated garnets, they concluded that growth
and rotation occur simultaneously during a single meta-
morphic event. In light of new evidence provided by
micro-computed X-ray tomography (uCT), electron
probe microanalysis (EPMA) and electron backscat-
tered diffraction (EBSD) techniques, we present an
alternative model to account for the growth of snow-
ball garnets.
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4.2 GEOLOGICAL SETTING

The samples were collected in the Lukmanier Pass
area, Central Alps, Switzerland (Fig. 4.1). This region
comprises two major tectonic units: the Gotthard
Massif to the north, partly overlain by a Mesozoic
sedimentary cover, and the Lukmanier Massif to the
south. Previous investigations (e.g. CHADWICK 1968)
show that the Lukmanier area has a complex tectonic
history involving three main phases of deformation.
All of them are related to southwards and upwards
tectonic movements resulting from the Tertiary con-
tinent-continent collision between the Eurasian and
Apulian plates.

The two initial phases of deformation (D, and D,)
correspond to a crustal thickening event related to top-
to-the-N directed movements which most probably
reflect the southward underthrusting of the Mesozoic
sedimentary cover beneath the frontal part of the
Apulian plate. Whereas the first deformation (D) was
responsible for isoclinal folding and imbricate-sta-
cking of basement and sedimentary cover units, the D,
phase generated the axial planar surface of the large
isoclinal folds observed in the Lukmanier Pass area.
Intensive SE-directed backfolding and backthrusting
(D,) subsequently caused the upwards movements of
crustal material and the exhumation of the Lukmanier
metamorphic rocks.

The occurrence of snowball garnets is restricted to
specific levels of the Liassic Stgir series (cover of the
Gotthard Massif) (CHapwick 1968, Fox 1975), which
are characterized by thin alternations of quartz and

Lukmanier Massif

|:| Gotthard Massif

Mesozoic sedimen-
tary cover

. Stgir series

Pizzo di

Switzerland

studied
area —=[]

Bronich
ronich

7

Fig. 4.1 Simplified geological map of the Lukmanier Pass area.
The sampling location (708.163 / 156.045, Swiss national grid
coordinates) is indicated by a star.

mica-rich layers. The main structural element in those
garnet-bearing levels consists of a N-dipping penetra-
tive crenulation cleavage (S,) (Fig. 4.2a), associated
with a monotonous N-S mineral lineation. Shear indi-
cators clearly show a top-to-the-N directed sense of
shear for S,. The relationship between crystallization
and deformation indicates that the main stage of garnet
growth occurred contemporaneously with the S, for-

Fig. 4.2 Photomicrograph (a) and sketch (b) of the same area illustrating the relationship between the snowball garnets and the folia-

tions S » S 2 and S . AS = axial surface; SB = shear bands.



mation, i.e. during the D, phase. The overprinting of
S, over the earlier schistosity (S,) resulted in the for-
mation of closely-spaced microlithons displaying a
subhorizontal E-W crenulation lineation parallel to the
rotation axis of the snowball garnets. Both S, and S,
foliations were subsequently folded to form asymmet-
ric, centimeter to kilometer-scale folds (F,) verging to
the SW. A slightly NE-dipping crenulation cleavage
(S,) is locally visible in the hinges of the F, folds but
no penetrative schistosity is reported. Occasionally, D,
produced shear bands (SB,) with top-to-the-S directed
movements (Fig. 4.2b).

The studied samples contain the mineral assem-
blage garnet + muscovite + biotite + quartz + pla-
gioclase with minor epidote, chlorite and ilmenite.
Although the garnet-forming reaction has not yet been
fully established, the systematic occurrence of garnet
crystals along mica-rich layers strongly suggests mica
as reactant. Regional mapping of the mineral distri-
bution throughout the Lukmanier Pass indicates a
metamorphic field gradient characterized by peak
conditions increasing gradually from the chloritoid
zone to the north of the Santa Maria Lake, to the stau-
rolite-kyanite zone in the Bronich area to the south
(Fox 1975). Thermobarometric analysis of metapelites
indicate peak conditions evolving from 410°C for the
chloritoid zone (RanN et al. 2002) to 550°C / 5.5 kbar
for the staurolite-kyanite zone (Enat et al. 1995).

4.3 ANALYTICAL PROCEDURES

3D imaging was obtained by uCT using a high reso-
lution Skyscan-1072 system with a conical 100 kV
X-ray source. A Cameca SX 50 electron microprobe
(beam current of 150 nA at 25kV) was used for the
mapping of chemical elements through wavelength dis-
persive X-ray spectroscopy (WDS). Crystallographic
orientations were collected by EBSD using a Philips
FEI XL30 SFEG Sirion scanning electron microscope
(probe current of 20 nA for an acceleration voltage of
30 kV).

4.4 3D GEOMETRY

uCT images reveal that the geometry of most gar-
nets is characterized by a core region, around which two
spiral arms are wound over more than 300°. Because
of their very elongated shape parallel to the apparent
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Fig. 4.3 (a) uCT image of sample Luk_02 5 illustrating the typi-
cal spiral morphology of snowball garnets. The core region of
the spiral is connected to the arms by thin curved bridges (black
arrows). (b) uCT view of three vertically aligned garnets. The
two porphyroblasts on top are connected to each other by a
thick garnet appendage (white arrow). (c) Selected 2D sections
(normal to the cylinder axis) based on uCT data showing trails
of garnet grains (in black) mimicking the foliation S, (dashed
line) of the host rock.

rotation axis, the studied garnets look more like rolled
cylinders than snowballs. The core region and the base
of the spirals are commonly connected with the adja-
cent arms by short, curved garnet bridges (Fig. 4.3a).
According to ScHONEVELD (1977), bridges are created
by thin mica-rich layers progressively captured from
the surrounding matrix and dragged towards the center
as the spiral forms. Replacement of mica by garnet is
commonly believed to freeze the bridge geometry.

Neighboring spiral garnets are occasionally linked
to each other by appendages (Fig. 4.3b), consisting
of small aligned garnet grains. Selected 2D sections
of tomographic images reveal that the trails left by
these grains mimic the S, foliation (Fig. 4.3¢). Optical
microscopy observations indicate that most of these
grains occur within mica-rich layers. The correspon-
dence in geometry between the tortuous and crenu-
lated external foliation (S ) and the alignment of garnet
grains replacing mica suggests that the nucleation and
growth of garnet continued after D, had stopped.
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4.5 CHEMICAL ZONING

Compositional zoning is a recurrent characteristic
of garnet porphyroblasts, commonly interpreted as a
primary growth feature (e.g. SpEarR 1993). Because
of its very limited partitioning with the other phases
present in pelitic schists, Mn is generally considered
as the element best reflecting the successive steps of
garnet growth. Assuming a local chemical equilibrium
along the garnet-matrix boundary and no post-growth
intracrystalline diffusion, the gradual decrease in Mn
concentration from core to rim is frequently used as
a proxy of time reflecting garnet growth history (e.g.

1 mm

1 mm

KRrETZ 1973, CARLSON 1989 & 1991, SPEAR & DANIEL
1998).

X-ray compositional maps show a broadly con-
centric zoning of most major elements, characterized
by a gradual decrease of Mn (Fig. 4.4a and 4.4c) and
Ca from core to rim, counterbalanced by a simulta-
neous increase of Fe and Mg. The strong correlation in
the zoning of Mn, Ca, Fe and Mg suggests that these
elements achieved local equilibrium during garnet
growth, thus justifying the use of Mn as a time marker.
Although the variation in Mn concentration shows a
roughly concentric pattern, secondary Mn maxima do

Fig. 4.4 WDS X-ray maps of Mn (lefi, concentration decreasing from red to blue) and EBSD crystallographic orientation maps (right)
for samples Luk 02 1 (a and b) and Luk 02 7 (c and d). Secondary Mn maxima (arrows) are centered in grains with crystallographic
orientations different from the one of the core region. In sample Luk 02 _1, the primary core orientation is maintained in two segments
of the spiral arms connected to the center by garnet bridges (b, light green), along which a smooth decrease in Mn concentration is

observed (a).
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Fig. 4.5 Contoured Mn maps retracing the growth history of sample Luk_02 1. Arrows indicate the direction of growth.

exist, e.g. in the left spiral end in sample Luk 02 1
(Fig. 4.4a), as well as, to some extent, in the upwards-
oriented spiral termination in sample Luk 02 7 (Fig.
4.4c).

The gradients on contoured Mn maps of sample
Luk 02 1 (Fig. 4.5) indicate not only a decrease in
Mn concentration from core to rim in the center and
along the spiral curvature, but also across two bridges
connecting the core to the arms. The patterns observed
after considering Mn concentration levels as time lines
suggest that the areas of the arms located in the con-
tinuation of the bridges crystallized early in the micro-
structure development, before being reached by the
crystallization front advancing along the spiral curva-
ture. In this growth scheme the bridges served as short
cuts, making the crystallization path from the core to
the arms significantly faster. Subsequent growth, either
from the bridges or the secondary nucleation sites, led
to the formation of the final garnet microstructure.

4.6 CRYSTALLOGRAPHIC ORIENTATION

EBSD is used to identify possible changes in crys-
tallographic orientation within the garnet spirals. By
assuming a continuous incorporation of atoms onto
the preexisting garnet structure, a single crystallo-
graphic orientation would be expected for the whole
spiral, as was observed by IKeDpA et al. (2002) in their
X-ray based texture analysis of snowball garnets of
different origins. Our EBSD maps, however, reveal
that the snowball garnets from the Lukmanier Pass
are composed of several grains with different, distinct
crystallographic orientations. The core region and the
base of the spiral arms are generally formed by one

single, large grain, whereas the arm terminations are
made of smaller and often box-shaped crystals sepa-
rated by straight grain boundaries (Fig. 4.4b and 4.4d).
The angular misorientation between those grains is
typically a few tens of degrees, indicating that they
are not subgrains formed by deformation of the arms.
Some of the box-shaped grains contain secondary Mn-
maxima. Both the difference in crystallographic orien-
tation and the occurrence of additional Mn maxima
point to growth from new nucleation sites. Among the
end grains, however, some of them do not show any
anomalous zoning. This may be explained by the fact
that the thin sections used for chemical mapping cross-
cut these grains at some distance from their nucleation
center.

Garnet grains with different lattice orientations
totally fill the spiral terminations in sample Luk 02 7
(Fig. 4.4d). In sample Luk_02 1 (Fig. 4.4b), however,
the primary core orientation is maintained in an inter-
stitial segment of the upper arm and in the final seg-
ment of the lower arm. Both portions are connected
to the core by a thin, curved garnet bridge. As previ-
ously discussed, based on chemical Mn zoning pat-
terns, these bridges were interpreted as preferential

Fig. 4.6 Sketch cross-section perpendicular to the crenulation
axis showing the distribution of snowball garnets relative to S,
and S, Garnet grains are located preferentially on the over-
turned limbs of microlithons.
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crystallization paths between the core and the arms,
suggesting an earlier crystallization of garnet across
the bridges. The correspondence in crystallographic
orientation between two regions of the spiral separated
by grains with different lattice orientations further sup-
ports the role of crystallization short cuts played by
mica bridges. For such a crystallization path to occur
the position and final curvature of the spiral arms
had to be already acquired before garnet crystallized.
Therefore, we suggest that significant parts of the
overall geometry were completed relatively early in
the microstructure development and that the replace-
ment of mica by garnet in the last portions of the spiral
arms was mostly post-deformational.

4.7 DISCUSSION AND CONCLUSIONS

Combined chemical and crystallographic analyses
provide several pieces of evidence showing that the
spiral-shaped overall geometry was already achieved
prior to the last stages of garnet crystallization. This
strongly supports a final post-kinematic growth of
garnet, mainly by replacement of mica.

The mechanism responsible for the first stages of
snowball garnet formation is more difficult to assess;
however, assumptions can be made on the basis of
microstructural observations. During the crustal thick-
ening event (D,), garnets grew on the overturned limbs
of microlithons (Fig. 4.6) and are aligned in a direction
corresponding to the crenulation lineation. This indi-
cates that the first step of garnet crystallization post-
dated the beginning of the microlithon formation and
occurred when the D, deformation was still in prog-
ress. The growth of snowball garnets on the overturned
limb of microlithons during a single deformation phase
is best explained through a single and continuous rota-
tion of garnet grains rather than through an incremental
superimposition of foliations resulting from numerous

sk ke sk
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Fig. 4.7 (a) Growth model proposed for the studied snowball
garnets. Starting from a nucleus on the overturned limb of the
microlithon, a 180° rotation is sufficient to account for an appa-
rent rotation of about 300°. (b) Idealized sketch showing the
alignment of garnet grains in a crenulated rock. Syn-rotational
growth is shown in black, post-deformation growth in gray.

changes in the stress field. Our model suggests that a
rotation of 180° may be sufficient to produce a spiral-
shaped geometry mimicking an amount of rotation of
approximately 300° (Fig. 4.7). This implies that the
final geometry of snowball garnets greatly overesti-
mates the actual extent of rotation. This assumption
does not dispute the shear sense in the foliation plane
since it is determined by the sense of rotation of the
garnet during its initial growth stage.

Our data supports the idea that the growth of the
snowball garnets from the Lukmanier area cannot be
explained by either of the two classical models con-
sidered separately. In contrast, this study illustrates
that snowball garnets may undergo a complex growth
history in which both end-member mechanisms can
operate consecutively. Additional chemical, structural,
and crystallographic analyses on a larger sample popu-
lation are required to better understand the mechanism
of snowball garnet formation, and to determine if our
observations are valid on a larger scale.
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ABSTRACT

The distributions of general and coincidence site lattice (CSL) grain boundaries (GB’s) in texture-free alumina
and zirconia ceramics sintered at two different temperatures were investigated based on electron backscatter diffrac-
tion (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 GB’s 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 representa-
tion of the CSL GB content in zirconia. The observed deviations from the random model 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.

5.1 INTRODUCTION

Grain boundaries (GB’s) have a significant influ-
ence on important sintering processes such as den-
sification (BERNACHE-ASSOLANT 1993), grain growth
(RopEL & GLAESER 1990), creep (CANNON et al. 1980,
CARRY & MocELLIN 1987, PRIESTER & LARTIGUE 1991),
segregation (SwiaTnICKI et al. 1995, CHo et al. 2002),
diffusion (MistLER & CoBLE 1974), as well as on
electrical (Morris 1976), mechanical (ZDANIEWSKI &
KircHNER 1987), superconducting (Dimos et al. 1988,
KinG et al. 1993, LavaL & Swiatnickl 1994) and optical
(WYNER 1979) properties. The importance of GB’s on
the overall properties of ceramics depends on several
factors, including the density of GB’s in the material,
the chemical composition of the interface and the crys-
tallographic texture, i.e. the GB plane orientations and

grain misorientation. A special role is played by the
coincidence site lattice (CSL) GB’s (BoLLmann 1970,
WARRINGTON & BuraLint 1971). CSL GB’s are charac-
terized by the multiplicity index X, 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 admit-
ted that GB’s with low X values have a tendency for
low interfacial energy and special properties. Thus,
the study of the proportion of special GB’s 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. PRIESTER &
LARTIGUE 1991, Swiatnicki et al. 1995).
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In recent years, a scanning electron microscope
(SEM)-based technique known as electron backscat-
ter diffraction (EBSD) has been used in a few specific
studies dealing with GB’s in ceramic materials, e.g. to
investigate the relationship between grain misorienta-
tion and crack propagation (GLass et al. 1998), abnor-
mal grain growth (KM et al. 2002), and doping (CHo
et al. 1998, CHo et al. 2002) in alumina, or to deter-
mine the lattice preferred orientation (LPO) in zirco-
nia (FarynA et al. 2000) and zirconia-based ceramic
composites (FAryNa et al. 2002). The distribution of
grain misorientation and CSL GB’s in similar materi-
als were investigated by other authors (e.g. PRIESTER
& LARTIGUE 1991) through time consuming and fas-
tidious TEM analyses of individual GB’s. 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 dif-
ferent temperatures are presented based on large GB
sampling, and the results are compared with the values
obtained from simulated random 2D spatial models.

5.2 EXPERIMENTAL METHODS

5.2.1 Ceramic processing and sample pre-
paration

Two ceramic suspensions, containing respectively
80% Mg-doped alumina (Alcoa CT3000 SG®) and
80% zirconia (Tosoh TZ-8YS®, 8 mol.% yttrium-sta-
bilized) (Fig. 5.1) in distilled water were ball milled
for 24 hours in polyethylene jars. An organic surfac-
tant and a molecular binder were added to the suspen-
sions to prevent coagulation and to ensure compact
strength after shaping. The powders were dried and
granulated using a Biichi® B-190 mini spray dryer and
subsequently pressed uniaxially into disks, 15 mm
in diameter and approximately 10 mm thick, at 75 to
200 MPa. Isostatic pressing at 200 MPa was then per-
formed to remove the internal residual strain induced
by die pressing. Four alumina and four zirconia com-
pacts were prepared. Two of each kind were sintered at
1550°C for 4 hours at a basic heating rate of 300°C/h.
A lower rate of 100°C/h was chosen below 300°C to
induce a complete burnout of the binder, as well as
between 800°C and 1150°C to improve the densifi-
cation of the compacts. The remaining two alumina

Fig. 5.1 SEM secondary electron images of the as-received
powders. The particles are platelet-shaped in alumina (a) and
more regular in zirconia (b).

and two zirconia green bodies were fired at 1700°C
following the same heating profile. Bulk density mea-
surements were performed using Archimedes’ princi-
ple. They revealed values ranging from 97.0 to 98.2%
of their respective theoretical density (Table 5.1).

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 lap-
ping for 6 hours 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.

5.2.2 Electron backscatter diffraction (EBSD)

The EBSD technique is based on automatic analy-
sis of Kikuchi-type diffraction patterns generated by
backscattered electrons (s. Prior et al. (1999) for a
complete review). For each point of analysis, the crys-
tallographic orientation is determined after indexing
of the corresponding diffraction pattern. The Electron
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Sample Firing temperature Bulk/Theoretical density * Scan Step size Area

Measurements Average CI** Number of grains Average grain diameter***

[°C] [%] [um] [um’]  with CI>0.2 [%] [um]

1 5 500x500 44.6 0.25 (0.48) 5195
2 4 1 37 (0.

Al 1550 98.0 0 50x50 65 0.37 (0.53) 556 .
3 04 50x50 673 0.38 (0.53) 549
4 04 50x50 745 0.43 (0.56) 730
1 5 500x500 44.9 0.25 (0.48) 5233
2 4 1 44 (0.

" 1550 98.0 0 50x50 75 0.44 (0.56) 639 .
3 04 50x50 65.0 0.36 (0.52) 613
4 04 50x50 653 0.37 (0.52) 575
1 15 1500x1500 55.7 0.31 (0.50) 6495
2 ) 100x1 2. 48 (0. 281

A3 1700 082 0.8 00x100 82.7 0.48 (0.57) 8 2
3 08  100x100 82.7 0.49 (0.57) 260
4 0.8  100x100 81.5 0.49 (0.58) 284
1 15 1500x1500 52.9 0.29 (0.49) 6164
2 ) 100x1 ) 45 (0. 264

A4 1700 082 0.8 00x100 79.0 0.45 (0.55) 6 6
3 08  100x100 82.0 0.48 (0.57) 265
4 0.8  100x100 80.8 0.48 (0.57) 250
1 5 500x500 727 0.43 (0.57) 8475
2 4 94, 159 (0.62 251

/1 1550 975 0 50x50 3 0.59 (0.62) 5 35
3 04 50x50 94.9 0.59 (0.62) 210
4 04 50x50 94.6 0.59 (0.62) 194
1 15 1500x1500 63.5 0.37 (0.53) 7408
2 ) 100x1 9. 57 (0. 44

. 1550 972 0.8 00x100 8 0.57 (0.60) 3 ss
3 08  100x100 923 0.57 (0.61) 336
4 0.8  100x100 90.5 0.55 (0.60) 332
1 15 1500x1500 61.6 0.36 (0.53) 7187
2 ) 100x1 9. 56 (0. 1

- 1700 977 0.8 00x100 6 0.56 (0.60) 57 78
3 08  100x100 92.5 0.56 (0.60) 181
4 0.8  100x100 928 0.55 (0.59) 181
1 15 1500x1500 73.0 0.43 (0.56) 8507
2 ) 100x1 95.4 58 (0. 1

7 1700 975 0.8 00x100 5 0.58 (0.60) 60 03
3 08  100x100 95.5 0.60 (0.62) 158
4 0.8  100x100 95.7 0.61 (0.63) 172

* measured according to Archimedes' principle and assuming a theoretical density of 3.98 and 6.08 [g/cm3] for alumina and zirconia, respectively

** in brackets the average CI considering only the values> 0.2

**%* calculated from EBSD scans 2, 3 and 4 using the equivalent disc diameter method

Table 5.1 Bulk properties and EBSD data for the eight ceramic samples.

Microscopy Image Simulation (EMS) software deve-
loped by STADELMANN (1987) was used to generate the
reflectors included in the crystallographic material
files needed for indexing. All EBSD data were col-
lected with a Philips® FEI XL30 SFEG Sirion SEM
equipped with the EDAX® (TSL) OIM 3.5 software
package. The best results were obtained with an accele-
ration 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 (num-
bered 1 in Table 5.1) were used to generate the pole
figures of the samples. To avoid redundant point mea-
surements from the same grains and improve grain

statistics, large step sizes were selected, i.e. 5 pm/step
for an area of 500 pm x 500 um and 15 um/step for
an area of 1500 pm x 1500 um were chosen for the
fine (1550°C) and coarse (1700°C) grained samples,
respectively. The data of the three other scans (2, 3
and 4) were used to map the microstructure and high-
light the GB’s (Fig. 5.2). In order to improve the pixel
resolution of the maps, small step size / areas of 0.4
pum / 50 pym x 50 pm and 0.8 pm / 100 um x 100 um
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 (BunGe 1982). A
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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
15° used).

The GB’s satisfying the CSL model for X values
up to 49 were automatically detected for the cubic
material (zirconia), using the list integrated in the soft-
ware (s. also PumpHREY & BowkEgTt 1971). For alu-
mina, the Constrained CSL model (SinGH et al. 1990)
adapted for hexagonal lattices by GRIMMER (1989)
was used, considering X values up to 28 (Table 5.2).
In this latter case coincidence is defined for specific
c/a ratios; only CSL’s with misorientation axes paral-
lel to [0001] are independent of the lattice parameters.
Following the recommendations of GRIMMER (1989),
all common (unspecific) and specific coincidence

misorientations for c/a ratios ranging from 2.699 and
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 dis-
locations. For both alumina and zirconia, the Brandon
criterion (BRANDON 1966) was used to account for the
allowed deviation AB of experimental values from the
theoretical values:

AO =15  (Eq5.1)

Special GB’s corresponding to given X values were
counted and expressed as a fraction of the total GB’s.
To improve GB statistics, averaging between data col-
lected from the different scans within the same sam-
ples and from different samples of the same material
sintered at the same temperature was performed.

X3

X7

8

11

z12

13

x14
X15-%28

10 pm

X3

x5

X7

X9

211

13

215 - %49

25 um

Fig. 5.2 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, d) of the corresponding areas. CSL misorientations with
high X values were grouped for clarity. Since the EDAX® (TSL) OIM software only highlights GB s 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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Alumina Zirconia

z c/a Miller indices [uv.w] 0[] A0 [°] 3 Miller indices [uvw] 01[°] AO[°]
3 all 0o 0 0 1 60.00 8.67 3 1 1 1 60.00 8.66
7 all 0 0 0 1 38.21 5.67 5 1 (U] 36.87 6.71

7 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 I 0 50.48 4.52
11, 2.739 2 -3 1 68.68 4.52 13, 1 0 0 22.62 4.16
11, 2.739 12 -3 1 68.68 4.52 13, 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 94.78 433 17, I 0 0 28.07 3.64
13, all 0o 0 0 1 27.80 4.16 17, 2 2 1 61.93 3.64
13, 2.739 36 -9 0 57.42 4.16 19, 1 1 0 26.53 3.64
135 2.739 5 10 -15 2 94.41 4.16 19, 1 1 1 46.83 3.64
134 2.739 0 5 -15 2 94.41 4.16 21, 1 1 1 21.79 3.27
135 2.763 2 4 -6 1 85.59 4.16 21, 2 1 1 44.40 3.27
14, 2.711 7 14 21 5 75.52 4.01 23 3 1 1 40.45 3.13

14, 2.717 32 64 96 13 94.10 4.01 25, 1 0 0 16.25 3.00
15 2.699 17 34 -51 7 93.82 3.87 25, 3 3 1 51.68 3.00
15, 2.717 2 4 -6 1 86.18 3.87 27, 1 1 0 31.58 2.89
17, 2.739 2 2 4 1 71.12 3.64 27, 2 1 0 35.42 2.89
17, 2.739 5 4 9 1 96.76 3.64 29, 1 0 0 43.61 2.79
175 2.739 4 5 9 1 96.76 3.64 29, 2 2 1 46.39 2.79
17, 2.763 28 14 42 11 72.90 3.64 31, 1 1 1 17.90 2.69
18 2.711 2 -3 1 68.83 3.53 31, 2 1 1 52.19 2.69
19, all 0o 0 0 1 46.83 3.44 33 1 1 0 20.05 2.61

19, 2.739 5 10 -15 1 65.10 3.44 33, 3 1 1 33.55 2.61

195 2.739 10 5 -15 1 65.10 3.44 333 1 1 0 58.98 2.61

19, 2.739 1 I 2 0 86.98 3.44 35 2 1 1 34.04 2.54
20, 2.717 32 16 -48 13 72.45 3.35 35, 3 3 1 43.23 2.54
20, 2.755 2 4 -6 1 85.70 3.35 37 I 0 o0 18.92 247
21, all 0o 0 0 1 21.79 3.27 37, 3 1 0 43.13 247
21, 2.711 28 14 42 5 99.59 3.27 373 1 1 1 50.57 247
215 2.739 3 3 6 0 64.62 3.27 39, 1 1 1 32.21 2.40
22, 2.699 68 34 -102 7 64.42 3.20 39, 3002 1 50.13 2.40
22, 2.724 2 4 -6 1 86.09 3.20 41, 1 0 0 12.68 2.34
23, 2.711 2 4 -6 1 86.26 3.13 41, 2 1 0 40.88 2.34
23, 2.739 1 1 -2 0 55.58 3.13 415 1 1 0 55.88 2.34
234 2.739 5 10 -15 1 87.51 3.13 43, 1 1 1 15.18 2.29
23,4 2.739 0 5 -15 1 87.51 3.13 43, 2 1 0 2791 2.29
235 2.739 4 4 8 1 91.25 3.13 43, 33 2 60.77 2.29
24 2.699 1 1 20 65.38 3.06 45, 3 1 1 28.62 224
25, 2.699 2 -3 1 68.90 3.00 45, 2 2 1 36.87 2.24
25, 2.704 36 9 1 102.71 3.00 453 2 2 1 53.13 2.24
254 2.750 58 116 -174 23 94.59 3.00 47, 3 3 1 37.07 2.19
26 2.758 2 -3 1 68.57 2.94 47, 32 0 43.66 2.19
27, 2.728 62 124 -186 25 94.25 2.89 49, 1 1 1 43.58 2.14
27, 2.750 2 4 -6 1 85.75 2.89 49, 5 1 1 43.58 2.14
27, 2.763 16 8 -24 11 64.79 2.89 49; 302 2 49.22 2.14
28, 2.711 4 7 21 1 82.82 2.83

28, 2.711 5 4 9 1 97.18 2.83

Table 5.2 Coincidence rotations used to determine CSL GB's in rhomboedral alumina (GrRiMmER, 1989) and cubic zirconia (e.g. Pum-
PHREY & Bowkerr, 1971). Subscripts are used to differentiate angle/axis pairs characterized by the same multiplicity index .

In the EDAX® (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 (s. Table 5.1) of our EBSD data exclude
indexing errors due to pseudo-symmetry, which might
occur e.g. in alumina. Wrong indexing is generally
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accompanied 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 conse-
quence, the quality of EBSD maps would markedly
deteriorate, since large grains will typically contain
speckled points indexed by any of the pseudo-sym-
metric orientations (K. Kunzg, personal communica-
tion). Such features were never observed.

a) ‘

b) Alumina Zirconia
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.)2
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00
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Fig. 5.3 (a) Map of the simulated spatial model containing
50000 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 (s. scale
bar). For each sample, the texture index J, calculated for an
expansion index of 22 and a Gaussian half-width of 15° 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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TD
00 1.04
RD
1.0 1.1 1.2

5.2.3 Simulation of random spatial models

In order to compare the distributions of grain mis-
orientation and CSL GB’s obtained from the measured
samples with the distributions expected for purely
random textures, 2D models containing 50000 ran-
domly orientated grains (Fig. 5.3) were simulated
for alumina and zirconia. Hexagonal-shaped grains
were chosen to approximate the well equilibrated
microstructure observed in the samples. The grid of
the models consists thus of a regular honeycomb-type
arrangement of grains, each having six neighbors and
120° triple junctions. The microstructure 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 & Graaski (1993) in 3D
simulations of GB character distribution.

A random number calculator was used to generate
the Euler angles ¢ , ® and ¢, necessary to define the
orientation of the grains, following the equations first
defined by Bunce (1982) and used for similar purposes
by Pan & Apawms (1994):

@, =2rm;®=cos(1-2r,); ¢, =2r,1 (Eq.52)

where 1, 1, and r, are randomly generated numbers
comprised between 0 and 1. Each of the 50000 Euler
triplets was attributed to a grain of the honeycomb
microstructure and the grain orientation data were
loaded into the EDAX® (TSL) OIM Analysis software
to generate the grain misorientation and CSL distribu-

tions.

5.3 RESULTS AND DISCUSSION

5.3.1 Microstructures and textures

Typical microstructures for alumina and zirconia
ceramics sintered at 1550°C and 1700°C are presented
in Fig. 5.4. The average grain diameter increased by
approximately 100% for zirconia and 200% for alu-
mina in the samples fired at 1700°C (s. Table 5.1).
Zirconia specimens are characterized by a well equili-
brated 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
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Fig. 5.4 SEM forescattered electron images showing typical microstructures of alumina (a, b) and zirconia (c, 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°C and those in (b) and (d) at 1700°C.

a)  [0001] [2iio]

Al
TD
1.45 1.30
RD

A3 A4

J=1.05 J=1.03 1.30 1.19 J=1.03 145 .120
b)  [100] [110]

Z1 . Z3 Z4 .
J=1.00 1.09 1.05 ! g J=1.01 1.15 1.05 J=1.00 1.08 1.03

(111

l 1.08

1.0 1.1 12 1.3 14 1.5

Fig. 5.5 (a) Alumina pole figures showing the preferred orientations of the [0001] and [2-1-10] axes. A very weak but obvious texture is
observed with the [0001] pole maximum orientated parallel to ND (direction of uniaxial pressing). (b) Zirconia pole figures displaying
the preferred orientations of the [100], [110] and [111] 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 5.1. Symbols and reference axes as in Fig. 5.3.
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shape distribution. Abnormal grain growth, however,
was never observed. The porosity is concentrated at
GB’s and triple junctions. Occasionally, large pores
resulting from insufficient powder compaction during
the shaping process are encountered.

1 Alumina 1550 [°C]
n=10428

Fraction of total GB’s [%]
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Alumina random
n = 50000

Fraction of total GB’s [%]
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Misorientation angle [°]

The LPO for the 8 samples (Fig. 5.5) were cal-
culated from EBSD scans (numbered 1 in Table 5.1)
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.

b)

] 0 Zirconia 1550 [°C]
o n=15883

] Zirconia 1700 [°C]
alm n=15694

10

A Zirconia random
il n= 150000

Misorientation angle [°]

Fig. 5.6 Histograms of misorientation angles for (a) alumina and (b) zirconia ceramics sintered at 1550°C and 1700°C; n = number of
grains. The distribution for the spatial models simulated for 50000 randomly orientated grains is indicated for comparison.



Nevertheless, small peaks are present in some of the
pole figures. In alumina a very weak but obvious
LPO was observed, the [0001] 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 (s. Fig.
5.1a.) 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 [111] pole maxi-
mum is orientated parallel to ND.

5.3.2 Grain misorientation distributions

The grain misorientation distributions were calcu-
lated up to 107.5° for alumina and 62.8° for zirconia,
i.e. the limits imposed by symmetry. The histograms
of the measured misorientation angles for both alu-
mina and zirconia were compared with the model
random distributions using the Kolmogorov-Smirnov
test (WHEELER et al. 2001). Using all misorientations,
i.e. without prior classification, the measured distribu-
tions cannot be distinguished from the random distri-
bution 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. 5.6).

Visual inspection of the histograms for the mea-
sured 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 distributions at around 50°, 60°, and
between 82.5° and 92.5°. Relative maxima for similar
misorientation angles are also found in other misorien-
tation distributions for alumina published so far (e.g.
CHo et al. 1998, CHo et al. 2002). All samples had, sim-
ilar to the present ones, a weak texture, which may be
the reason for these characteristic maxima (s. Section
5.3.3). The increase in temperature and the associated
increase in grain size have no effect in the distribu-
tion 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. (2003), which showed that the fraction of CSL
GB’s does not change with time, i.e. with increasing
grain size, except for low angle GB’s (X1).

The misorientation distributions of the zirconia
average samples show no relative maxima and the dif-
ferences between the distributions are as small as the
differences between measured and random distribu-
tions.
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5.3.3 CSL grain boundary distributions

5.3.3.1  Validity of the simulated spatial models

Two methods are described in the literature to obtain
random CSL GB distributions for microstructures con-
sisting 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 (GArRBACZ & GRABSKI
1993) and that the values obtained from random spa-
tial 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 3D microstructure. 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 & GraBski (1993). For X 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.
(1993) to calculate the number fraction of individual
CSL GB’s, 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
GB’s with given %, f %, is given by:

AN’ )
fX= (AG —sin AG) (Eq. 5.3)
N(g)

b A N £ £
3 1 6 0.110 0.087
7 1 3 0.061 0.049
13, 1 3 0.024 0.016
19, 1 3 0.014 0.013
21, 1 3 0.012 0.011

Table 5.3 Fractions f.2 (%) of CSL GBS calculated according
to Eq. 5.3 for the common (unspecific) coincidence misorienta-
tions in alumina. Fractions obtained from the simulated ran-
dom 2D spatial model (f;2) are shown for comparison.
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N is the order of the subgroup of the crystallo- for trigonal point groups), A and N(g) are parameters
graphic point symmetry containing only rotations (6 taking into account the orientation of the CSL misori-
Alumina Zirconia

z fMZAI fMEAZ fMZISSO fM2A3 fMZAAI fM21700 fS2 z fMZZI fMEZZ fMZISSO fMEZ3 fMZZ4 fM21700 fS2
3 049 079 064 065 069 067  0.09 3 189 2.00 1.97 1.74 1.91 1.82 1.54
7, 006 004 005 005 016 010 005 5 149 1.59 156 1.03 1.75 138 1.08
7, 004 007 005 005 0.l 0.08  0.06 7 086 083 084 111 058 085 085
75 041 031 036 070 058 064 031 9 L10 110 L10 079 108 093 087
8 013 022 017 035 005 020  0.I2 11 1.41 1.02 115 1.27 150 138 067
11, 015 007 011 0.00 0.1 005  0.10 13, 031 030 031 0.40 100 069 025
11, 017 022 020 015 032 023 0.5 13, 0.71 030 043 040 025 032 032
11, 013 026 020 010 016 013 0.5 15 118 L13 1.15 103 017 061  0.79
12 000 002 001 000 000 000 0.2 17, 039 026 031 008 033 020 0.3
13, 006 007 007 000 000 000 002 17, 079 064 069 040 042 041 034
13, 015 018 016 010 0.1 0.10 0.2 19, 039 026 031 0.16 050 032 026
13, 006 002 004 005 005 005 00l 19, 024 023 023 016 025 020  0.I8
13, 013 015 014 025 0.l 0.18  0.12 21, 016 026 023 008 033 020 0.5
13, 004 000 002 005 005 005 002 21, 024 034 031 0.71 050 0.6l 0.49
14, 0.11 0.11 0.11 025 026 026 0.1 23 024 053 043 079 067 073 04l
14, 000 000 000 000 005 003 0.0l 25, 016 019 018 016 017 016  0.09
15, 0.11 009 010 005 021 0.13 005 25, 0.16 0.6l 046 024 042 032 037
15, 000 004 002 000 005 003 005 27, 031 0.19 023 032 025 028 0.5
17, 017 007 012 010 005 008  0.08 27, 047 053 051 047 033 041 033
17, 004 009 007 005 005 005 004 29, 016 0.1 013 016 008 012 004
17, 0.11 009 010 010 021 0.16 007 29, 000 042 028 047 033 041 0.29
17, 000 002 001 000 000 000  0.02 31, 016 023 020 016 008 012 007
18 000 002 001 0.05 000 003  0.03 31, 055 042 046 047 017 032 028
19, 000 000 000 005 000 003 00l 33, 008 0.1 010 024 075 049 0.4
19, 0.11 013 012 010 005 008 006 33, 039 030 033 040 033 036 025
19, 000 004 002 015 005 010 002 33, 039 008 018 008 017 012 012
19, 006 002 004 005 005 005  0.03 35, 031 030 031 032 025 028 023
20, 0.11 0.18 014 005 0.1 008  0.07 35, 031 038 036 008 025 016 024
20, 000 002 001 0.00 000 000 0.0l 37, 0.6 008 010 008 008 008 0.0l
21, 004 000 002 005 005 005 00l 37, 031 0.11 018 016 025 020 021
21, 013 002 008 010 005 008  0.06 37, 039 019 026 008 025 016  0.03
21, 0.00 002 001 000 000 000 001 39, 008 015 013 016 008 012 002
22, 006 007 007 030 005 018 006 39, 031 049 043 040 025 032 039
22, 000 000 000 000 000 000  0.00 41, 008 004 005 008 017 012 004
23, 002 000 001 0.00 005 003 001 41, 031 0.19 023 032 008 020 017
23, 004 007 005 005 000 003 002 41, 000 004 003 000 025 012 005
23, 002 004 003 005 005 005 006 43, 000 008 005 000 000 000 003
23, 009 009 009 005 016 010 004 43, 024 023 023 008 017 012 017
235 009 004 006 000 0.1 005 006 43, 008 011 010 016 025 020  0.09
24 006 000 003 000 000 000 003 45, 000 019 013 016 008 012  0.I8
25, 004 000 002 000 000 000 0.0l 45, 031 023 026 024 008 016 016
25, 009 013 011 005 0.1 008  0.05 45, 016 0.1 013 024 042 032 017
25, 002 002 002 000 005 003 001 47, 008 011 010 008 025 016  0.16
26 000 007 003 000 005 003 005 47, 008 015 013 000 000 000 014
27, 000 009 004 005 000 003 005 49, 008 008 008 000 000 000 000
27, 000 007 003 010 000 005 004 49, 008 026 020 024 008 016  0.I3
27, 006 000 003 000 016 008 004 49, 016 034 028 000 025 012 0.3
28, 006 009 008 000 000 000 004

28, 006 004 005 000 000 000 004

Total 375 421 398 433 455 444 267 1775 1785 1782 1614 1779 1694 1323

Table 5.4 2 number fractions (%) of the total GB s for the individual and average samples, as well as for the simulated random models.
For each individual sample, the values are obtained by averaging the fractions of CSL GB's over three EBSD scans (scans 2, 3 and
4). The values of the average samples are calculated by summing all CSL GB's occurring in the same material for a given sintering
temperature.



entation axis relative to the crystal rotation axis and A®
is the angle given by the Brandon criterion. The cal-
culation of f.X is complicated by the c/a dependence
of the CSL. Therefore, only the calculated frequencies
of the common (unspecific) CSL misorientations are
presented (Table 5.3). They are all larger than the frac-
tions f.X obtained from the present 2D random model,
an observation already made for the cubic system
(GarBacz & Grasski 1993). 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 dis-
tributions are reliable.

5.3.3.2  CSL grain boundary distributions in mea-
surements and simulated models

Alumina

In alumina the total number fraction of CSL GB’s
is 3.98 + 0.2% for the average sample sintered at
1550°C and 4.44 £+ 0.1% for the one sintered at 1700°C
(Table 5.4). These values are significantly higher than
the number fraction of CSL GB’s for the simulated
random model, i.e. 2.67%. The GB character distribu-
tion (Fig. 5.7a) shows a predominance of 3 GB’s in
the measured samples. The other CSL GB’s, however,
also contribute to the differences between the measure-
ments and the spatial model, as shown by the relative
difference parameter n:

23
£y

S

-100  (Eq. 5.4)

where f ¥ and f X are the ¥ number fractions rela-
tive to the total number of GB’s for the measured
average samples and simulated random models,
respectively. To avoid bias due to insufficient GB sam-
pling, calculations according to Eq. 5.4 was limited to
CSL GB’s for which f X > 0.1%.

For the alumina samples sintered at 1550°C, all
except one of the f, ¥’s are larger than the f.X’s (relative
difference n > 0) (Fig. 5.8a). However, 1 is, for most
GB’s less than the 1-c error calculated from counting
statistics. The largest difference is for the X3 GB frac-
tion. In the literature, high X3 number fractions are
also reported for REE-doped alumina samples charac-
terized by very weak textures (LARTIGUE & PRIESTER
1988, CHo et al. 2002) and for alumina produced by
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gel-casting (WEr et al. 2005). In this latter study, the
idiomorphic and platelet morphology (normal to the
[0001] axis) of the initial particles, which were depos-
ited in an oriented manner onto a substrate, was inter-
preted to be responsible for the increased concentration
of £3 GB’s, for which the [0001] axis is the misori-
entation axis. The starting powder used in the present
investigation also consists of platelet-shaped crystal-
lites (s. Fig. 5.1a) and the pressure applied during the
manufacturing of the green bodies might, therefore,
explain the increase in X3 GB’s.

For the alumina samples sintered at 1700°C, more
than 80% of the f ¥’s are larger than the £ X’s. Two
thirds of them show a relative difference n > 100%,
with again a high £3 number fraction. The deviation
relative to the random model is, therefore, statistically
significant.

About 65% of the CSL misorientations for which
f,,Z 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 &, defined as
follows, is larger than 0:

gz fMz“noo _fMEISSO 100 (Eq. 5.5)
sz 1550
where f ¥ . andf ¥  arethe measured X number

fractions relative to the total number of GB’s for the
average samples sintered at 1550°C and 1700°C,
respectively. Increase or decrease of the amount of
CSL GB’s 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 [0001] axis, decrease with temperature, whereas
the misorientations with rotation axes normal to the
basal plane, i.e. parallel to the [0001] axis, increase
(Fig. 5.9). This may be explained by the anisotropy of
physical parameters that influence grain growth, such
as GB mobility. Prism faces (parallel to the [0001]
axis) tend to move faster (along the [2-1-10] axis) than
the basal planes (along the [0001] axis) (ScotT et al.
2002). Therefore, the surface ratio Sprism/ S, dECTEASES
with increasing grain size, whereas the number frac-
tion ratio fpmm/fbasall increases. As GB planes for grain
misorientations with the CSL misorientation axes
parallel to the [0001] axis are likely to be also parallel
to the [0001] axis, the ¥ number fraction of such GB’s

is expected to increase, as observed.
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Fig. 5.7 GB character distribution in (a) alumina (£3-228) and (b) zirconia (X3-249) for the two different sintering temperatures, as
well as for the random spatial models; n,, = total number of GB's (CSL and non-CSL).
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Fig. 5.8 Relative difference n for CSL GB's in (a) alumina and
(b) zirconia sintered at 1550°C (open circles) and 1700°C (full
circles). Only the X values for which f,, 2 > 0.1% are presented.
n = 0 indicates that the proportions of CSL GB's in the mea-
sured samples and in the models are equal. X values with n >
100% are mainly observed for high sintering temperature.
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Fig. 5.9 Plot of the relative difference & vs the angle 6 between
[0001] and the CSL misorientation axis in alumina. Only data
Sor which f, X, . and/or f,, 2 > 0.1% are considered. For
the values with the misorientation axis parallel to [0001] (0 =
0°), £, 90 i larger than f, X (¢ positive), whereas f, 2, is
smaller thanf, X . (¢ negative) for all values with the misorien-
tation axis normal or slightly inclined with respect to [0001]
(0 = 90°). X values for different c/a with the same misorienta-
tion axis and angle plus symmetrically equivalent X values were

added together.
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Zirconia

Zirconia globally shows higher f, >’s compared to
alumina, as expected for a phase with cubic symmetry.
The GB character distribution shows that the number
fraction of CSL GB’s decreases exponentially with
increasing X, as predicted by the random 2D model
(Fig. 5.7b). The total fractions of CSL GB’s are very
similar for both average samples, i.e. 17.82% + 0.1%
for the average sample sintered at 1550°C and 16.94%
+ 0.8% for the one sintered at 1700°C (Table 5.4).
These values are 4.59% and 3.71% higher than the
total fraction of CSL GB’s predicted from the random
2D model, even though the Kolmogorov-Smirnov test
indicates that the measured distributions cannot be
distinguished from the latter.

The relative difference n of three fourths of the
CSL GB’s (considering only f X > 0.1 %) in zirconia
(Fig. 5.8b) decreases with higher sintering tempera-
ture. None of the CSL GB’s in the 1550°C average
sample and only three in the 1700°C average sample
(211, 213, and £33 ) have number fractions that differ
by more than 100% from the random model.

About 65% of the CSL misorientations for which
f,,2’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 (& negative, not presented), but only
two show differences larger than 50%.

5.3.3.3  Triple junction character and prominence
factors in zirconia

The number of CSL GB’s in zirconia is a sizeable
amount of the total number of GB’s present in the sam-
ples, which increases the probability that two or three
CSL GB’s meet at a triple junction. In both average
zirconia samples, the triple junction character, i.e. the
fractions J of junctions with n CSL GB’s (n = 0, 1,
2, 3), fit relatively well with simulated triple junction
distribution curves reported in the literature (MINICH et
al. 2002). GB’s 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 mis-
orientation law becomes the sigma combination rule:

Ya-Tb=m’Zc (Eq 5.6)

where the Z-terms represent numerical X-values
and m can be any common divisor of a and b.
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ScHuH et al. (2005) have presented a generalized
description of the GB character distribution for FCC
metals based on these conservation laws. The micro-
structure of FCC metals with low to medium stacking
fault energies is dominated by X3 GB’s, which are the
result of annealing twinning. The larger the number
of £3 GB’s in a microstructure the higher is the likeli-
hood that two of them meet at a triple junction. The
third GB is determined by the sigma combination rule
and must be a 29 (m=1) or a £1 (m=3) GB. A £3 and
29 meeting at a triple junction fix the third GB to be
a 23 (m=3) or a £27 (m=1). The number fractions of
these GB’s are thus related. The prominence of X3,
%9 and X27 GB’s may be expressed by so called rwin
prominence factors A, and A, (ScHu et al. 2005):

A, = 23 (Eq. 5.7)
23+ 29+ 227
=9
A =————  (Eq58
T VA

with fXi representing the number fraction for X
GB’s of type i. As expected, these factors have similar
values and for the samples analyzed by ScHuH et al.
(2005) they are between 0.5 and 0.9, with a maximum
at 0.75. Furthermore, in most samples A, = A, so that
one parameter is sufficient to describe a large part of
the CSL GB population.

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 Scuun et al. (2005).
The prominence factors calculated both for the zirco-
nia average samples (A, =0.52,A, |, =0.53,A, ;o
= 0.60, A, ., = 0.57) and for the simulated random
model (A, (= 0.53, A, ;= 0.64) fall in the range given
for FCC metals. Therefore, the limit of 0.5 given by
ScHuH et al. (2005) might be a too small lower bound
for the twin prominence factors in FCC metals and
the range given by GerTsMAN & TaNGrI (1995) and
ParumBo et al. (1992) are probably more appropriate
to describe microstructures dominated by annealing
twinning.

Parameters similar to the twin prominence factors
may be used to visualize differences between the mea-
sured and a random CSL GB distribution. For CSL GB
triplets related by the function

0.7

v 1550 [°C]
A 1700 [°C]
e random
0.0 T T T T T T T
1 3 5 7 9 11 13

0.1

Fig. 5.10 Linear dependence of the general prominence factor
P as a function of parameter b in zirconia.

23-2b=Zc (Eq.59)

the following general prominence factor P is line-
arly dependent on b for values up to b=13:

P, = 23 (Eq. 5.10)
S W5 U S
P,, =0.021b+0.340  (Eq. 5.11)

The linear dependence resulting from Eq. 5.11 is
a consequence of the symmetry relationships between
such triplets. This equation describes over 70% of the
CSL GB’s up to £39. The values of P, , for both average
samples are very close to the theoretical values except
P, for the samples sintered at 1550°C and P, |, for the

samples sintered at 1700°C (Fig. 5.10). A more in depth
presentation will be given in a forthcoming paper.

5.4 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 alu-
mina show relative maxima at 50°, 60°, and between
82.5° and 92.5° for both sintering temperatures,



whereas no relative maxima are observed for zirconia.
The maxima and minima in the misorientation distri-
bution are present in all alumina samples independent
on the sintering temperature 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 dependencies.

(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 GB’s for
both alumina and zirconia are significantly higher in
the measurements than in the simulated models. In
alumina, this feature is particularly obvious for X3,
even though most CSL GB’s contribute to the trend.
Relative difference over 100% is predominant in the
samples sintered at the high temperature. It has been
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shown that the increase or decrease of the amount
of CSL GB’s with sintering temperature is crystallo-
graphically controlled and dependent on the orienta-
tion of the CSL misorientation axis with respect to the
[0001] axis.

(4) The twin prominence factors A, and A, both
for the zirconia average samples and the simulated
random model are within the lower and upper bounds
defined by Schus et al. (2005) 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 fac-
tors 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 rela-
tionship with X, which could be used as a very simple
criterion to determine the randomness of CSL GB dis-
tribution in FCC-type materials.
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6 - PERSPECTIVES

Because of the very diverse nature of the topics
treated in the three case studies, extracting a general
conclusion valid for all these investigation fields is
unrealistic. Instead of harking back to the conclusive
remarks presented at the end of each chapter, the text
below rather focuses on some possible perspectives
for further research.

6.1 CaskE Stupy 1

The orientation of anisotropy in the uppermost
mantle lithosphere of slow-spreading ridge environ-
ments is a debated and often oversimplified issue. Up
to now, it is not clear whether the vertical fabric inhe-
rited from the ridge may be preserved at very large
distances, nor how fast this original fabric might be
reoriented, e.g. in response to plastic flow in reheated
mantle environments or due to regional tectonics. In a
novel seismic refraction survey in the western Atlantic,
GaHERTY et al. (2004) put forward that the maximum
P-wave velocity in the upper 10 km of mantle litho-
sphere formed at slow spreading ridges is parallel to
the spreading direction, a conclusion which corrobo-
rates our orientation choice. In order to better constrain
the orientation of anisotropy in the first kilometers of
the uppermost mantle, investigations on orientated
samples are necessary. Unfortunately, no oceanic
upper mantle terrane crops out above the Atlantic
Ocean. The upper mantle section of the islets of S&o
Pedro e Paulo, far off the Brazilian coast is interpreted
as a relict of sub-continental mantle (BoNaTTi 1990)
and thus, it is of little interest for our purpose. Tens of
oceanic upper mantle peridotites, however, have been
sampled during the Ocean Drilling Program (ODP),
either from oceanic core complexes directly bordering
the Mid-Atlantic ridge or from uplifted mantle ter-
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ranes located at farther distance from the ridge. Some
of these samples have been used already for general
structural investigations (e.g. SCHROEDER & JOHN 2004,
BrackMman et al. 2006); to our knowledge, however,
no EBSD studies have been carried out based on the
oceanic upper mantle peridotites from the ODP. Even
though most of the samples are strongly serpentinized,
they represent a unique opportunity to study orientated
oceanic upper mantle peridotites generated at slow
spreading ridges and to better constrain the dynamic
of the lithosphere.

6.2 CASE STtuDY 2

The snowball garnets from the Lukmanier Pass
area have provided very promising results giving
new pieces of evidence which may help to solve the
controversies around snowball garnet growth. EBSD
maps have shown unexpected results indicating the
polycrystalline nature of the spirals. Little has been
said, however, about the crystallographic relationship
between the different segment-shaped grains of the
spirals and between those grains and the core region.
Preliminary observation seems to indicate that at least
some of the grains forming the spiral are related through
rotations around a unique axis. Further research on a
larger sample population is necessary to determine if
this trend is confirmed and, if yes, to understand the
mechanisms involved. Mathematical algorithms have
been developed with this in view by our collaborators
from the Department of Mathematics. They should
allow us to calculate the common rotation axis from the
crystallographic orientation of the individual grains.

One could easily imagine that the garnet grains
which have grown at the ends of the spiral arms have
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conserved a preferred crystallographic orientation
inherited from the parent mica lattice. TEM analy-
ses are planned to compare the crystallographic ori-
entations of mica and garnet and to deduce possible
topotaxial relationships. Finally, in order to better
understand the growth mechanism of the garnets, visu-
alization of the grain distribution in 3D is necessary.
Serial sectioning of spiral garnets and further EBSD
analysis are envisaged.

6.3 CAasE StupY 3

The analysis of grain misorientation and CSL GB
distributions has led to a very extensive characterization
of our alumina and zirconia ceramics. Further research
could take advantage of these well characterized sam-
ples to investigate the influence of individual GB’s
on ceramic properties. Among the wealth of possible
investigation fields, GB diffusion and particularly the
GB diffusion of metals through the ceramic bodies
is of particular interest. Ceramic parts coated with a
thin metallic layer of a few nm are used in applica-
tions such as, for example, the central monolith pieces
of catalytic converters, which consist of honeycomb
alumina or cordierite ceramics coated by platinum,
rhodium and palladium. These metals are used as cata-
lysts to favour the redox reactions necessary to trans-

Aeskokokok

form toxic molecules in less harmful ones. One of the
undesirable aspects of this kind of materials, though, is
the diffusion (mainly along GB’s) of metal through the
ceramics. This process may arise either during the pro-
cessing of the product, or it is simply the consequence
of ageing when the material is used at relatively high
temperature. In this latter case, a progressive loss of
the ceramic properties may be observed (e.g. SERIER et
al. 1993). Consequently, avoiding or at least slowing
down the diffusion of metals through the material is
clearly of economic interest for the ceramic industry,
besides being an environmental issue as well. This
may be achieved by GB engineering, i.e. by producing
microstructure with a high fraction of GB with small
diffusion coefficients.

The structure and type of GB’s (in terms of CSL)
have a significant influence on the rate of GB diffu-
sion (e.g. Kaur et al. 1995). However, data available
in the literature for ceramics are often restricted to
average values. Further research would involve dif-
fusion experiments and analyses based on two main
techniques: (1) glow discharge optical electron spec-
troscopy (GD-OES; DELFOSSE & AEBERHARD 1997) to
measure the diffusion profiles inside the ceramics and
(2) analytical electron microscopy (AEM; KOHLSTEDT
1990) to investigate the distribution of metal in indi-
vidual GB’s. Significant advances may be expected
with possible applications in GB engineering.
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I - APPENDIX OF CASE STUDY 1

I.1 CHEMISTRY AND CRYSTAL STRUCTURE
OF PERIDOTITE MINERALS

The chemistry and crystallography of the upper
mantle minerals olivine, ortho- and clinopyroxene
are summarized below. Most concepts and figures are
based on the reference book An Introduction to the
Rock-forming Minerals (DEERr et al. 1992).

I.1.1 Olivine

Olivine is the dominating mineral in the upper-
most part of the mantle and designates the continu-
ous solid solution between the end-members forsterite
(Mg,Si0,) and fayalite (Fe,SiO,). Only Mg-rich mem-
bers (typically Fo,, ) are present in peridotite rocks.
A limited substitution of Mg/Fe cations by Mn or Ca
is commonly observed in natural olivine. However,
the corresponding pure end-members tephroite
(Mn,SiO,), monticellite (CaMgSiO,) and kirschstein-
ite (CaFeSiO,) are very rare in nature.

Olivine belongs to the nesosilicate group and crys-
tallizes with the orthorhombic space group symme-
try Pbnm. The structure consists of individual SiO,
tetrahedra which cross-link chains of octahedrally
coordinated M-cations (Mg, Fe) (Fig. 1.1). Half of
them, known as M, are located at centers of sym-
metry, whereas the other half, called M., are located
on reflection planes. Alternatively, the olivine struc-
ture can be described as a slightly distorted hexagonal
closed-packing of oxygen atoms in which one-eighth
of the tetrahedral and half of the octahedral interstices
are filled.

SiO, tetrahedra pointing towards the
viewer (Si not shown)

SiO, tetrahedra pointing away from
the viewer (Si not shown)

Fig. I.1 [100] axis projection of an idealized olivine structure.
Small open circles are M atoms at x = 0; small solid circles are
M atoms atx = %; M, at centers of symmetry, M, on reflection
planes (after BraGG & Brown 1926).

The unit cell parameters of olivine increase almost
linearly with the Fe content. Upper mantle olivine
with a composition Fo,, has the following unit cell
parameters of a=4.76 A,b=10.22 Aandc=5.99 A
(Fig. 1.2).
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[001]
(c=5.99 A)

Optic axial
plane

[010]

(a=4.76 A)

Fig. 1.2 Schematic illustration of a forsterite single crystal with
the cell parameter values a, b and c in the [100], [010] and
[001] directions, respectively (after DEER et al. 1992).

I.1.2  Ortho- and clinopyroxene

Ortho- and clinopyroxenes are the second
most important constituents of peridotite rocks.
Orthopyroxenes are members of the solid solu-
tion between the end-members enstatite (Mg,Si,O,)
and ferrosilite (Fe,Si,O,), the Mg-rich members
being the dominant pyroxene minerals in peridotite.
Clinopyroxenes have a more variable chemistry. Most
of them, however, can be considered as members

a) Ca,5i,0, (Wo)

50 —\ 50
45 / Diopside | Hedenbergite\ 45

Augite
20 20
/ Pigeonite
5/ Clinoenstatite ] Clinoferrosilite \5

Mg,Si,0O, (En) 50 Fe,Si,0, (Fs)
b)
AR A\,
/ Enstatite | Ferrosilite N\
Mg,Si,0, (En) 50 Fe,Si,0, (Fs)

Fig. 1.3 Composition range and nomenclature of (a) the Ca-
Mg-Fe clinopyroxenes, and (b) orthopyroxenes (after MORI-
moto 1988).

of the continuous solid-solution between diopside
(CaMgSi,0,) and hedenbergite (CaFeSi,O,), with limi-
ted substitution of Ca by Mg and Fe, respectively Mg
and Fe by Al (Fig. 1.3). Of these, diopside, easily iden-
tified in hand specimen due to its bright green color, is
relatively frequent in upper mantle rocks.

Both ortho- and clinopyroxenes are inosilicates,
characterized by single chains of SiO, tetrahedra paral-
lel to the [001] axis (Fig. 1.4). The chains are linked to
each other by octahedral layers containing 6- or 8-coor-
dinated cations (Fe, Mg, Ca, Na...), which occupy two
different sites: M, lying between the apices of the SiO,
tetrahedra and M, lying between their bases. Whereas
the large cations (Na, Ca, Li) always occupy the M,
sites, the smaller ones (Fe, Mg...) can be located on
both the M, and M, sites.

Pyroxene is stiffer than olivine under common
upper mantle P/T conditions. Because of the arrange-
ment of tetrahedra in chains parallel to the [001] axis,
dislocations glide in pyroxene is almost restricted to
the (100)[001] system, even though minor slip in the
[100] and [010] glide directions has also been observed
(MERrciEr 1985). The high bulk moduli of pyroxene
minerals explain why deformation in peridotite rocks
is preferentially accommodated by olivine rather than
pyroxene.

The cell parameters for enstatite (space group:
Pbca) range between a = 18.22-18.43 A, b= 8.81-9.08
A and ¢ = 5.17-5.24 A and for diopside (space group:
C2/c) between a = 9.75-9.85 A, b = 8.90-9.00 A, ¢ =
~5.3 A and B =~105° (Fig. 1.5).

Fig. 1.4 Projection of the diopside (a) and enstatite (b) struc-
tures down the [010] axis (after Zussman 1968).



a) [001]
(c=5.17-5.24 A)

Optic axial
plane

[010]
(b=8.81-9.08 A)

[100]
(a=18.22-18.43 A)

b) [001]

[010]
(b=8.90-9.00 A)

[100]
(a=9.75-9.85 A)

Fig. 1.5 Schematic view of enstatite (a) and diopside (b) single
crystals (after DEER et al. 1992).

1.2 EBSD pAta

I.2.1 Crystallographic files used for indexing

The crystallographic files used for the indexing of
peridotite minerals are those developed by Karsten
Kunze’s group at the ETH Ziirich (Switzerland). The
lattice constants and reflections for olivine, orthopy-
roxene and clinopyroxene are shown in Table I.1.

It must be noted that the crystallographic parame-
ters used to index clinopyroxene are the ones optimized
by MAULER et al. (1998) for omphacite. However, they
proved to be completely adequate to index diopside
patterns as well, despite the slight crystallographic
differences between both minerals. In this respect, the
EBSD technique appears not to be very sensitive (s.
also the comments of MauLER (2000)).
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I.2.2 List of EBSD runs

The list of EBSD runs for the twelve peridotite
samples in shown in Table 1.2.

Olivine Orthopyroxene Clinopyroxene*
Space group Pbnm Pbca C2/c
Lattice constants ~ a [nm] 4.762 18.241 9.585
b [nm] 10.225 8.83 8.776
¢ [nm] 5.994 5.185 5.26
a[°] 90.0 90.0 90.0
BI°] 90.0 90.0 106.85
v[°] 90.0 90.0 90.0
Reflectors (hkl) 011 420 110
021 221 200
101 321 11-1
111 610 020
120 131 021
002 202 221
031 521 310
130 502 31-1
131 512 20-2
112 631 -131
041 1010 002
210 250 221
122 023 311
140 1200 112
211 133 002
241 060 331
061 1102 42-1
133 1131 041
043 043 402
170 1212 202
322 104 13-2
340 1450 24-1
400 42-2
192 510
150
313
22-3
531
-602
-133
402
422
352
531
712
314
062
352
-604
750

* optimized for omphacite (MAULER et al. 1998)

Table 1.1 Lattice constants and reflectors used for the indexing
of peridotite minerals.
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Sample  Scan mode Step size Area  Measurements Measurements  Average CI* Phase [vol.%)] Approximate number of grains  LPO (J index**)
[um] [sz] with CI1>0.2 Ol Opx Cpx Ol Opx Cpx Total Ol
PVOl1 stage scan 100 2.54 25696 12245 (47.7%)  0.23 (0.40) 76 20 4 182 116 37 335 7.11
PV04 stage scan 100 2.70 27336 19590 (71.7%)  0.34 (0.45) 95 2 3 314 12 24 350 8.60
PV05 stage scan 100 5.62 56776 41737 (73.5%)  0.36 (0.46) 84 13 3 296 94 60 450 12.01
PV06 stage scan 100 5.76 58256 38975 (66.9%)  0.33(0.45) 81 17 2 297 70 30 397 16.73
PV08 stage scan 100 5.48 55266 41691 (75.4%)  0.37 (0.47) 81 19 1 262 119 15 396 12.25
LA2-4 stage scan 100 6.21 62586 43020 (68.7%)  0.33(0.45) 69 30 1 411 203 24 638 16.46
LA6-1 stage scan 100 5.00 50406 34147 (67.7%)  0.34 (0.47) 83 16 1 2675 227 62 2964 5.56
LA6-16  stage scan 100 2.99 30261 19384 (64.1%)  0.31(0.44) 93 1 6 296 3 59 358 3.80
LA6-19  stage scan 100 5.68 57316 43759 (76.3%)  0.40 (0.51) 100 0 0 1160 0 0 1160 4.83
LA6-35  stage scan 100 4.09 41396 29856 (72.1%)  0.36 (0.47) 75 24 1 2671 270 59 3000 9.96
LA8-4 stage scan 100 5.33 53856 35881 (66.6%)  0.32(0.44) 82 15 3 567 132 16 715 11.27
LAS-7 stage scan 100 4.18 48546 35099 (72.3%)  0.37 (0.48) 9 8 2 4365 536 28 4932 2.90

* in brackets the average CI considering only the values> 0.2

** calculated for olivine using the Unicef Careware software package of VAINPRICE (1990 & 1999) for an expansion coefficient of 22 and a Gaussian half width of 8.5¢

Table 1.2 EBSD data for the twelve peridotite scans.

1.2.3 Maps and texture plots

For each of the twelve peridotite xenoliths, phase
and crystallographic orientation maps, as well as tex-
ture plots for olivine [100], [010] and [001] axes are
presented. Following the common practice in earth
sciences, the texture plots represent Jower hemisphere
equal area projections. However, as EDAX® (TSL)
OIM Analysis 3.08 automatically creates upper hemi-
sphere projections and does not allow to introduce
lower hemisphere ones, the texture plots were obtained
indirectly by flipping twice (180° horizontally and
vertically) the raster images of the plots generated by
the software. Contours are multiples of uniform distri-
bution, assuming 0.5 intervals. In order to ensure an
exact correspondence with the results of Chapter 3, the
maximum densities of the LPO were calculated using
the Unicef Careware software package of MAINPRICE
(1990 & 1999). Spherical harmonics truncated at an
expansion of 22 with a Gaussian half width of 8.5

were used for ODF calculations.

The legend and the layout of the peridotite maps
and texture plots (Fig. 1.7) are shown in Fig. 1.6. All
texture data are non-rotated with respect to external
reference frames.

1.3 DENSITY AND ELASTIC CONSTANTS

To calculate the seismic properties of rocks star-
ting from the LPO, the density and elastic constants
of rock-forming minerals have to be known for the
pressure and temperature conditions prevailing in the
xenolith source region. The density (Table 1.3) was
calculated according to Eq. 3.4, whereas the elastic
constant calculation (Table 1.4) is based on Eq. 3.5 (s.
Section 3.4.2). A complete review of the method can
be found also in ManprICE et al. (2000).

N otivine (m.ud)
- Orthopyroxene ! 16
- Clinopyroxene ] Phase map 14
Points with CI < 0.2 in black 12
Texture plots 10
[010] (Olivine) 3
6
Crystallographic orientation map 4
[001] [100] [ (Olivine)
2
Points with CI <0.2 and opx/
cpx in black 0

Fig. 1.6 Legend and layout for the peridotite maps and plots displayed in Fig. 1.7.
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PVO1 [100] [010]
10 mm RD RD
[001]
. TD  Maximum density: 7.82
RD
PV04 [100] [010]
RD RD
[001]
.TD Maximum density: 9.54
RD
PV05 [100] [010]
RD RD
[001]
.TD Maximum density: 10.03
RD

Fig. 1.7 Phase maps, crystallographic orientation maps and texture plots for olivine [100], [010] and [001] axes for the twelve Lan-
zarote xenoliths (s. also next pages).
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Fig. 1.7 (continued).
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LA6-1
[100] [010]

TD  Maximum density: 8.94
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LA6-16 [100] [010]

TD  Maximum density: 5.60

LA6-19 [100] [010]

[001]
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Fig. 1.7 (continued).
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LA6-35 [100] [010]
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TD Maximum density: 4.68

Fig. 1.7 (continued).
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po [g/em’] K K [GPa] O [°C'] p(PT) [g/em’] p(PT) [g/om’] p(PT) [g/om’]
P=0.8 [GPa], T=800 [°C] P=0.7 [GPa], T=1000 [°C] P=0.6 [GPa], T=1200 [°C]

Olivine 3.355 428 126.3 0.0000381 3.276 3.248 3.220
Orthopyroxene 3.370 7.82 115.5 0.0000345 3.302 3.276 3.250
Clinopyroxene 3.327 4.80 113.0 0.0000410 3.244 3214 3.183

Table 1.3 Density for olivine, orthopyroxene and clinopyroxene at 800°C and 0.8 GPa, 1000°C and 0.7 GPa, 1200°C and 0.6 GPa. p,
= density at room temperature (T,=25°C) and pressure (P,=0.0001 GPa),; K = bulk modulus; K’ = bulk modulus pressure derivatives;
a,, = volume thermal expansion coefficient (average values considered constant within the temperature range of interest).

Cy(PeTy) [GPa]  (dCy/dP) d’Cy/dPY[GPa™] dCy/dT [GPa/°C] C;(PT) [GPa] C;(PT) [GPa] C;(PT) [GPa]
P=0.8 [GPa], T=800 [°C] P=0.7 [GPa], T=1000 [°C] P=0.6 [GPa], T=1200 [°C]
e 320.5 6.54 0 -0.0364 297.5 289.6 281.7
cn 68.1 3.86 0 -0.0109 62.7 60.2 57.6
i 71.6 3.57 0 -0.0094 67.2 64.9 62.7
2 o 196.5 5.38 0 -0.0276 179.4 173.4 167.3
z o 76.8 3.37 0 -0.0063 74.6 73.0 71.4
© ey 2335 5.51 0 -0.0289 215.5 209.2 202.8
s 64.0 1.67 0 -0.0138 54.6 517 488
Css 77.0 1.81 -0.000007 -0.0147 67.1 63.9 60.8
Ces 78.7 1.93 0 -0.0165 67.5 64.0 60.5
cn 236.9 10.27 -0.000047 -0.0352 217.8 209.8 201.7
i 79.9 6.22 -0.000033 -0.0212 68.4 63.6 58.7
9 e 63.2 6.63 -0.000026 -0.0318 439 36.8 29.8
2 o 180.5 8.87 -0.000038 -0.0328 162.2 154.7 147.3
= s 56.8 7.26 -0.000031 -0.0107 543 514 48.6
£ ey 2304 11.07 -0.000053 -0.0516 199.3 187.8 176.4
© Cus 84.3 123 0 -0.0131 75.1 72.4 69.6
css 79.4 0.75 0 -0.0138 69.3 66.5 63.6
Cos 80.1 2.78 0 -0.0145 71.1 67.9 64.7
e 2378 5.00 0 -0.0352 214.5 207.0 199.4
cn 83.5 5.90 0 -0.0212 71.8 67.0 62.1
i 80.0 4.60 0 -0.0318 59.0 522 454
cis 9.0 -1.00 0 0 8.2 8.3 8.4
2 o 183.6 7.50 0 -0.0328 164.2 156.9 149.6
2 s 59.9 4.10 0 -0.0107 54.9 523 49.8
2 Cas 9.5 -1.60 0 0 8.2 8.4 8.5
£ sy 229.5 4.70 0 -0.0516 193.3 182.5 1717
© Cas 48.1 -0.70 0 0 475 47.6 477
s 76.5 2.50 0 -0.0131 68.3 65.5 62.6
Cas 8.4 1.00 0 0 9.2 9.1 9.0
Css 73.0 1.30 0 -0.0138 63.3 60.5 57.6
Ces 81.6 2.40 0 -0.0145 723 69.1 66.0

Table 1.4 Elastic constants for olivine, orthopyroxene and clinopyroxene at 800°C and 0.8 GPa, 1000°C and 0.7 GPa, 1200°C and
0.6 GPa. CU_(PU, T, = elastic constants at room temperature (T,=25°C) and pressure (P,=0.0001 GPa); dCij/dP = first order pressure
derivatives; a’ZCI,j/aIP2 = second order pressure derivatives; dCij/dT = temperature derivatives.

skoskskok sk



80 - Appendix I




Appendix of Case Study 2 - 81

I1 - APPENDIX OF CASE STUDY 2

II.1 CHEMISTRY AND CRYSTAL STRUCTURE
OF GARNET

Garnet forms a widespread mineral group, fre-
quently encountered in metamorphic rocks, as well
as in some igneous rocks (e.g. peridotites, kimber-
lites, granites and pegmatites), and as detrital grains in
sediments. Garnet minerals belong to the nesosilicate
group and comply with the general formula X, Y,Si,0,,.
Depending on the presence or absence of 8-coordinated
Ca in the X-site, garnet minerals can be divided in two
groups: (1) the so-called ugrandite series, including
uvarovite (Ca,Cr,Si,0,,), grossular (Ca,Al,Si,O ,) and
andradite (Ca,Fe,Si,0 ,) and (2) the pyralspite series,
which comprises pyrope (Mg,AlSi,O,)), almandine

e X cations OY cations

Oo ® Si

Fig. 1I.1 Portion of the garnet structure projected down the
[001] axis, showing the framework of alternating tetrahedra,
octahedra (shaded) and distorted cubes (after Novak & GiBBS
1971).

20 1

1.8 +

14

MgAl

11.6 11.8 12.0A
a

Fig. I1.2 Variation in habit of garnet single crystals with respect
to the cation ratio and cubic cell edge (after Kosrov 1968).

(Fe,ALSi,O ,) and spessartine (Mn,AlL,Si,0 ,). A con-
tinuous variation in composition occurs within these
two series, but the miscibility between both groups is
limited, due to the large difference in the X-site cation
diameter.

Garnet has a cubic structure (space group la3d) and
consists of individual SiO, tetrahedra linked to each
other by YO, octahedra (Fig. II.1). X atoms occupy
cavities coordinated by eight oxygens, the result being
a distorted cube. Because of large compositional vari-

Garnet

Space group la3d
Lattice constant a [nm] 11.455

Reflectors (hkl) 400
420
444
640
642

Table 11.1 Lattice constants and reflectors used for indexing
garnet.
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ations, cell parameters may range between 11.4 and Lattice constants and reflection planes are shown in
12.0 A. The chemistry and cell edge length strongly Table II.1.

influence the habit of single crystals, as shown in Fig.

I1.2.

I1.2.2 List of EBSD runs and maps

The scanning parameters for the two maps shown

I1.2 EBSD pATA in Fig. I1.3 are presented in Table II.2.

Sample Scan mode Step size Area Measurements
I1.2.1 Crystallographic file used for indexing [um] [em’]

Luk 02_1 stage scan 25 0.25 40001

The crystallographic file developed by Karsten Luk 02 7 stage scan 25 033 52461

Kunze’s group (ETH Ziirich, Switzerland) was used
to index garnet Pattems‘ No adjustment was needed Table 11.2 EBSD data for the two samples shown in Fig. I1.3.
to match the lattice parameters of the analyzed gar- No CI values are indicated because a substantial amount of the
nets and to obtain excellent indexing of the patterns. scanned areas consists of pelitic matrix for which CI=0.

1 mm

[111]

1 mm . . ' [001] [101] Points with CI < 0.2 in black

Fig. I1.3 Crystallographic orientation maps of samples Luk 02 1 (a) and Luk 02 7 (b).
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I1II - APPENDIX OF CASE STUDY 3

II1.1 CHEMISTRY AND CRYSTAL STRUCTURE
OF ALUMINA AND ZIRCONIA

Most of the fundamentals reported below about the
chemistry and crystal structure of alumina and zirco-
nia are based on the book Ceramic Microstructures
- Property Control by Processing (LEE & RAINFORTH
1994).

I1I.1.1 Alumina

Alumina, known as corundum in mineral form, has
the chemical formula ALO,. Although the substitu-
tion of Al by other elements is limited, sapphire and
ruby, the natural gems of corundum, owe their respec-
tive blue and red color to the replacement of Al by
trace amounts of Ti/Fe and Cr, respectively. Industrial
alumina is produced from bauxite ores, which con-
tain impure hydroxides such as gibbsite (Al(OH),),
boehmite and diaspore (both polymorphs of AIO(OH)).
The production of alumina is achieved through the so-
called Bayer process, a multi-stage refining method
involving calcination and dehydroxylation of the bau-
xite constituents. In the final product, minor amounts
of Na,O, Fe,0,, MgO, SiO, and CaO are always pre-
sent as impurities. Na,O has a particularly detrimental
effect on the final properties of alumina, as it nega-
tively influences the electrical conductivity, rheology,
pH and slip stability of the ceramics. The presence of
a small amount of MgO, on the other hand, is benefi-
cial to the ceramic processing, as it prevents abnor-

Fig. IIl.1 The cation sublattice in o-alumina (a). The basal
plane of a-alumina (b), showing the hexagonal close packed
anion sublattice and the cations occupying two-thirds of the
octahedral interstices (after KRONBERG 1957).
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mal grain growth by limiting the grain boundary (GB)
migration during sintering (e.g. BEnniSON & HARMER
1990). In some very specific uses, MgO also reduces
the development of porosity when alumina compacts
are fired at very high temperature under H atmosphere
(CoBLE 1961).

Various intermediate metastable alumina phases,
denoted as v, y, M, 1, €, 0, 0, k, may form successively
during the refining process. However, only the final
form o is stable. The structure of a-alumina is described
using a hexagonal unit cell. O* anions are in approxi-
mately hexagonal close packed arrangement with A1**
cations occupying two-thirds of the octahedral inter-
stices (Fig. I1L.1).

II1.1.2 Zirconia

Industrial zirconia (ZrO,) is principally derived
from two mineral sources, zircon (ZrSiO,) and bad-
deleyite (impure monoclinic ZrO,). Because of its rela-
tive abundance in secondary deposits, zircon is by far
the most commonly exploited. The production of pure
zirconia from ores can be achieved through various
different refining processes, most of which are based
on the property of zircon to dissociate into zirconia
and silica above 1750°C.

Fig. II1.2 The three polymorphs of zirconia: (a) cubic phase,
(b) tetragonal phase, with c/a=1.02, and (c) monoclinic phase
(after HEUER & RUHLE 1984).

Zirconia occurs in three different polymorphs at
room pressure (Fig. I11.2): a monoclinic phase (space
group P2 /c), a tetragonal phase (space group P4,/nmc)
and a cubic phase (space group Fm3m). Monoclinic
ZrO, is thermodynamically stable from room tem-
perature to about 1170°C, at which temperature it
changes to the tetragonal phase, which in turn is stable
to 2370°C. Above this temperature the cubic phase
becomes stable up to the melting point of 2680°C.
Cubic zirconia has a fluorite structure, with Zr** cations
octahedrally coordinated with O* anions in tetragonal
arrangement. The structure of tetragonal zirconia is
very similar to the cubic polymorph, differing only by
a 2% elongation of the ¢ axis. The monoclinic phase
results from a displacive shear process, involving a
large volume increase. This feature is the basis for the
transformation toughening of zirconia.

Zirconia used for engineering applications is gene-
rally stabilized in the cubic or tetragonal structure
through the addition of a few percent of other oxides,
such as Y,0,, CaO or MgO. These stabilizers form a
solid solution with zirconia, thus preserving the cubic
phase at lower temperatures.

II1.2 PROCESSING OF CERAMIC SAMPLES

II1.2.1 General considerations

II1.2.1.1 Procedure

While metals and polymers are usually molten, cast
and machined into their final shape, the processing of
ceramics poses a more greater challenge on account
of their refractoriness and brittleness. Because of their
high temperature of fusion, very few ceramic mate-
rials are processed from the melt. Instead, the starting
point in ceramic processing is usually fine powders
that have to be put in suspension, milled, spray dried,
shaped and subsequently heat-treated to be converted
into dense solids. These successive steps are shown
in Fig. I1I.3 and will be discussed in more details
throughout this section.

Since the fundamentals of ceramic processing are
widely discussed in the literature, only an overview
of the basic principles is presented. Special attention
is given to ceramic suspension as it is one of the most
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Fig. IIL.3 [llustration of the procedure followed for the ceramic sample processing. Beginning with the starting materials (1), the pow-
der is put in suspension (2) and additives like surfactants or binders are added. The suspension is ball milled (3) in order to disperse
agglomerated particles and then spray dried (4) to form flowable granules. The granulated powder is then shaped and compacted
through uniaxial (5) and isostatic (6) pressing and finally sintered under normal atmospheric conditions (7).

delicate steps in successful ceramic processing. The
theoretical background of this section is based on the
reference books of REED (1995), RING (1996), BarRsoum
(1997) and MyERrs (1999).

1I1.2.1.2 Sample property requirements

The alumina (labeled A) and zirconia (labeled Z)
ceramics were processed in such a way that their pro-
perties satisfy the analytical requirements of EBSD.
Some of our samples may therefore not match all
industrial standards, such as the average grain size,
which is preferably small in industrial ceramics to
maximize the material strength, but is coarse in this
study to allow EBSD measurements and GB determi-
nation. Generally speaking, the investigated ceramics
had to fulfill the following conditions:

- Small sample size: For a greater freedom of move-
ment inside the SEM chamber, small samples (typi-
cally < 1cm?®) are preferred.

- Coarse and equigranular fabric: A micrometer-
sized fabric is needed first because EBSD data acqui-
sition on fine-grained non-conductive materials turns
out to be very problematic and secondly because the
visualization of GB’s on maps requires a few points of
analysis per grain. Moreover, abnormal grain growth
must be avoided, as it reduces the material strength
and reduces the number of analyzable GB’s per scan.

- Random texture: The stronger the LPO, the worse
documented the GB population will be.
I11.2.2 Starting material

The preparation of the samples began with the
following raw materials: a-alumina (ALO,) powder,

Alumina CT 3000 SG® (Arcoa WoRLD CHEMICALS
1982), and yttrium-stabilized cubic zirconia (ZrO,)
powder, Zirconia TZ-8YS® (Toson CORPORATION 1993).
Characteristics of both products are shown in Table
II1.1. These powders were chosen for several reasons.
First their rather large initial grain size (compared
to other powder types) is suitable for coarse-grained
(typically pm-sized) ceramics processing. Then both
powders are known for providing excellent sintering
reactivity and are designed for applications requiring
high density. In addition, Zirconia TZ-8YS® has the
advantage of being fully stabilized in the cubic form
due to doping with 8 mol.% of Y,0, (Fig. [11.4). The
occurrence of one single polymorph of zirconia sim-
plifies the EBSD pattern indexation procedure and
prevents possible indexation errors due to structural
similarities between polymorphs. Finally, Alumina CT
3000 SG® is doped with MgO, which is known to pre-
vent abnormal grain growth of alumina during sinter-
ing (e.g. BENNISON & HARMER 1990).

Alumina CT 3000 SG  Zirconia TZ-8Y'S

Particle size Ds, [um] 0.8 0.6
Granule size D5 [pum] 20 60
Specific surface area (BET) [mz/g] 75 7
Bulk powder density [g/cm3] no data 1.2
Composition [wt%]:
ALO; 99.80 0.10
Na,O 0.08 0.12
Fe,0; 0.02 0.01
MgO 0.07 /
SiO, 0.03 0.02
CaO 0.02 /
Zr0, / 86.45
Y,0; / 13.30
Binder / /
Green density [g/cmz] 2.25 2.70

Table III.1 Characteristics of Alumina CT 3000 SG® and Zir-
conia TZ-8YS® (after ALcoa WorLD CHemicaLs 1982 and Toson
CorroratioN 1993).
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Fig. I11.4 Equilibrium phase diagram of yttrium-stabilized zir-
conia. Pure cubic ZrQ, is only stable at temperatures between
2370°C and the melting point at approximately 2680°C. Upon
doping with a few percent of Y,0,, the stability field of the cubic
polymorph is greatly extended to lower temperatures (after
Scorr 1975).

I11.2.3 Ceramic powder suspension

II11.2.3.1 General considerations

Ceramic raw powders consist of agglomerated
particles (Fig. III.5) which would result in non-uni-
form and porous materials if shaped directly. The
starting powders therefore have to be deagglomerated
first. Deagglomeration, however, cannot be achieved
through simple dry crushing or grinding as the fine
particles would immediately reagglomerate due to
excess surface free energy. Instead, powders are put
into liquid form in a so-called ceramic suspension (also
known as slurry) and ball milled during several hours.
The ceramic suspension also allows the uniform disso-
lution of various additives, like the organic surfactants
and the binders needed for particle dispersion in the
liquid and compact strengthening after forming.

111.2.3.2 Suspension stability

When ceramic powder is put into water, it is of cri-
tical importance to prevent coagulation, i.e. to maintain

the suspension stable. The behavior of fine particles
in water depends on (1) repulsive electrostatic inter-
action and (2) attractive van der Waals interaction. A
suspension will remain stable if the repulsive energy
barrier is sufficiently high to prevent attractive forces
from getting the upper hand.

Repulsive electrostatic interaction

Oxide surfaces in contact with water will either
transform to hydroxide or chemisorb water molecules
(Fig. II1.6). In both cases the surface may be pro-
tonated or deprotonated depending on pH, e.g. for a
hydroxide surface:

+ +
MOHZ(surface) + HZO = MOH(surface) + H3O(solution)
MOH(surface) + OH = Mo(surface) + HZO(solution)

At low pH the surface will thus be positively
charged, whereas at high pH the charge is negative.
The pH value for which the net surface charge of the

Fig. II1.5 SEM images of the as-received powders of Alumina
CT 3000 SG® (a) and Zirconia TZ-8YS® (b) (s. also Fig. 5.1).
The individual crystallites are agglomerated into soft granules,
which will be destroyed during the first steps of sample proces-
sing.
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Fig. II1.6 Atomic structure of different states of an oxide sur-
face: (a) a dry surface, (b) surface with physically adsorbed
water, and (c) surface with chemically adsorbed water (after
MOorrison 1985).

material is zero is called point of zero charge (PZC)
of the material. When the PZC is less than the pH of
the solvent (less than 7 for water), the surface of the
particle is deprotonated, i.e. negatively charged. When
the PZC is greater than the pH, the surface of the par-
ticle is protonated and becomes positively charged.
As a result alumina particles (PZC = 9) are positively
charged (protonation) when put in water, whereas zir-
conia (PZC = 4.5) become negatively charged (depro-
tonation).

Charged (protonated or deprotonated) surfaces
influence the behavior of ions and polar molecules
in the solution. Coulombic forces repel like-charged

@ Hydrated counterions
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Fig. I11.7 Electrical double layer model for particle charging
in a polar liquid and profile of the resulting electrical potential
(after REED 1985).
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ions but attract polar liquid molecules and oppo-
sitely charged ions into a region near the subsurface,
increasing their concentration to the level found in
the bulk. Thus each particle is surrounded by a rela-
tively static adsorbed layer of counterions, called the
Stern layer, itself wrapped in a diffuse layer formed
by a concentration gradient of counterions and polar
liquid molecules. This configuration is commonly
known as the diffuse electrical double-layer model. As
a result the electrical potential decreases as distance
increases (Fig. II1.7). Two particles with identically
charged double layers will repel each other whereas
particles with different charges will attract each other.
However, mutually repelling charged double-layers
are not always sufficient to prevent agglomeration of
the particles. The driving force behind coagulation
is the ever-present Van der Waals attractive interac-
tion, which can overcome the repulsive energy barrier
between two electrical double layers.

Attractive Van der Waals interaction

Van der Waals forces comprise three types of
interactions: the dipole-dipole interaction, the dipole-
induced dipole interaction and the so-called London
dispersive force. Of the three, the latter is the most
important contributor dictating the attractive potential
between two particles at a short distance, regardless
of the surface charge. Basically the London dispersive
force results from the movement of the outer valence
shell electrons of an atom. Asymmetric charge distri-
bution produces an instantaneous dipole in the atom,
which generates a short-lived electric field capable of
polarizing a neighboring atom (Fig. I11.8). The result
is a net attraction between the two species.

Total interaction between particles in suspension
The total potential energy U between two particles
in suspension is the algebraic sum of the repulsive

potential energy U, and the attractive Van der Waals
potential energy U A OI

U,=U,+U, (Eq LI

2 2
U, = Mexp _ (L]j + —Aa (Eq. I11.2)
4(h +a) )| 24h

where ¢ is the dielectric constant of water, a the
grain diameter, ¢, the surface potential, h the distance
between particle surfaces, k! the double-layer thick-
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Fig. II1.8 Illustration of the London dispersion forces: (a)
the time averaged charge distribution of an isolated atom or
molecule is symmetrical and the net dipole moment is zero;
(b) Interaction between the atoms may lead to an asymmetric
charge distribution with a permanent dipole moment (after
MyERs 1999).

ness and A the so-called Hamaker constant. The depen-
dence of U,, U, and U on the separation of particles
is illustrated in Fig. I11.9a. When particle separations
are large, the total interaction energy is 0. Decreasing
the particle separation decreases the energy to a sec-
ondary minimum. By further decreasing the particle
separation, a repulsive maximum is reached. The maxi-
mum in the potential curve is of critical importance
for the suspension stability because it represents an
energy barrier that prevents coagulation. The higher
the energy barrier, the more stable the suspension will
be. From the Eq. II1.2, it can be derived that as par-
ticle diameter decreases, the magnitude of the van der
Waals interaction energy and the electrostatic interac-
tion energy decrease at all separation distance, but in
different proportions. As a result the total interaction
energy shows a positive maximum which decreases
with reduction in particle diameter (Fig. I11.9b).

%

These properties of slurry stability have two main
consequences when putting alumina and zirconia
powders in suspension: (1) Alumina (PZC = 9) and
zirconia (PZC = 4.5) have oppositely charged double
layers. (2) The energy barrier preventing coagulation
is low due to the small average grain size of the par-
ticles. These problems can be overcome through the
addition of organic surfactants. Used as dispersing
agents, these chemicals are particularly efficient when
the surface potential of the particles is small and the
double layer thickness thin, i.e. when the electrostatic
repulsion is not sufficient to stabilize the colloidal sus-
pension against coagulation.

111.2.3.3 Effects of organic surfactants

Surfactants are organic chemicals, whose mole-
cules have hydrophobic and hydrophilic ends. In this
PhD thesis, Dolapix CE64®, a carboxylic (-COOH)
acid preparation belonging to the polar anionic surfac-
tants, was used. When added to a ceramic-water sus-
pension in the range of 0.1 to 1 % of the solid content,
Dolapix CE64® has a double advantage: (1) a wet-
ting effect lowering the surface tension of water and
improving the wetting of suspended particles, and (2)
a so-called steric stabilization effect.

The steric stabilization effect occurs when the
hydrophobic parts of surfactant molecules are adsorbed
onto the charged surface of the ceramic particles. When
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Fig. II1.9 (a) Potential energy of interaction between two particles with electrical double layers. A suspension will only remain stable
if the energy barrier of the total interaction curve is sufficiently high to prevent coagulation of the particles (after REED 1995).(b) Plot
of the attractive and repulsive potentials (left) and total interaction potential (vight) affecting two spherical particles as a function of
particle diameter; dielectric constant, surface potential and double layer thickness are kept constant. The smaller the particle diameter,
the lower the energy barrier preventing coagulation (after RiNG 1996).
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Fig. II1.10 (a) At small distance, the local concentration of
hydrophilic chains increases above the normal equilibrium
value giving rise to an osmotic pressure effect: water molecules
move into the area between the particles and prevent them from
coagulation. (b) Interpenetration hinders the free movement of
the hydrophilic chains, the entropy decreases and therefore, the
Gibbs free energy increases. (c) Energy minimization will force
the particles to separate again. (after RING 1996).

two particles approach each other, the hydrophilic
ends of surfactant molecules intermingle. This over-
lap is the base of the steric stabilization. Two distinct
phenomena intervene in the steric stabilization (Fig.
I11.10). (1) An osmotic pressure effect forces water
molecules to migrate between the two particles, thus
preventing them from coming too close to each other.
(2) An entropic effect, due to the reduction of possible
conformations of the intermingled hydrophilic chains,
leads to a decrease in entropy, i.e. to a corresponding
increase of the Gibbs free energy. The only way for the
system to lower the Gibbs free energy is to increase
the number of possible conformations. Particles with
intermingled surfactant chains will therefore tend to
separate. The net result of both the osmotic pressure
and entropic effects is a significant reinforcement of

HH
HO [-C-C-0], - H
HH

Fig. I11.11 Molecular structure of PEG of molecular weight of
4000 g/mol (after REED 1995).
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the energy barrier which prevents the coagulation of
particles.

I11.2.4 Ball milling

111.2.4.1 Principle

Ball milling of a suspension is required to deag-
glomerate the initial raw powder and to improve the
dissolution of the organic surfactant. For this purpose,
a mill equipped with self-rotating cylinders was used.
It supports simple cylindrical plastic jars filled with
the suspension and a wear resistant media consisting
of zirconia balls. The constant rotation of the mill
coupled with the tumbling of zirconia balls produces a
grinding action by impacting and shearing aggregates
and particles. In this particular case, the milling time
was set to 24 h.

111.2.4.2 Binder

After ball milling, a molecular binder consisting of
polyethylene glycol (PEG) (Fig. II1.11) was added to
the suspension. The most important function of PEG is
to ensure compact strength after shaping. The strength-
ening effect of PEG is due to the hydrogen bonding
attraction between the hydrated and polar groups of
the molecular polymer chains. PEG also has a plasti-
cizing and lubricating effect, which greatly facilitates
the compaction of the material during die pressing.

I11.2.5 Spray drying

II1.2.5.1 Drying and granulation processes

Once the suspension has been ball milled, it must
be dried and transformed into a flowable powder, i.e.
a powder that will fill the die uniformly and offer
little internal resistance during the shaping process.
To achieve this, the solid particles in suspension are
granulated into soft spherical agglomerates (granules)
in a process called spray drying. In this study, a Biichi
B-190 mini spray dryer (Fig. I11.12) was used. During
spray drying, the suspension is pumped under pressure
through a pneumatic nozzle into a current of warm air,
where atomization occurs. The minute droplets of the
atomized spray are rapidly dried and transformed into
granules held together by the PEG. Attracted by gra-
vity, the droplets flow through the spray drying cham-
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Fig. II1.12 Schematic representation of the Biichi B-190 mini
spray dryer; height: ca 1 m. (after BUcHI LABORTECHNIK AG
2000).

ber until they reach the powder collector. A cyclonic
separator is then used to separate the particles from
the gas.

II1.2.5.2 Practical aspects of spray drying

When a suspension is spray dried, the following
points are crucial: (1) A large amount of the origi-
nal powder may not be granulated properly, but may
instead form flakes onto the inside wall of the cyclonic
separator. Since this material is detrimental to the final
product, it should not be used or mixed with the gra-
nulated powder accumulated in the collector. In some
extreme cases, satisfactory granulated powder may
represent only one fifth of the original input. (2) The
atomizing nozzle can get clogged very rapidly when
the suspension is too dense. To overcome this, the
suspension may be diluted by adding distilled water
before pumping. (3) In order to avoid the gravitational
sedimentation of particles, the suspension must be
kept in motion by an agitator during the whole pro-
cess. This also prevents differential settling when the
suspension contains several powders with different
densities. (4) Granules with a hollow or donut shape
might arise when the inlet temperature and the binder
content are high and/or when the solid matter in the
slurry is low. As hollow granules are detrimental to the

final density of the green body, these parameters must
be checked periodically.

I11.2.6 Ceramic shaping

I11.2.6.1 Die pressing

The granulated powders were shaped into disks by
uniaxial die pressing. This process is particularly sui-
table in the manufacturing of fairly dense green bodies
having non-complex shapes. The pressure applied was
comprised between 75 and 200 MPa in a die of 15 mm
in diameter. Because of the strengthening effect of the
PEG binder, none of the samples were damaged upon
ejection (springback).

During die pressing part of the applied load is
transferred to the die wall. The resisting force induced
by friction creates undesirable density gradients in the
compact (Fig. II1.13). To alleviate this problem iso-
static pressing is generally performed after die pres-
sing to homogenize the density of green bodies.

I11.2.6.2 Wet bag isostatic pressing

With wet bag isostatic pressing, the pressure is
transferred to the compact from all directions uni-
formly with the help of a liquid medium. The samples
are introduced into rubber bags (commonly condoms)
placed in a sealed oil reservoir. In this study an isostatic
pressure of 200 MPa was applied during 5 minutes.

I11.2.7 Sintering

II1.2.7.1 Principle

Sintering is the process by which a powder compact
is transformed into a strong, dense ceramic body upon
heating. The driving force operative during sintering is
the lowering of the surface free energy of the ceramic
particles by grain growth and filling of porosity.

The migration of atoms necessary for grain growth
and reduction of porosity can occur along various dif-
fusion paths (Fig. I11.14). If GB and volume diffusion
from a non-superficial source dominate, densification
and shrinkage occur: the pores get smaller and tend
to disappear with time. If vapor and surface diffusion
from a superficial source dominate, coarsening hap-
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Fig. I11.13 Evolution of the density distribution (D >D ,>D >D )

in a green body after cylindrical single action die pressing (af-
ter REED 1995).

pens: pores and grains get larger with time and no den-
sification occurs.

1I1.2.7.2  Sintering profiles

Two different sintering profiles were used (Fig.
II1.15). The first set of samples (Al, A2, Z1, Z2) was
fired at 1550°C during 4 h (profile 1), whereas the
second set (A3, A4, 73, 7Z4) was sintered at 1700°C
during the same duration (profile 2). The temperature
increase was fixed at a basic rate of 300°C/h. However,
a smaller rate of 100°C/h was chosen below 300°C to
induce a complete burnout of PEG, as well as between
800°C and 1150°C to contribute to the densification
of the compacts. The temperature decrease was fixed
at a rate of 600°C/h after a small annealing time at
1650°C.

1

a) /\' b)

Shrinkage

Fig. I11.14 Basic atomic mechanisms leading to (a) coarsening
through (1) vapor diffusion, (2) surface diffusion, (3) volume
diffusion from a superficial source and (b) densification through
(4) GB diffusion and (5) volume diffusion from a non-superfi-
cial source (after Barsoum 1997).
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Fig. I11.15 Sintering profiles 1 (a) and 2 (b).

I11.2.8 Density measurements

I11.2.8.1 Bulk density

Density measurements were performed to verify
that the ceramics had a sufficiently low porosity. The
bulk density p is defined as:

M (Eq. I1.3)
eV v, +v,

where M is the mass of the ceramic sample, V
the volume of the solid, V, and V, the volumes
of the open and the closed porosity, respectively.
The sum V, +V  + V _, is the bulk volume of the
sample. Archimedes’ principle was used to measure
the bulk density p of the ceramics. This method is only
suitable, however, when the open porosity is low, i.e.
when water cannot penetrate through the pores into
the sample. Pycnometric measurements revealed open
porosity values lower than 0.25 % for our samples,
making the use of Archimedes’ principle very appropri-
ate.
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Sample  Sintering temperature Bulk density* Bulk / Theoretical density**

[°C] [g/em’] [%]
Al 1550 3.90 98.0
A2 1550 3.90 98.0
A3 1700 391 98.2
A4 1700 3.91 98.2
Z1 1550 593 97.5
72 1550 591 97.2
73 1700 5.94 97.7
74 1700 5.93 97.5

* calculated using Archimedes'principle

** assuming a theoretical density of 3.98 and 6.08 [g/cm3] for alumina and zirco-
nia ceramics, respectively

Table 111.2 Density of the final ceramics.

111.2.8.2 Bulk vs theoretical density

The theoretical density (also known as ultimate
density) is the density calculated from the unit cell of
the material. The ratio between bulk and theoretical
densities, normalized over 100%, is a value widely
used in the literature to compare the density of mate-
rials. The investigated samples have bulk/theoretical
density ratios ranging from 97.0 to 98.2 % (Table
I11.2). In alumina, the remaining porosity is concen-
trated at GB’s and triple junctions, whereas in zirconia
it is located almost exclusively in the interior of the
grains (s. Fig. 5.4 in Chapter 5).

a) ¢

I11.3 COINCIDENCE SITE LATTICE (CSL)

The fundamentals of the coincidence site lat-
tice (CSL) model can be found in BoLLmann (1970),
WARRINGTON & BuUFALINI (1971), RaNDLE (1993, 1996)
and Howe (1997).

II1.3.1 Principle

The coincidence site lattice (CSL) model is a tech-
nique allowing the quantification of the relative mis-
orientation between two adjacent grains of the same
phase in a microstructure. The misorientation is ana-
lyzed by overlapping the crystal lattices of both grains
in their current orientation and by checking for coin-
cidence lattice points. The coincidence lattice points
themselves form a lattice, called coincidence site lat-
tice, whose unit cell size is a measure of the match-
ability between both lattices.

The CSL is characterized by the multiplicity index
Y, which is defined as the ratio between the total
number of sites and the number of CSL sites of the
two interpenetrating lattices. The smaller the X value
the better the matchability between both lattices. In
the X value calculation, the unit cell of the CSL lat-
tice serves as reference volume. CSL lattice points

Points of lattice 1

Points of lattice 2

00O

CSL unit cell

Points of CSL lattice (lattice 1 and 2)

b)

. Sum of the CSL lattice points (lattice 1 and 2) + points of lattice 1 + points of lattice 2 2x8x1/8+8x12+8x1/2 5 (EqIIL4)
= = = q. 111.
Sum of the CSL lattice points (lattice 1 and 2) 2x8x1/8

Fig. I11.16 (a) Schematic representation illustrating the coincidence lattice resulting from the superposition of two adjacent grain lat-
tices. The X value is calculated on the basis of Eq. I11.4 (b). The points of lattice 1 (in yellow) and of lattice 2 (in orange) are part of
two neighboring unit cells and count for one-half, whereas the CSL lattice points (in red) belong to eight neighboring cells and count
each for one-eighth. The CSL lattice points are counted double as they belong to both lattices 1 and 2.



belong to both individual lattices and count therefore
double. However, because they are shared with seven
neighboring unit cells, their final weight is 2 x one-
eighth. On the other hand, points of the individual lat-
tices which are located on the faces of the CSL unit
cell are shared with the adjacent unit cell and count
only half (Fig. I11.16). Generally, the complete CSL
notation also includes the angle/axis pair describing
the misorientation (s. Section 2.3.4) and the Miller
indices of the GB plane. If similar £ values originate
from different misorientations, an index is added for
differentiation, such as e.g. £ = 13, (22.6°/[100]) and
X =13,(27.8°/[111]).

In cubic systems, misorientation has been associ-
ated with GB energy, and low-energy misorientations
are linked with a high density, short-period-coincidence
site lattice, i.c. a GB with low X value. However, there
is no simple correlation between the GB energy and X
(SuttoN & BaLLurri 1987). The reason for this is that
the energy of GB’s not only depends on GB geometry,
but also on other parameters like local defect structure,
chemistry and electronic bonding. The CSL model is
thus only a geometrical indicator that a GB has the
potential for special characteristics.

II1.3.2 Deviation from exact CSL

In polycrystals there is little chance of a GB mis-
orientation to be exactly that of a CSL. However, the
special properties which may be associated with low
CSL’s can occur in GB’s which are close to, but not
exactly, CSL misorientations. An important feature of
GB’s which are close to CSL’s is that, for small angu-
lar deviations, the CSL is preserved by dislocation
arrays known as secondary intrinsic GB dislocations.
It is generally admitted that the maximum angular
deviation AO corresponds to the highest density (i.e.
smallest spacing) of dislocations possible in the GB’s,
which is itself interlinked with the multiplicity index
Y. The relationship between the maximum angular
deviation AO and the multiplicity index X is given by
the so-called Brandon criterion (BRaNDON 1966):

AO=v 2" (Eq. IL5)

where v, is a proportionality constant equal to the
angular limit for a low angle GB, i.e. 15°. It is thus
possible to calculate for each X the maximum angu-
lar deviation from the exact CSL misorientations. A
listing of the maximum angular deviation calculated
using the Brandon criterion for £ up to 28 (alumina)
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and for X up to 49 (zirconia) can be found in Table 5.2
in Chapter 5.

II1.3.3 Constrained CSL

In order to evaluate all possible coincidence orien-
tations for non-cubic crystals, it is necessary to take
into account the axial ratio of the CSL unit cell. For
hexametric minerals, such as alumina, it has been
shown that exact CSL’s can be obtained only for ratio-
nal values of the square of the crystallographic axes,
i.e. ¢%/a’ ratios (BRUGGEMANN et al. 1972). In practice,
however, real crystals rarely conform to these strin-
gent requirements and the irrational ratios of the real
material must be constrained to the closest rational
value, resulting in a so-called Constrained CSL (SINGH
et al. 1990), also known as near-CSL (BonNET et al.
1981). The basic idea is that any small deviation from
a rational c*/a’ ratio can be accommodated by an array
of dislocations.

The coincidence rotations for alumina were
selected for a c/a ratio ranging from 2.699 to 2.763
(corresponding to c*a’ ratios ranging from 7.25 to
7.65), following the recommendations of GRIMMER
(1989). For a complete listing of the Constrained CSL
misorientations used for alumina, see Table 5.2.

I11.3.4 Fractions of CSL grain boundaries

The fractions of CSL GB’s were calculated for
alumina and zirconia samples based on GB counting
in EBSD scans 2, 3 and 4 (Table II1.3 and I11.4). The
fractions of the average samples for both sintering
temperatures, as well as for the simulated 2D spatial
models are shown in Table II1.5.

I11.3.5 Triple junction character

The connectivity among GB’s was assessed through
studies of the triple junction distribution of GB’s.
Triple junctions were classified by the number of CSL
GB’s that coordinate them, giving four different triple
junction fractions J , where n is the number of CSL
GB’s(n=0, 1, 2, 3). As these data make sense for FCC
materials only, triple junction fractions are presented
exclusively for zirconia (Table II1.6).
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Al (ngs = 4665) A2 (nggs = 4538) A3 (ng, = 1986) A4 (nggs = 1892)
b 2 3 4 Sum fEa* fZa™* 2 3 4 Sum fuSao® HZa™ 2 3 4 Sum fuSa® fEat* 2 3 4 Sum fySas* fuSat
3 7 6 10 23 049 13.14 15 9 12 36 079 1885 6 4 3 13 065 1512 6 3 4 13 069 1512
7 2 0 1 3 006 L71 0 2 0 2 004 105 0 1 0 1 005 116 0 2 1 3 016 349
A 1 0 1 2 004 114 2 0 1 3 007 157 1 0 0 1 005 116 0 2 0 2 011 233
73 4 6 9 19 041 1086 5 3 6 14 031 733 5 1 8 14 070 1628 4 4 3 11 058 1279
8 2 3 1 6 013 343 2 4 4 10 022 524 1 2 4 7 035 814 0 0 1 1 005 116
11, 31 3 7 015 400 1 2 0 3 007 157 0 0 0 0 000 000 1 1 0 2 011 233
11, 4 2 2 8 017 457 2 5 3 10 022 524 1 0 2 3 015 349 1 4 1 6 032 698
11, 31 2 6 013 343 3 4 5 12 026 628 0 0 2 2 010 233 1 2 0 3 016 349
12 0 0 0 0 000 000 0 0 1 1 002 052 0 0 0 0 000 000 0 0 0 0 000 000
13, 1 1 1 3 006 L71 0 2 1 3 007 157 0 0 0 0 000 000 0 0 0 0 000 000
13, 1 3 3 7 015 400 2 3 3 8 018 419 0 1 1 2 010 233 0 1 1 2 011 233
13, 0 1 2 3 006 LTI 0 1 0 1 002 052 0 0 1 1 005 116 1 0 0 1 005 116
13, 0 3 3 6 013 343 31 3 7 015 366 2 1 2 5 025 58l 0 1 1 2 011 233
135 1 1 0 2 004 114 0 0 0 0 000 000 0 0 1 1 005 116 0 1 0 1 005 116
14, 1 2 2 5 011 286 1 3 1 5 011 262 31 1 5 025 581 1 2 2 5 026 58l
14, 0 0 0 0 000 000 0 0 0 0 000 000 0 0 0 0 000 000 1 0 0 1 005 116
15, 1 0 4 5 011 286 1 0 3 4 009 209 0 0 1 1 005 116 4 0 0 4 021 465
15, 0 0 0 0 000 000 1 0 1 2 004 105 0 0 0 0 000 000 0 0 1 1 005 116
17, 2 2 4 8 017 457 1 0 2 3 007 157 0 1 1 2 010 233 0 1 0 1 005 116
17, 0 1 1 2 004 114 2 1 1 4 009 209 1 0 0 1 005 116 0 0 1 1 005 116
17, 1 2 2 5 011 286 2 2 0 4 009 209 0 2 0 2 010 233 0 1 3 4 021 465
17, 0 0 0 0 000 000 0 0 1 1 002 052 0 0 0 0 000 000 0 0 0 0 000 000
18 0 0 0 0 000 000 1 0 0 1 002 052 1 0 0 1 005 116 0 0 0 0 000 000
19, 0 0 0 0 000 000 0 0 0 0 000 000 0 0 1 1 005 116 0 0 0 0 000 000
19, 2 1 2 5 011 286 1 3 2 6 013 3.14 2 0 0 2 010 233 0 0 1 1 005 116
19, 0 0 0 0 000 000 2 0 0 2 004 105 2 0 1 3 015 349 0 0 1 1 005 116
19, 1 1 1 3 006 171 1 0 0 1 002 052 1 0 0 1 005 116 0 1 0 1 005 116
20, 2 0 3 5 011 286 3 2 3 8 018 419 0 1 0 1 005 116 0 2 0 2 011 233
20, 0 0 0 0 000 000 1 0 0 1 002 052 0 0 0 0 000 000 0 0 0 0 000 000
21, 2 0 0 2 004 114 0 0 0 0 000 000 0 0 1 1 005 116 0 1 0 1 005 116
21, 0 1 5 6 013 343 1 0 0 1 002 052 0 1 1 2 010 233 0 0 1 1 005 116
21, 0 0 0 0 000 000 0 1 0 1 002 052 0 0 0 0 000 000 0 0 0 0 000 000
22, 0 1 2 3 006 171 1 0 2 3 007 157 3 2 1 6 030 698 0 0 1 1 005 116
22, 0 0 0 0 000 000 0 0 0 0 000 000 0 0 0 0 000 000 0 0 0 0 000 000
23, 1 0 0 1 002 057 0 0 0 0 000 000 0 0 0 0 000 000 0 0 1 1 005 116
23, 1 0 1 2 004 114 0 1 2 3 007 157 0 0 1 1 005 116 0 0 0 0 000 000
23, 1 0 0 1 002 057 0 0 2 2 004 105 0 1 0 1 005 116 0 1 0 1 005 116
23, 0 3 1 4 009 229 0 3 1 4 009 209 1 0 0 1 005 116 2 0 1 3 016 349
235 2 0 2 4 009 229 0 1 1 2 004 105 0 0 0 0 000 000 0 2 0 2 011 233
24 0 2 1 3 006 171 0 0 0 0 000 000 0 0 0 0 000 000 0 0 0 0 000 000
25, 0 2 0 2 004 114 0 0 0 0 000 000 0 0 0 0 000 000 0 0 0 0 000 000
25, 2 1 1 4 009 229 3 2 1 6 013 314 1 0 0 1 005 116 1 0o 1 2 011 233
25, 0 1 0 1 002 057 0 0 1 1 002 052 0 0 0 0 000 000 1 0 0 1 005 116
26 0 0 0 0 000 000 1 2 0 3 007 157 0 0 0 0 000 000 0 1 0 1 005 116
27, 0 0 0 0 000 000 1 2 1 4 009 209 1 0 0 1 005 116 0 0 0 0 000 000
27, 0 0 0 0 000 000 2 0 1 3 007 157 0 1 1 2 010 233 0 0 0 0 000 000
27, 1 0 2 3 006 171 0 0 0 0 000 000 0 0 0 0 000 000 1 1 1 3 016 349
28, 30 0 3 006 L71 1 2 1 4 009 209 0 0 0 0 000 000 0 0 0 0 000 000
28, 2 1 0 3 006 171 0 1 1 2 004 105 0 0 0 0 000 000 0 0 0 0 000 000
Total 54 49 72 175 3.75 100.00 62 62 67 191 421 100.00 32 20 34 86 433 100.00 25 34 27 86 455 100.00

* normalized over total GB's

** normalized over CSL GB's

Table I11.3 X number fractions f,, 2 of GB's (%) in alumina samples A1, A2, A3 and A4.
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Z1 (nggs = 1273) 72 (ngps = 2644) 73 (nggs = 1264) 74 (nggs = 1203)
b 2 3 4 Sum Sy RSt 2 3 4 Sum fuSn* fuSx* 2 3 4 Sum fySi* RZs 2 3 4 Sum fySy* fuSztt
3 9 9 6 24 189 10.62 16 15 22 53 200 11.23 6 6 10 22 174 1078 6 4 13 23 191 1075
5 7 5 7 19 149 841 14 15 13 42 159 890 5 6 2 13 103 637 6 8 7 21 175 981
7 3 3 5 11 086 487 6 6 10 22 083 466 5 3 6 14 111 686 2 3 2 7 058 327
9 6 4 4 14 110 619 9 8 12 29 110 614 3 3 4 10 079 490 5 3 5 13 108 607
11 5 5 8 18 141 79 9 11 7 27 102 572 7 7 2 16 127 184 4 4 10 18 150 841
13, 2 1 1 4 031 177 0 4 4 8 030 169 2 1 2 5 040 245 4 3 5 12 100 561
13, 4 3 2 9 071 398 3 4 1 8 030 169 1 4 0 5 040 245 0 2 1 3 025 140
15 2 6 7 15 118 664 7 12 11 30 113 636 35 5 13 103 637 1 0 1 2 017 09
17, 32 0 5 039 221 30 4 7 026 148 0 1 0 1 008 049 30 1 4 033 187
17, 6 3 1 10 079 442 10 2 5 17 064 3.60 1 3 1 5 040 245 301 1 5 042 234
19, 2 02 1 5 039 221 1 3 3 7 026 148 1 0 1 2 016 098 2 0 4 6 050 280
19, 1 2 0 3 024 133 1 4 1 6 023 127 0 1 1 2 016 098 2 0 1 3 025 140
21, 0 1 1 2 016 088 32 2 7 026 148 0 0 1 1 008 049 0 2 2 4 033 187
21, 1 2 0 3 024 133 1 2 6 9 034 191 32 4 9 071 441 30 3 6 050 280
23 1 2 0 3 024 133 5 5 4 14 053 297 4 3 3 10 079 490 4 3 1 8 067 374
25, 0 1 1 2 016 088 2 2 1 5 019 106 0 1 1 2 016 098 1 0 1 2 017 09
25, 0 2 0 2 016 088 7 5 4 16 061 339 1 2 0 3 024 147 2 0 3 5 042 234
27, 0 2 2 4 031 177 0 4 1 5 019 106 2 2 0 4 032 19 0 1 2 3 025 140
27, 3 2 1 6 047 265 8 2 4 14 053 297 3 2 1 6 047 294 1 1 2 4 033 187
29, 1 1 0 2 016 088 1 2 0 3 011 064 0 2 0 2 016 098 0 1 0 1 008 047
29, 0 0 0 0 000 000 4 5 2 11 042 233 4 1 1 6 047 294 0 3 1 4 033 187
31, 0 0 2 2 016 088 32 1 6 023 127 1 1 0 2 016 098 1 0 0 1 008 047
31, 2 1 4 7 055 3.10 5 5 1 11 042 233 1 2 3 6 047 294 1 0 1 2 017 093
33, 0 0 1 1 008 044 2 0 1 3 011 064 0 1 2 3 024 147 3 2 4 9 075 421
33, 4 0 1 5 039 221 2 2 4 8 030 169 2 1 2 5 040 245 0 0 4 4 033 187
33, 0 2 3 5 039 221 2 0 0 2 008 042 0 1 0 1 008 049 1 0 1 2 017 09
35, 31 0 4 031 177 33 2 8 030 169 2 1 1 4 032 19 1 1 1 3 025 140
35, 1 2 1 4 031 177 3 4 3 10 038 212 1 0 0 1 008 049 1 0 2 3 025 140
37, 0 2 0 2 016 088 0 1 1 2 008 042 0 1 0 1 008 049 0 1 0 1 008 047
37, 2 0 2 4 031 177 0 1 2 3 0ll 064 0 0 2 2 016 098 1 1 1 3 025 140
37, 32 0 5 039 221 1 3 1 5 019 106 1 0 0 1 008 049 1 1 1 3 025 140
39, 1 0 0 1 008 044 1 1 2 4 015 085 1 0 1 2 016 098 1 0 0 1 008 047
39, 2 1 1 4 031 177 36 4 13 049 275 1 0 4 5 040 245 1 2 0 3 025 140
41, 0 1 0 1 008 044 0 1 0 1 004 021 0 1 0 1 008 049 2.0 0 2 017 093
41, 30 1 4 031 177 2 0 3 5 019 106 2 1 1 4 032 19 0 0 1 1 008 047
41, 0 0 0 0 000 000 0 0 I 1 004 021 0 0 0 0 000 000 1 0 2 3 025 140
43, 0 0 0 0 000 000 0 1 1 2 008 042 0 0 0 0 000 000 0 0 0 0 000 000
43, 0 1 2 3 024 133 5 0 1 6 023 127 0 0 1 1 008 049 2.0 0 2 017 093
43, 0 1 0 1 008 044 30 0 3 011 064 0 1 1 2 016 098 0 1 2 3 025 140
45, 0 0 0 0 000 000 2 1 2 5 019 106 0 1 1 2 016 098 0 0 1 1 008 047
45, 2 1 1 4 031 177 2 0 4 6 023 127 1 1 1 3 024 147 1 0 0 1 008 047
45, 0 2 0 2 016 088 1 2 0 3 011 064 30 0 3 024 147 2 02 1 5 042 234
47, 1 0 0 1 008 044 1 1 1 3 011 064 0 0 1 1 008 049 1 1 1 3 025 140
47, 1 0 0 1 008 044 0 3 1 4 015 085 0 0 0 0 000 000 0 0 0 0 000 000
49, 0 1 0 1 008 044 1 1 0 2 008 042 0 0 0 0 000 000 0 0 0 0 000 000
49, 0 0 1 1 008 044 4 2 1 7 026 148 1 0 2 3 024 147 0 1 0 1 008 047
49, 1 1 0 2 016 088 33 3 9 034 191 0 0 0 0 000 000 1 0 2 3 025 140

Total 82 77 67 226 17.75 100.00 159 156 157 472 17.85 100.00

(=)
[}
(=)
[

68 204 16.14 100.00 7

—_
w
S}
Nl
—_

214 17.79 100.00

* normalized over total GB's

** normalized over CSL GB's

Table I11.4 X number fractions f, 2 of GB's (%) in zirconia samples Z1, Z2, Z3 and Z4.
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Alumina 1550 [°C]

Alumina 1700 [°C]

Alumina model***

Zirconia 1550 [°C]

Zirconia 1700 [°C]

Zirconia model***

z Sum  fuZisso*fuZisso™*  Sum fuZizeo*fuZi700**  Sum  fgE* fXE* P Sum fyZiss0* uZisso**  Sum  fuZ1700* fuZ1700** Sum fZ* fgZ**
3 59 0.64 16.12 26 0.67 15.12 150  0.09 3.26 3 77 1.97 11.03 45 1.82 10.77 2647 154 11.60
7 5 0.05 1.37 4 0.10 233 85 0.05 1.85 5 61 1.56 8.74 34 1.38 8.13 1867 1.08 8.18
T, 5 0.05 1.37 3 0.08 1.74 98  0.06 2.13 7 33 0.84 4.73 21 0.85 5.02 1470  0.85 6.44
73 33 0.36 9.02 25 0.64 14.53 533 031 11.59 9 43 1.10 6.16 23 0.93 5.50 1508  0.87 6.61
8 16 0.17 437 8 0.21 4.65 209 0.12 454 11 45 1.15 6.45 34 1.38 8.13 1150  0.67 5.04
11, 10 0.11 2.73 2 0.05 1.16 164 0.10 3.57 13, 12 0.31 1.72 17 0.69 4.07 437 0.25 1.92
11, 18 0.20 4.92 9 0.23 523 267 0.15 5.81 13, 17 0.43 2.44 8 0.32 1.91 544 0.32 2.38
115 18 0.20 4.92 5 0.13 291 254 0.15 5.52 15 45 1.15 6.45 15 0.61 3.59 1369  0.79 6.00
12 1 0.01 0.27 0 0.00 0.00 32 0.02 0.70 17, 12 031 1.72 5 0.20 1.20 232 0.13 1.02
13, 6 0.07 1.64 0 0.00 0.00 27 0.02 0.59 17, 27 0.69 3.87 10 0.41 2.39 593 0.34 2.60
13, 15 0.16 4.10 4 0.10 233 201  0.12 437 19, 12 031 1.72 8 0.32 1.91 456 0.26 2.00
135 4 0.04 1.09 2 0.05 1.16 19  0.01 0.41 19, 9 0.23 1.29 5 0.20 1.20 304 0.18 1.33
13,4 13 0.14 3.55 7 0.18 4.07 211 0.12 459 21 9 0.23 1.29 5 0.20 1.20 265 0.15 1.16
135 2 0.02 0.55 2 0.05 1.16 43 0.02 0.93 21, 12 0.31 1.72 15 0.61 3.59 853 0.49 3.74
14, 10 0.11 2.73 10 0.26 5.81 186 0.11 4.04 23 17 0.43 2.44 18 0.73 431 712 0.41 3.12
14, 0 0.00 0.00 1 0.03 0.58 14 0.01 0.30 25, 7 0.18 1.00 4 0.16 0.96 157 0.09 0.69
15, 9 0.10 2.46 5 0.13 291 90  0.05 1.96 25, 18 0.46 2.58 8 0.32 1.91 643 0.37 2.82
15, 2 0.02 0.55 1 0.03 0.58 80  0.05 1.74 27, 9 0.23 1.29 7 0.28 1.67 264 0.15 1.16
17, 11 0.12 3.01 3 0.08 1.74 137 0.08 2.98 27, 20 0.51 2.87 10 0.41 2.39 577 0.33 2.53
17, 6 0.07 1.64 2 0.05 1.16 63 0.04 1.37 29, 5 0.13 0.72 3 0.12 0.72 62 0.04 0.27
175 9 0.10 2.46 6 0.15 3.49 121 0.07 2.63 29, 11 0.28 1.58 10 0.41 2.39 496 0.29 2.17
17, 1 0.01 0.27 0 0.00 0.00 36 0.02 0.78 31 8 0.20 1.15 3 0.12 0.72 120 0.07 0.53
18 1 0.01 0.27 1 0.03 0.58 50 0.03 1.09 31, 18 0.46 2.58 8 0.32 1.91 489 0.28 2.14
19, 0 0.00 0.00 1 0.03 0.58 22 0.01 0.48 33, 4 0.10 0.57 12 0.49 2.87 235 0.14 1.03
19, 11 0.12 3.01 3 0.08 1.74 110  0.06 2.39 33, 13 0.33 1.86 9 0.36 2.15 425 0.25 1.86
195 2 0.02 0.55 4 0.10 233 34 0.02 0.74 33, 7 0.18 1.00 3 0.12 0.72 206 0.12 0.90
19, 4 0.04 1.09 2 0.05 1.16 56  0.03 1.22 35, 12 031 1.72 7 0.28 1.67 388 0.23 1.70
20, 13 0.14 3.55 3 0.08 1.74 116 0.07 2.52 35, 14 0.36 2.01 4 0.16 0.96 413 0.24 1.81
20, 1 0.01 0.27 0 0.00 0.00 16 0.01 0.35 37, 4 0.10 0.57 2 0.08 0.48 10 0.01 0.04
21, 2 0.02 0.55 2 0.05 1.16 19  0.01 0.41 37, 7 0.18 1.00 5 0.20 1.20 361 0.21 1.58
21, 7 0.08 1.91 3 0.08 1.74 102 0.06 222 37, 10 0.26 1.43 4 0.16 0.96 54 0.03 0.24
215 1 0.01 0.27 0 0.00 0.00 10 0.01 0.22 39, 5 0.13 0.72 3 0.12 0.72 35 0.02 0.15
22, 6 0.07 1.64 7 0.18 4.07 109  0.06 237 39, 17 0.43 2.44 8 0.32 1.91 677 0.39 297
22, 0 0.00 0.00 0 0.00 0.00 4 0.00 0.09 41, 2 0.05 0.29 3 0.12 0.72 67 0.04 0.29
23, 1 0.01 0.27 1 0.03 0.58 19  0.01 0.41 41, 9 0.23 1.29 5 0.20 1.20 300 0.17 1.32
23, 5 0.05 1.37 1 0.03 0.58 40  0.02 0.87 415 1 0.03 0.14 3 0.12 0.72 84 0.05 0.37
23; 3 0.03 0.82 2 0.05 1.16 105 0.06 2.28 43, 2 0.05 0.29 0 0.00 0.00 60 0.03 0.26
23, 8 0.09 2.19 4 0.10 233 71 0.04 1.54 43, 9 0.23 1.29 3 0.12 0.72 291 0.17 1.28
235 6 0.07 1.64 2 0.05 1.16 95 0.06 2.07 43; 4 0.10 0.57 5 0.20 1.20 156 0.09 0.68
24 3 0.03 0.82 0 0.00 0.00 53 0.03 1.15 45, 5 0.13 0.72 3 0.12 0.72 304 0.18 1.33
25, 2 0.02 0.55 0 0.00 0.00 11 0.01 0.24 45, 10 0.26 1.43 4 0.16 0.96 276 0.16 1.21
25, 10 0.11 2.73 3 0.08 1.74 80  0.05 1.74 45, 5 0.13 0.72 8 0.32 1.91 288 0.17 1.26
25; 2 0.02 0.55 1 0.03 0.58 18 0.01 0.39 47, 4 0.10 0.57 4 0.16 0.96 268 0.16 1.17
26 3 0.03 0.82 1 0.03 0.58 86  0.05 1.87 47, 5 0.13 0.72 0 0.00 0.00 237 0.14 1.04
27, 4 0.04 1.09 1 0.03 0.58 79  0.05 1.72 49, 3 0.08 0.43 0 0.00 0.00 3 0.00 0.01
27, 3 0.03 0.82 2 0.05 1.16 71 0.04 1.54 49, 8 0.20 1.15 4 0.16 0.96 230 0.13 1.01
27; 3 0.03 0.82 3 0.08 1.74 64  0.04 1.39 49, 11 0.28 1.58 3 0.12 0.72 228 0.13 1.00
28, 7 0.08 1.91 0 0.00 0.00 71 0.04 1.54

28, 5 0.05 1.37 0 0.00 0.00 68  0.04 1.48

Total 366 3.98 100.00 172 444 100.00 4599 2.67 100.00 698 17.82  100.00 418 16.94 100.00 22811 13.23 100.00

* normalized over total GB's

** normalized over CSL GB's

*** simulated for 50000 grains (ngg, = 172378)

Table I11.5 X number fractions of GB's (%) for alumina and zirconia average samples sintered at 1550°C (f, 2 ., ) and 1700°C (f,2.,.).

as well as for the simulated 2D spatial models (f;2).
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Z1 72 Z3 Z4 1550 [°C] 1700 [°C] Model

2 3 4 Sum 2 3 4 Sum 2 3 4 Sum 2 3 4 Sum Sum [%] Sum [%] [%]

Ty 206 154 162 522 321 324 328 973 159 179 187 525 155 164 145 464 1495 55.13 989  59.15 60.25
A 141 125 102 368 199 204 203 606 85 109 89 283 85 77 120 282 974 3591 565  33.79 32.95
1) 29 34 33 96 43 41 41 125 22 11 21 54 19 13 28 60 221 8.15 114 6.82 6.70
I3 3 4 2 9 7 3 3 13 0o 0 2 2 1 1 0 2 22 0.81 4 0.24 0.10
Total 379 317 299 995 570 572 575 1717 266 299 299 864 260 255 293 808 2712 100.00 1672 100.00 100.00

Table I11.6 Triple junction fractions J, (%) with n the number of CSL GB's. Values for both zirconia average samples and for the simu-
lated 2D random model were obtained from GB counting in EBSD scan 2, 3 and 4 of samples Z1, Z2, Z3 and Z4.

I11.4 EBSD pata

I11.4.1 Crystallographic files used for indexing

The crystallographic files for alumina and zirconia
were generated according to the procedure described
in Section 2.2.3. Lattice constants and reflectors are
shown in Table I11.7.

I11.4.2 List of EBSD runs

The list of EBSD runs for the eight ceramic sam-
ples is shown in Table I11.8

I11.4.3 Maps and texture plots

Four EBSD scans were performed for each of the
eight ceramic samples. Scan 1 was performed over
large areas and was used to calculate the LPO. As it
is generally the case in material sciences, the texture
plots represent upper hemisphere equal area projec-
tions, contrary to the standard habit in earth sciences.
Contours are multiples of uniform distribution,
assuming 0.025 intervals. The maximum densities
of the LPO were calculated using the EDAX® (TSL)
OIM Analysis 3.08. Because of the fixed scanning
direction of our system in beam scan mode (opposite
to TD and RD settings), all scan images were rotated
180° to match the TD and RD directions (s. Section
2.2.6.2). Spherical harmonics truncated at an expan-
sion of 22 with a Gaussian half width of 15° were
used for calculations. The scans 2, 3 and 4 focused
on restricted areas of the material surface and were
aimed at highlighting a sufficient number of CSL

GB’s. Crystallographic orientation and CSL maps, as
well as SEM images captured by secondary or fore-
scatter electrons are shown for both alumina and zir-
conia samples. As GB’s can only be identified when
the points of adjacent grains are in contact, a smooth
cleaning up of CSL maps was performed. The legend
and the layout applied to EBSD data for ceramics are
shown in Fig. I11.17 and I11.18. Maps and texture plots
are presented in Fig. II1.19.

Alumina Zirconia
Space group R-3¢ Fm3m
Lattice constants a [nm] 4.76 18.241
¢ [nm] 12.99 /
o[°] 90.0 90.0
v [°] 120.0 /
Reflectors (hk(i)l) -1104 111
-1-120 002
2113 202
2204 113
-12-16 313
01-18 204
1-324 224
30-30 115
0-1110 315
1219
4-2-23
-1-342
02-210
00012
-14-34
4-402
1-3210
2-429
-2-354
-10114

Table II1.7 Lattice constants and reflectors used for indexing
alumina and zirconia.
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Sample Scan Scan mode Step size Area  Measurements Measurements — Average CI* Number of grains Average grain diameter**  LPO (J index***)

[um] [um?] with CI>0.2 [pm)]

Al 1 beam scan 5 500x500 11658 5195 (44.6%) 0.25 (0.48) 5195 / 1.05
2 beam scan 0.4 50x50 18198 11851 (65.1%)  0.37(0.53) 556
3 beam scan 0.4 50x50 18198 12243 (67.3%)  0.38(0.53) 549 2.1 /
4 beam scan 0.4 50x50 18198 13559 (75.4%)  0.43 (0.56) 730

A2 1 beam scan 5 500x500 11658 5233 (44.9%) 0.25 (0.48) 5233 / 1.04
2 beam scan 0.4 50x50 18198 13672 (75.1%)  0.44 (0.56) 639
3 beam scan 0.4 50x50 18198 11829 (65.0%)  0.36 (0.52) 613 2.1 /
4 beam scan 0.4 50x50 18198 11876 (65.3%)  0.37(0.52) 575

A3 1 beam scan 15 1500x1500 11658 6495 (55.7%) 0.31 (0.50) 6495 / 1.03
2 beam scan 0.8 100x100 18198 15052 (82.7%)  0.48 (0.57) 281
3 beam scan 0.8 100x100 18198 15057 (82.7%)  0.49 (0.57) 260 6.2 /
4 beam scan 0.8 100x100 18198 14838 (81.5%)  0.49 (0.58) 284

A4 1 beam scan 15 1500x1500 11658 6164 (52.9%) 0.29 (0.49) 6164 / 1.03
2 beam scan 0.8 100x100 18198 14378 (79.0%)  0.45 (0.55) 264
3 beam scan 0.8 100x100 18198 14927 (82.0%)  0.48 (0.57) 265 6.4 /
4 beam scan 0.8 100x100 18198 14709 (80.8%)  0.48 (0.57) 250 /

Z1 1 beam scan 5 500x500 11658 8475 (72.7%) 0.43 (0.57) 8475 / 1.00
2 beam scan 0.4 50x50 18198 17162 (94.3%)  0.59 (0.62) 251
3 beam scan 0.4 50x50 18198 17264 (94.9%)  0.59 (0.62) 210 3.5 /
4 beam scan 0.4 50x50 18198 17213 (94.6%)  0.59 (0.62) 194

72 1 beam scan 15 1500x1500 11658 7408 (63.5%) 0.37 (0.53) 7408 / 1.00
2 beam scan 0.8 100x100 18198 16881 (92.8%)  0.57 (0.60) 344
3 beam scan 0.8 100x100 18198 16799 (92.3%)  0.57 (0.61) 336 5.8 /
4 beam scan 0.8 100x100 18198 16462 (90.5%)  0.55 (0.60) 332

73 1 beam scan 15 1500x1500 11658 7187 (61.6%) 0.36 (0.53) 7187 / 1.01
2 beam scan 0.8 100x100 18198 16856 (92.6%)  0.56 (0.60) 157
3 beam scan 0.8 100x100 18198 16840 (92.5%)  0.56 (0.60) 181 7.8 /
4 beam scan 0.8 100x100 18198 16881 (92.8%)  0.55(0.59) 181

74 1 beam scan 15 1500x1500 11658 8507 (73.0%) 0.43 (0.56) 8507 / 1.00
2 beam scan 0.8 100x100 18198 17359 (95.4%)  0.58 (0.60) 160
3 beam scan 0.8 100x100 18198 17382 (95.5%)  0.60 (0.62) 158 8.3 /
4 beam scan 0.8 100x100 18198 17423 (95.7%)  0.61 (0.63) 172 /

* in brackets the average CI considering only the values> 0.2
** calculated from the scans 2, 3 and 4 using the equivalent disc diameter method
*** calculated from scan 1 using EDAX" (TSL) OIM Analysis 3.08 algorithms for an expansion coefficient of 22 and a Gaussian half width of 15°

Table I11.8 EBSD data for the eight ceramic samples.

Scan 1 Scan 2 Scan 3 Scan 4
[0110]
Crystallographic Crystallographic orientation maps H
orientation map used v £ap p [1010]
to generate the tex-
ture plots [0001]
(m.u.d) _ Points with CI <0.2 in black
17 CSL boundary maps || m— %3
16 = =7
1.5 — Texture plots = x=3
14 =11
1.3 = ¥=12
1.2 SEM images (secondary or forescatter electrons) = X=13
1.1 e ) = (4
1.0 — 15<xX<28

Fig. II1.17 Legend and layout for the alumina maps and plots displayed in Fig. I11.19.
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Scan 1 Scan 2 Scan 3 Scan 4
Cr.ysta.l lographic Crystallographic orientation maps
orientation map used
to generate the tex- ;
ture plots [001] 4 Ir101]
(md) Points with CI < 0.2 in black
17 CSL boundary maps | oints with CI < 0.2 in blac
1.6 m—— Y =3
15 1 Y=5
1.4 = x=7
131 Texture plots = X=9
1.2 SEM images (secondary or forescatter electrons) | | === % =11
1.1 = X=13
1.0 —— 15<X<49
Fig. I11.18 Legend and layout for the zirconia maps and plots displayed in Fig. I1I.19.
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Fig. III.19 Phase maps, crystallographic orientation maps and texture plots for alumina and zirconia ceramics (s. also next pages).
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Fig. II1.19 (continued).
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