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Zusammenfassung

Im Rahmen dieser Arbeit wurden verschiedene glaskeramische Materialien hergestellt und
mit verschiedenen Methoden charakterisiert, wobei der Schwerpunkt auf Untersuchungen
mittels EBSD lag. Besonders die Untersuchung von Oberflichenkristallisation zeigte, dass
bisherige Modelle iiber die Bildung orientierter Schichten auf diesem Weg falsch bzw.
unvollstindig waren und ermoglichte eine korrektere Beschreibung der auftretenden
orientierten Schichten und deren Entstehung.

Auch die Untersuchung von Glaskeramiken die mittels elektrochemisch induzierter
Keimbildung hergestellt wurden fiihrte zu neuen Erkenntnissen wie z.B. der Detektion von
abweichend orientierten Kristallen in den sonst extrem homogen orientierten Dendtiten.
Weiterhin wurde festgestellt, dass die Orientierung innerhalb gewachsener Mullitnadeln
keineswegs homogen ist sondern vielmehr lokal wvariiert. Die bisher angenommen
Orientierung der Mullitkristallen konnte auf den experimentellen Aufbau anstatt der Methode
der Kristallisation zuriickgefiihrt werden.

Letztlich konnten auch offenstehende Fragen {iber die Entstehung von Kristallen, die sowohl
Hiamatit als auch Magnetit enthalten, d.h. aus zwei Phasen bestehen, anhand der mit EBSD
ermittelten Kristallorientierungen der beiden Phasen beantwortet werden.

Es kann folglich gesagt werden, dass EBSD erfolgreich auf glaskeramische Materialien
angewendet werden konnte. Fiir Phasen die in keiner der verfiigbaren EBSD-Datenbanken
(TSL und AMCS) vorhanden waren konnten Materialdateien erstellt und erfolgreich optimiert
werden. Es wurde gezeigt, dass die Moglichkeit Kristallorientierungen lokal zu messen neue

Erkenntnisse iiber Keimbildung und Kristallisation bringen kann.



Contents
LR 0315 e 17 5 [ ) s DN 6
2. Electron Backscatter Diffraction. ..o 8
3. Publications:

3.1.  W. Wisniewski, M. Nagel, G. Vilksch and C. Riissel: Electron

Backscatter Diffraction of Fresnoite Crystals Grown from the Surface of

a2 Ba0O - TiO; - 2.75 SiO; Glass.

Cryst. Growth Des., 2010, 10, 1414- 1418, ... i 14
3.2.  W. Wisniewski, M. Nagel, G. Vilksch and C. Riissel: New Insights into

the Microstructure of Oriented Fresnoite Dendrites in the System

Ba;TiSi;05-Si0; Through Electron Backscatter Diffraction (EBSD).

Cryst. Growth Des., 2010, 10, 1939-1945. ... ..o, 20
3.3.  W. Wisniewski, M. Nagel, G. Vilksch and C. Riissel: Irregular Fourfold

Hierarchy in Fresnoite Dendrites Grown via Electrochemically Induced

Nucleation of a Ba;TiSi> 750 5 Glass.

Cryst. Growth Des. 2010, 10, 4526-4530. ....ooeiiiiiiiiiiieee e, 28
3.4. W. Wisniewski, T. Zscheckel, G. Volksch and C. Riissel: Electron

Backscatter Diffraction of BaAl;B,0; Crystals Grown from the Surface

of a BaO - Al,O; * B;0; Glass.

CrystEngComm 2010, 12, 3105-3111. ..o, 34
3.5. R.Carl, W. Wisniewski and C. Riissel: Reactions During

Electrochemically Induced Nucleation of Mullite from a

MgO/AlL,0¥TiOySiOyB,03/Ca0 Melt.

Cryst. Growth Des., 2010, 10, 3257-3262. .....coiiiiiiiiiiiiiiieiee e, 42
3.6. W. Wisniewski, R. Carl, G. Volksch, and C. Riissel: Mullite Needles

Grown from a MgO/Al,03/TiOySi0yB;03/Ca0 Glass Melt: Orientation

and Diffusion Barriers.

Cryst. Growth Des., DOL: 10.1021/cgl01402r. . ...cvviiiiiiiiiiiieiiiee, 49
3.7.  W. Wisniewski, R. Harizanova, G. V6lksch and C. Riissel: Crystallisation of

Iron Containing Glass-Ceramics and the Transformation of Hematite to

Magnetite.

CrystEngComm 2010, DOI:10.1039/COCE00629G..........c.ccovviviiinnnnn. 57
N 110110 T oy 65
5 REIEIENCES. ..ot 69
6. ADDIEVIATIONS . ... ettt e e 72
B 3 (11 011 ) T 73
B POt . ettt 73
9. Acknowledgements/ DankSagung.............oouiiiiiiiiiiiitiii i 74
10. Statement/ ErkIArung...........oooiiiiiii e 75
11. Curiculum Vitae/ Lebenslauf (de).........ccooiiiiiii e 76



1. Introduction

Glass-ceramics are partially microcrystalline solids combining the properties of crystal phases
with the properties of the amorphous glass phase surrounding them. They are usually
produced by the controlled devitrification of glass during thermal annealing. Generally a glass
is produced by melting the respective raw materials in a furnace and cooling the melt to
inhibit nucleation and crystal growth. In a second step the amorphous solid is then heated to a
defined temperature for a defined time during which nucleation and crystal growth occur.
Many materials with anisotropic properties have important applications, e.g. wood as
construction material. Glass-ceramics show great potential for creating anisotropic materials
with individually controlled mechanical, electromechanical or magnetic properties.
Otherwise, glass-ceramics enable the production of small crystals in a desired size and shape
if the glass matrix is selectively dissolved, e.g. by using an acid. Crystals in the form of
needles or plates may increase the tensile and bending strength of glass-ceramic materials [1]
while nano scale crystals of very narrow size distribution may affect various properties
without affecting the transparency of the glass [2-4].

So called ultratransparent glass-ceramics, e. g. those containing rare-earth-doped metal
fluoride crystals, are of interest with respect to their fluorescence [5], luminescence [6,7] and
up conversion properties [8,9]. Crystallizing phases with desirable properties from a glass,
e.g. fresnoite with its piezoelectric, pyroelectric and surface acoustic wave properties [10,11],
may enable the fabrication of materials showing desired properties without the need to
produce macroscopic single crystals. Oriented crystallization is essential if a glass-ceramic is
meant to show properties similar to a single crystal of the targeted phase, especially if the lack
of centrosymmetry is essential to achieve the respective properties.

Three principle routes have been proposed for the preparation of oriented non-metallic
inorganic materials: kinetic control, mechanical deformation and thermodynamic control [12].
Kinetic control is based upon the combination of localized nucleation and subsequent
anisotropic crystal growth, resulting in a kinetic selection and leading to an orientation of the
crystals in some relationship to the fastest direction of crystal growth. Kinetic control finds
application in the examples of surface crystallization [13-16], crystallization induced by
electrochemical nucleation [17-22] as well as laser induced crystallization [23-26].
Mechanical deformation of melts occurs during the extrusion of a partially crystalline melt

and may also lead to oriented glass-ceramics [27-31].



Thermodynamic control of crystal orientation would mean the crystals are oriented in some
specific way to minimize their energy during nucleation or subsequent crystallization. While
it has been reported that thermodynamics might contribute to nucleation at the surface and
thus leading to a localized nucleation [32], oriented crystals resulting from such a nucleation
would rather fit the profile of kinetic control as the nucleation itself is not oriented.

While asymmetric crystal growth can be caused by thermodynamic reasons, an oriented
crystallization of a glass-ceramic would mean independent crystals are oriented in a specific
way due to some thermodynamic reason and not simply localized nucleation followed by a
kinetic selection of orientations through asymmetric crystal growth. Oriented nucleation,
which would be the basic precondition for such a phenomenon, has not been proven to occur
so far.

In order to enable the control and to predict the oriented growth of crystals in glass-ceramics,
it is necessary to understand the growth mechanism in the respective preparation procedure.
Concerning the surface crystallization of fresnoite type-crystals, for example, there is no

consensus on the crystallization mechanism so far.



2. Electron Backscatter Diffraction (EBSD)

Utilizing the effect of EBSD to analyze materials in a scanning electron microscope (SEM) is
based on the evaluation of diffraction patterns obtained from backscattered electrons called
“electron backscattering patterns” (EBSPs). The patterns are formed by the interference of
electrons diffracted at the lattice planes of a crystal under the Bragg-angle ®g. Because the
physical picture of EBSD is still incomplete the ultimate limitations of EBSD are still being
debated. The following text is an explanation the author’s current understanding of the basics

of EBSD-pattern formation without going into mathematical details of the physics involved.

Energy of an Electron
The voltage U (usually 20 kV for EBSD analysis in a SEM) supplied between the anode and
cathode of a SEM accelerates electrons to a kinetic energy E given by:

E=U-e
where e is the charge of an electron (1.6 - 10" C) [35]. E is usually given in electronvolts
(eV). The kinetic energy of 1 eV is gained if an electron passes through a potential difference
of 1 V attributing an energy of about 20 keV to an electron accelerated with a voltage of 20

kV. An accelerating voltage of 20 kV was used in all the measurements featured in this thesis.

Wavelength of an electron
The energy E of an electron can also be described as the wavelength A of an electron which is
given by the de Broglie relation

A=h/p

where h is Planck’s constant and p is the momentum. In classic theory this leads to

L h_ b
P 42'm0'E

Taking relativistic effects into account leads to

h h
A==

J2'm0'E(l+ ZFE[])

where my is the rest mass of an electron (9.1091'10'31 kg) and Ey= mo-cz, ¢ being the velocity

of light. Because discrepancies between the wavelengths resulting from the classic and
relativistic approaches are small at 20 keV (0.97 % relative difference) but become large for
electrons with an energy over 1000 keV (4.77 % relative difference), the classic approach is

an acceptable simplification when considering electrons contributing to EBSD.



Diffraction in a crystal lattice
The diffraction of electrons in a crystal lattice is described by Bragg’s law [33]:
nA = 2dpy * Sin®

where nA are n multiples of the electron wavelength A, dyy is the spacing of the respective
lattice planes and @ is the angle under which diffraction occurs. For EBSD the Bragg angle
®g is of special importance because here diffraction occurs in the form of reflection at the
lattice plane, thus enabling the constructive interference of the reflected electrons. Only one
Bragg-angle ®p can occur for a specific lattice plane spacing diy and a specific wavelength A.
Op usually assumes values in the order of 0.5° for EBSD [33]. For example a Bragg-angle of
O~ 0.46° occurs for electrons with A = 0.0088 nm (20 keV electron energy) and
dhit = 0.543 nm (dgo; in silicon). Because sin ® can reach a maximum value of 1, Bragg’s law

only makes sense for A < 2dp.

In the case of EBSD, electrons with a spectrum of energies contribute to the formation of an
electron backscattering pattern (EBSP) [34] from a number of lattice planes, which means a
spectrum of Bragg-angles occurs. It has been shown that the main contribution to an EBSP
comes from electrons with a residual energy of 19.5 keV, if an excitation of 20 keV is used,
while electrons with 16 keV (an energy loss of 20 %) still contribute to an EBSP [34]. The
attributed Bragg-angles are 0.457° for 20 keV, 0.463° for 19.5 keV and 0.511° for 16 keV.
Fig. 1 illustrates the occurring variations in the Bragg-angles by presenting the tenfold values

of © for the given electron energies.

16.0 keV

Fig. 1: Tenfold angles of Bragg-reflection at the (001) plane of

Si for electrons of the given energies contributing to an EBSP

Fig. 2 illustrates how a path difference occurs between the electron beams B1 and B3 due to
the longer distance traveled. While the beams B1 and B3 can constructively interfere, beam
B2 leads to extinction due to the angular phase shift by m (which can also be described as a
wave shift by A/2), if interference with B1 or B3 occurs. While the constructive interference is

essential for EBSP-formation, extinction explains why certain lattice plains cannot contribute
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to an EBSP. Generally extinction occurs if equivalent lattice planes are positioned half way
between two lattice planes in Bragg-reflection position [33]. In the case of body centered
crystal structures this is the case e.g. if )  (h+k+l) is an odd number [33]. If the result is,

however, an even number, the electrons can interfere constructively.
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Fig. 2: Extinction and Bragg Reflection at a crystal lattice

Distribution of Backscattered Electrons (BSEs)

The intensity of the backscatter signal emitted from an Al sample excited by electrons with an
energy of 20 keV over the tilt angle is presented in Fig. 3 a) [35] and shows a maximum at
63°. In order to maximize the signal at the detector screen sample is tilted by 70° for EBSD-
analysis. The intensity of the backscatter signal resulting from the sample tilt is outlined in
Fig. 3 b). The diffraction signal utilized for EBSD is only an approximate 5 % signal on top of
the forward scattered intensity distribution of 95 % making up the background signal [33].

a) A AlE= 20 keV b) o solid angle over the sample
| electrons
3 1.0
%)
B sample
detector
— screen
0 TN S TN NN N N
0O 10 20 30 40 50 60 70 80 intensity of the
tilt angle [°] backscatter signal

Fig. 3: a) Distribution of backscattered electrons over tilt angle [35],
b) Intensity of the backscattered signal over a sample tilted by 70°
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EBSP-formation

A part of the incoming primary electron beam is inelastically scattered in the solid. Because
of the commonly applied sample tilt of 70° and the fact that most of the electrons contributing
to an EBSP cannot suffer significant energy loss (the main contribution to an EBSP is from
electrons with 97 % of the beam energy [34]), the main part of the electrons relevant to
EBSP-formation are scattered along the original direction of the incoming beam (forward
scattering).

It has been stated that the problem “diffraction from a point source inside a crystal” and the
problem “diffraction of an incoming electron beam by a crystal leading to a certain electron
intensity at the emitting atoms positions” are equivalent [36] due to the reciprocity principle
[37]. Thus it can be assumed that localized electron sources emitting in all directions are
created beneath the surface of the sample by the incoming electron beam.

Fig. 4 a) illustrates how electrons emitted from the source Q would be reflected at the (010)
and (021) planes of the presented lattice due to diffraction under the Bragg angle ®g. The
electrons are reflected at each “side” of the lattice planes, hence producing two maxima close
to each other on the detector screen.

Because reflection at the lattice planes occurs in all directions, the locus of the diffracted
radiation is the surface of a cone at each side of the lattice plane with the half apex angle of
90- Oy around the normal of the lattice plane as illustrated by Fig. 4 b) [33]. These cones are
called Kossel-cones [33]. Due to the flatness of the Kossel-cones their area of interaction with
the detector screen appears as bands, which were first detected by Kikuchi in 1929 and hence
named Kikuchi Bands. The two Kossel Cones hence also contribute to the typical “Top Hat”-
intensity profile of the Kikuchi Bands [33].

a) | incoming - b) plane normal
primary electrons

 lattice
plane

——(010) " * °,
(02-«]) 2 detector
) screen
* electron sources tilted surface — detector screen

Fig. 4: a) Bragg-reflection of electrons from a local electron source Q at the (010) and (021)
lattice planes leading to a signal on the detector screen
b) Position of the Kossel cones of a lattice plane in respect to the detector
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Geometrical setup of an EBSD-system

The general principle of the geometric setup of EBSD-analysis is illustrated in Fig. 5: the
incoming electron beam interacts with the tilted sample in an asymmetrically shaped
interaction volume, where electron sources emitting in all directions are assumed to form.
While most of the electrons are actually forward scattered and can be utilized to obtain an
image through the forward scatter detector, some are diffracted at lattice planes under the
Bragg angle along two Kossel cones per set of lattice planes. The thus diffracted electrons can
interfere constructively and thus form a band of high intensity on the phosphor screen serving
as the detector. An image of this screen is then obtained during a time of exposure defined by
the user via a CCD-camera positioned behind the phosphor screen. This image is the Electron

Backscattering Pattern (EBSP) later evaluated by the software.

incomming

diffracted electronbeam

electrons

| ANRPTROTT 2 Kossel
/_ _______ T cones

phosphor
screen

forward scattered electrons

forward scatter detector
Fig. 5: Electron interaction leading to EBSP formation and arrangement of an EBSD-system
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EBSD is a powerful tool for the local detection of crystal orientations and for the
identification of certain crystal phases in the microstructure. The method is based on the
analysis of Kikuchi bands detected in diffraction patterns obtained from a crystalline sample.

The information depth of EBSD is limited to 10-50 nm [33, 38-43]. Hence EBSD is a method
for the surface near characterization of materials. Using a scanning electron microscope
(SEM) equipped with an EBSD-unit combines the ability of studying the morphology and

crystallographic relationships of a crystalline solid simultaneously.

Although EBSD became a standard method in mineralogy [44,45], geology [46,47], ceramic
materials [48-50] as well as metallographic science [51-54] during the past decade, no reports
of EBSD as a method to characterize glass-ceramics could be found in the literature before
2009 apart from two papers containing work by Volksch et al. [55,56]. While the further
development of technology has enabled 3D-analysis of materials via EBSD [57,58], a review
on the applications of EBSD in materials science published in 2009 [59] does not mention the
investigation of glass-ceramics. The first application of EBSD to glass-ceramics containing
hematite/magnetite [55] and mullite [56] showed that it was possible to obtain evaluable
EBSD-patterns from glass-ceramic materials and initiated further commitment to the field.
Problems such as polishing procedures and building material files for phases previously not
analyzed by EBSD could be identified and solved for a number of phases, making the

application of EBSD to glass ceramic materials a promising field for scientific research.
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Surface of a 2BaQ - Ti(,-2.7558i0-, Glass

Wolfgang Wisniewski, Marcus Nagel, Giinter Volksch, and Christian Riissel®

Otto-Schott-Tnstitur, Jena University, Fraunhoferstrasse 6, 07743 Jena, Germany

Received November 10, 2009; Revised Manuscript Received December 14, 2009

ABSTRACT: A glass with the composition 2BaQ-TiO;-2.75810, was annealed at 810 °C for 20 h. This led to surface
crystallization. Immediately at the surface of the sample, a layer of Ba,T181,05-tvpe fresnoite crystals (layer I}, with a thickness
of approximately 7 um, oriented with the crystallographic [101]-direction perpendicular to the surface, was formed. The pole of
the (001)-plane rotates randomly around the [101]-direction. It is assumed that nucleation kinetics is decisive to the direction of
growth. In the next layer (layer II}, the crystals are oriented with the crystallographic [001]-direction (e-axis) perpendicular to the
surface of the sample. This layer occurs at a distance of 7—60 gm from the surface. Here, crystals that are not oriented in that way
hinder each other during crystal growth. At a distance > 60 gm, the orientation of the fresnoite crystals is random and is the
result of volume crystallization. The main characterization method is electron backscatter diffraction/orientation imaging

TICTOSCOPY.

1. Intreduction

In the literature, numerous methods for the preparation of
onented glass-ceramics containing fresnoite are described. In
principle, various routes have been proposed for the preparation
of oriented nonmetallic inorganic materials.' In the past, the
electrochernical nucleation,”™ laser-induced crystallization,>®
and surface crystallization were the most frequently used methods
for the formation of a preferential orientation in barium titanium
silicate”™? and the corresponding germanates.”'"™"* Because of
the macroscopic polar structures obtained (e.g., by swface
crystalization} fresnoite glass-ceramics show an interesting com-
bination of fiezoelectn’c, pyroelectric, and surface acoustic wave
properties."*" In comparisen to ferroelectric materials, fresnoite
possesses a4 much smaller dielectric constant and hence 1s an
advantageous piezoelectric material, especially for mgh frequency
applications. Furthermore, it 18 also an interesting matenal for
second harmonic generation.'® '

Toenable the control and to predict the oriented growth of
crystals in such a material, it 1s necessary to understand the
growth mechanism in the respective preparation procedure. It
has been speculated by Masai et al. that dunng surface
crystallization, benitoite, a barium-rich phase, 18 necessary
for the formation of fresnoite, oriented with its crystallo-
graphic c-axis perpendicular to the surface.’™® In a paper
published by Ochi et al., oniented Ba,TiSi,0g crystals with a
length of up to about 500 um were achieved by surface
crystallization using a thermal gradient and a crystallization
temperature of 850 °C." Concerning the surface crystalli-
zation of fresnoite type-crystals, there is no consensus on the
crystallization mechanism so far.

This paper will present new insight into the microstructure
and the orentation of fresnoite crystals in glass-ceramics
prepared by surface nucleation of a glass with the composition
2Ba0-TiO,-2.75 810,. The predominantly used method was
electron backscatter diffraction (EBSD).

*Corresponding author. Tel: (0049) 03641 948501, Fax: (0049) 03641
948502, E-mail: cer@uni-jena.de.

pubs.acs.org/crystal Published on Web 12/28/2009

2. Electron Backscatter Diffraction

In the past few years, EBSD became a standard method in
mineralogy and metallographic science. By contrast, few
reports of EBSD as a method to characterize glass-ceramics
are found in the literature apart from two papers published by
Volksch et. al.”®* A recent review on the applications of
EBSD in materials science given by Randle®® also does not
mention the investigation of glass-ceramics.

EBSD is a powerful tool for the identification of certain
crystal phases in the microstructure and for the local detection
of crystal onientations. The method is based on the analysis of
Kikuchi bands detected in diffraction patterns obtained from
a crystalline sample. The information depth of EBSD is
limited to 10—50 nm.>** Hence, EBSD is a method for the
surface near characterization of maternals.

Using a scanning electron microscope (SEM) equipped
with an EBSD-unit combines the ability of studying the
morphology and crystallographic relationships ofa crystalline
solid simultaneously.

While a single EBSD pattern provides information on the
crystal at the spot where 1t was obtained, a gnid of EBSD
patterns allows the description of the crystallographic proper-
ties of a microstructure and is referred to as orentation
imaging microscopy (OIM). The latter describes scanning a
surface 1n a defined step size and collecting and indexing
EBSD patterns so that each point in an OIM map represents
the information of an indexed EBSD pattern. Indexing a
diffraction pattern is achieved by a voting system (see e.g.,
Schwartz et al.=).

The orientation of a crystal is usually defined by the three
Euler-angles ¢,, @, and ¢;. Other useful parameters describ-
ing anindexed pattern are theimage quality value (IQ) and the
confidence index (CI).

The 1Q value of an EBSD-pattern is affected by numerous
parameters; however, the main input from the sample is the
perfection of the crystal lattice.”? Since glass has no lattice to
produce a diffraction pattern, points in an 1Q map obtained
from glass get very low IQ values, making the IQ value a very

© 2009 American Chemical Soclety
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sample surface

(45:60:0)

Figure 1. Effect of Euler angles on the (001)-pole figure of fresnoite.
(a) Starting point, (b) variation of @, (c) variation of ¢l, (d)
variation of ¢2.

good filter to distinguish between amorphous and crystalline
phases. A relatively low 1Q value, in principle, should also be a
result of a very thin layer of glass covering a crystal or tensions
and defects within the crystal lattice.

The ClI is a value calculated from the votes obtained from
different orientation solutions for a phase used to index a
pattern.” With respect to patterns obtained from an fec-
material, it was found that a solution was correct in 95% of
the cases when the Cl was (.1 or greater and at least six
Kikuchi bands were detected.

The (001) pole figure (PF) is very suitable to illustrate
orientations of fresnoite, since the pole of the (001)-plane is
parallel to the crystallographic ¢-axis of the unit cell. An
example is shown in Figure 1. Here, the effects of the
individual Euler angles (¢ 1:®:¢2) on the (001)-PF of fresnoite
are presented. The Euler combination of (0:0:0) in Figure la
describes a unit cell with the c-axis perpendicular to the surface
of the sample; @ describes the tilt between the e-axis and the
normal of the sample (Figure 1b). The rotation of the c-axis
around the normal of the sample is described by 1 (Figure 1¢)
and 2 is a rotation around the ¢-axis and therefore has no
input into the (001)-PF of fresnoite.

An inverse pole figure (IPF) 1s a reduction of the pole figure by
symmetric operations to a unit triangle containing all orienta-
tions or their symmetric equivalents. It is therefore a useful plot
for an overview of all orientations appearing in a scan.

3. Experimental Procedures

A glass with the composition 2Ba0-TiO»+2.75 SiO; (fresnoite 4
0.75 S10,) was prepared from BaCO;, TiO,, and 510, {quartz). The
compounds were mixed and melted in a platinum crucible {250 mL)
at 1550 °C using an inductively heated furnace. After | h soaking at
1550 *C, the melt was stirred for another 1 h and subsequently poured
on a copper block. In order to avoid cerystallization, the poured melt
was quenched using another copper plate. The glass was analyzed by
a differential thermal analyzer (DTA, Hartmann & Braun). To
remove any possible nuclel at the surface which may have formed
during quenching, one side of the sample was ground and polished
with colloidal silica. Crystallization was carried out by a one-step
annealing process at 80 K over T, at 810 °C for 20 h; the cooling rate
was 3 K /min. After cutting the glass-ceramics perpendicular to the
surface, the cut area and the surface of the samples were analyzed by
X-ray diffraction (XRD, Siemens D5000) using Cu Kat radiation.

Crystal Growth & Design, Vol. 10, No. 3, 2000 1415
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Figure 2. XRD patterns recorded from the volume and surface in
comparison Lo the intensities according to the JCPDS-file 70-1920.

The samples where further characterized wsing a Jeol JSM-T001F
FEG-SEM equipped with a TSL Digiview 1913 EBSD-Camera.
OIM-scans were captured and evaluated using the programs TSL
OIM Data Collection 5.31 and TSL OIM Analysis 5.

To achieve a conductive surface, the sample was mounted using
Ag-pasteand coated with a thin layer of carbon at about 1 % 107 mbar.

First EBSD measurements were performed on the surface of the
sample after the crystallization without any polishing or further
pretreatment.

The sample was then embedded in Araldite CY 212, a polymer
adequate for vacuum application, to stabilize the edge during the
polishing procedure necessary to reveal the crystals from the side.
About 3 mm of the sample was then ground away in order to
climinate any effects of the original edges. The sample was then
manually polished with diamond suspension of decreasing grain sizes
(down to 0.75 gm). To obtain acceptable EBSD patterns, a final
finish of 30 min using colloidal silica was applied.

In order to study the erystallization at the primary surface, 18
slightly overlapping scans covering all interesting parts of the sample
were performed. The scans were performed using a voltage of 20 kV,
resulting in a current of 12.5 nA. A binning of 4 » 4 was applied and
the used step size was 100 nm. Altogether, 12 Kikuchi Bands were
detected during the indexing procedure.

Textures of these scans were calculated using discrete binning with
a binsize of 5%, a Gaussian smoothing of 5%, and no sample symmetry.
Only points with a minimum ClLol 0.1 and an 1Q value over 20% of
the respective Q) distribution were considered in these calculations.

4. Results

DTA measurements of the glass showed the glass transition
temperature T, to be 730 °C. the crystallization onset tem-
perature 7', to be 830 °C, and the crystallization peak T}, to be
at 883 °C. After annealing the sample is fully opaque,
although some transparent regions were found below the
previous surface after polishing the side of the sample.

In Figure 2, an XRD pattern from the surface and the area
cut perpendicular to the surface of the annealed sample is
shown. The pattern shows lines all attributed to stoichiometic
Ba,Ti81,0¢ (JCPDS no.: 70-1920). while benitoite (JCPDS
nos.: 76-1745 and 72-1591) was not detected. The intensities of
the 001-, 002-, and 003-lines in the pattern attributed to the
surface are much more intense than in that recorded from the
volume.

From the unpolished surface of the sample acceptable
EBSD patterns (Figure 3) were obtained. Since XRID mea-
surements proved that the sample contained only fresnoite as
the crystalline phase, only this phase was used for indexing the
EBSD patterns obtained [rom the entire sample. Nevertheless,
also from the EBSD patterns., there was no hint of the
occurrence of any additional crystalline phase.

Figure 4 shows the IPF map of an OIM scan performed on
the unpolished surface of the annealed sample. While there is
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Figure 3. EBSD pattern obtained from the unpolished surface of
the sample.

e 2 YT e e N
10pm ©O3I-Jena
20.0kV LEI SEM

Figure 4. SEM image of the untreated surface overlaid with the IPF
map of the OIM scan performed in the area.

001

Figure 5. (001)-pole figure of the surface scan presented in Figure 4.

no single dominant orientation, orientations marked bluish
green and purple in the IPF seem to appear more often than
orientations marked red and yellow for example. The map
contains only points with an 1Q value > 20%. This enables
the elimination of the effect of the glass matrix as well as
possible.

The (001)-pole figure (PF) of this scan (Figure 5) shows a
significant ring located at a d-angle of around 58°. The
histogram of all the ®-angles in the PF is shown in Figure 6.
Here, a well-pronounced peak between 55° and 65° is ob-
served. To avoid two peaks representing pseudosymmetric
orientations, the 90 to 180°-range of @ was mirrored into a
0 to 90°-histogram by transforming all ®-values over 90° by
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Figure 6. Histogram of the ®-angles obtained from the scan in
Figure 4 and mirrored into a 90° range.

applying ®* = 80 — &. Here, only points with an 1Q value of
at least 20% of the 1Q distribution were considered. This was
done to exclude points attributed to the amorphous glass
matrix. Thissurface layeris denoted in the following as layer I.

Figure 7 shows (001)-pole figures of the calculated textures
of the 18 scans obtained from arcas with an increasing
distance from the primary surface. The legend describes the
probability of finding an orientation. The values are attrib-
uted to relative probabilities: in a totally random distribution,
this probability would be unity for every orientation. This
means that the probability of finding a point in the respective
scan belonging to an orientation marked red in Figure 7 is at
least 50 times higher than in a randomly oriented material. In
Figure 7, an equal area-version of the pole figure was used
since the usual stereographic projection contains a distortion
of the presented angles. The first two plots (distance from the
surface up to around 10 gm) show a rather broad distribution
of orientations. From about 10 to 55 um below the surface, the
distribution narrows significantly and two pseudosymmetric
orientations predominantly occur (orientations which deliver
the same EBSD pattern). The plots of the oriented areas
implicate the c-axes roughly parallel to the current surface
and therefore practically perpendicular to the original surface.
This layer is denoted in the following as layer I

At a distance > 60 gm from the surface, the distribution
becomes more random, containing some crystals with their
c-axes practically parallel to the original surface of the sample.
All data points shown in Figure 7 have a minimum CI value of
0.1 and a minimum IQ value of 20% of the respective
maximum value of each scan. This was done in order to
exclude the glass matrix and unreliably indexed points.

To review the entire scanned area, the 18 slightly over-
lapping scans were merged together. In Figure 8, the IPF map
of the merged scans overlaying an SEM image of the scanned
area is presented. At the outer left part of Figure 8, the
thickness of the oriented layer is notably smaller in compa-
rison to other parts of the scanned area. Altogether the
thickness of the oriented layer was found to vary from less
than 10 to 80 gm in different parts of the sample. Most
frequently, a layer thickness of 80 ym was found in areas
where the surface erystallized layer was not in contact with
areas exhibiting volume crystallization.

In the topmost 10 gm of the scan, a large number of small
crystals are found which are not oriented with their c-axes
perpendicular to the surface (layer I). Figure 9 shows the IPF
map of the first three performed scans merged together. It can

17



Article

/
/

0-546 pm 4,94 - 996 pm 9.18 - 14.20 pm

/

/
[/

4
[/

/

13.77 - 18.79 ym

8.62 - 23.64 um

23.21 - 28.64 pm

/)

/
),

/4
/)

4

27.80 - 32.33 pm 32.22 - 37.33 pm 36.81 - 41.83 um

[/

/
[/

/
/)

/

41.66 - 46.68 pm

46.07 - 51.10 ym

50.75 - 55.77 ym

/)
4

55.69 - 60.71 pm 60.19 - 65.21 pm 64.26 - £9.28 um

'i

69.85 - 73.87 pm 73.53 - 78.55 pm 78.29 - 83.48 pm

1 25 7 19 50 times probability
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Figure 8. IPF map of the 18 merged OIM scans performed from the
former surface into the volume of the sample overlaying the SEM
image of the area.
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Figure 9. IPF map of the merger of the first three scans at the edge
of the sample.

be seen that only the crystals growing more or less perpendi-
cular to the surface continue to grow, while the crystals with a
smaller angle with respect to the surface are blocked and do
not grow continuously into the bulk.

5. Discussion

The composition 2Ba0- Ti0,-2.75 Si0); was used because the
glass is casier to produce with a smaller tendency toward crystal-
lization in comparison to the stoichiometric composition.

The temperatures T, T.. and T}, obtained by DTA are
higher for the prepared glass than the values published for the
stoichiometric composition.® The higher SiO, concentration
in the glass leads to a higher crystallization temperature as
previously reported.” The sample presented in this paper was
part of a series of heat treatments performed from 790 to
850 °C and one of the first that lead to surface-oriented
fresnoite.

As seen in the XRD patterns, the crystallized sample shows
only lines attributed to stoichiometric fresnoite. No solid
solutions are formed during crystallization, but the chemical
composition of the residual glass phase is changed. leading to
a higher SiO, content.”® Because of the fast growth in the
[001]}-direction, it can be assumed that the crystals will first
appear as thin, isolated needles and then widen to the struc-
tures seen in Figure 8. The remaining SiO- enriched glass is
therefore not pushed ahead of the crystallization front. but
remains in between the crystals, resulting in the black areas in
the OIM scan presented in Figure 8. There was no hint of the
occurrence of other crystal phases such as benitoite. The
differences in the intensities of the respective XRD lines in
the patterns recorded at the surface and the bulk are already a
hint of an orientation. For example. the 002-peak which
according to the JCPDS file has a relatively intensity of
20% is the most intense. By analogy, also the intensities of
the 001- and the 003-peaks of the pattern recorded from the
surface are much larger than those observed in the bulk and
also than those of the JCPDS-file 70-1920. Hence, it can be
concluded from the XRD patterns that the crystallographic
c-axis of fresnoite is oriented perpendicular to the surface near
the surface of the sample.

From the annealed surface of the sample, high-quality
EBSD patterns were obtained (Figure 3). This proves that
the crystals are not covered by a thin layer of glass (larger than
a few nanometers) but are part of the surface of the sample.
The fresnoite crystals occur immediately at the surface of the
sample and hence should initially be formed at the surface.
The pole figure of the scan on this surface shows that the
topmost layer of crystals is highly oriented. A ring ata value of
@ = 58 £ 57 indicates a preference of surface near crystals
with their crystallographic ec-axes in an angle of 58° to the
surface. An angle ® = 58 is attributed to an orientation
of the crystallographic [101]-direction perpendicular to the
surface (the lattice constants a and ¢ are 8.529 and 5.211 A,
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respectively). At this angle, the (083}-plane of the umt cell 1s
narallel to the surface. Rotation around the [101] direction is
random. This layer (layer I} has a thickness of approximately
7y, as shown in Figure 9. The orientation within thss layer
should be caused by the nucleation kinetics since growth
kineties are unbkely to apply to the formation of an onented
nucleus swirounded by a homogencous glass matrix or in
contact to the surface. Possibly this orientation with respect to
the surface 1s favorable in order to minirmze the surface energy
during nucleation.

As shown above, this layer is notseen tn the XRID patterns.
This can be explained as follows: the penetration depth of
K-rays s much larger than that of electrons contributing to an
EBSD pattern and hence in the case of XRD, the orientations
of the crvstals some wicrometers below the surface contribute
to the patterns, while in the case of EBSD theorientationmore
than 25 ;i below the surface does not play any part. Since the
vohume fraction of the sinall crystals in laver Lis much smaller
than the volure fraction of the layer 1, XRID measurements
from the top,” %! which have a much greater information
depth than EBSD, are hkely to miss this topmost layer.

At a larger distance from the surface (laver IT), the crystals
are predominantly oriented with their erystallographic c-axes
perpendicular to the surface. This means the crystals at a
larger distance from the surface show a different orientation
from those immediately at the surface. This orientation can be
explained as follows: the initially formed crvstals grow and
then hinder cach other. Sance the erystallographic ¢-ax38 18 the
fastest growing axis in fresnoite under the conditions sup-
plied,”” those crvstals orented with their crystallographic
c-axes perpendicular to the surface reach a greater depth
faster, and can therefore continue to grow inte the bulk of
the sample. The crystals growing with the c-axis at an angle
less than 90° to the surface are hindered in their growth by the
other crystals. Thus, an orented layer of erystals is lormed. At
an even larger distance from the surface, volume crystal-
lization s observed. Of course, these crvstals are randomly
onented.

Thisirnplicates that the orientation of the fresnoite crystals
in layer I1is caused by a kinetic selection.! While bemitoite has
been proposed to contribute to the onentation of fresnoite in
the in the Ge-fresnoite system by Masai et al.,'? no benitoite
could be detected in the presented Ge-free sample. Benitoite
could therefore not be the reason for the oriented fresnoite in
the presented sample. A thermal gradient as deseribed by Ocln
et al. may enhance the oriented crvstal growth; however, itis
not absolutely necessary.'’

The angle of orentation 18 rarely 90" 1o the surface but
rather a shight deviation {rom 90° in different regions of the
sample.

6. Conclusions

Thermual annealing of a glass with the composition Ba, T4
81375095 at 810 °C for 20 h led to surface crystathzation

Wisniewski of al.

Immediately at the surface of the sample, a layer (Jayer )
of fresnoite crystals, orviented with their crystallogranhic
[101]-direction perpendicular to the surface, is formed. This
layer is approximately 7 g thick. It 3s assumed thaf the
growth direction is due io nucleation knetics. The c-axes
rotate randomly around the [101]-dtrection.

The next layer {(layer II) is approximately 30 wm thick
and the crystals are omented with the crystallograplic
(001 J-dsrection (c-axis) perpendicular to the surface of the
sample. Atthis distance from the surface, crystals that are not
oriented in the desenbed manner are hindered by the onented
crystals, allowing only the latter to survive.

At a distance > 60 pn, the onentation of the fresnoite
crystals is randoro due to vohume crystallization.
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ABSTRACT: A glass with the composition Ba,TiSi; 75095 was crystallized by electrochemically induced nucleation.
A de-voltage (4.8 V} was attached between a platinum crucible containing the melt and a platinum wire inserted into the melt.
The platinum wire was the cathode. After 2 min, crystals were formed at the cathode, which grew toward the crucible. These
crystals consisted of fresnoite Ba,TiSi;0g, were highly oriented, and showed dendritic growth. These structures were
characterized in detail by using electron backscatter diffraction/orientation imaging microscopy. Only a few crystals deviate
from the main orientation of the respective dendrite. They were located and quantified. Intermediate areas between dendrites
were analyzed, and the true boundaries of areas with homogeneous orientation are presented. The ornentation is not as

pronounced in the first 600 gm next to the platinum wire.

1. Intreduction

Polar structures composed of fresnoite show interesting
piezoelectric, pyroelectric, and surface acoustic wave proper-
ties."”> Therefore, fresnoite is an interesting glass-ceramic
material for piezoelectnic and second harmonic generation
applications.”® Fresnoite also shows a nucleation rate of f =
1.4 x 10" m 357", one of the largest nucleation rates reported
for inorganic glasses.®

Randomly oriented polycrystalline fresnoite does not show
macroscopic piezoelectric properties. Since fresnoite is not
ferroelectric, an orientation of the permanent dipoles by
applying an electric field 1s not possible. In order to utilize
the piezoelectric properties of polyerystalhne fresnoite, an
orientation of the dipoles 1s therefore necessary. This can only
be achieved by an oriented growth of the crystals. Three
different routes for the preparation of oriented nonmetallic
inorganic materials have been describedin the literature.” One
of these is the method of localized nucleation. Here, nuclea-
tion takes place only in a small part of the volume. Besides
surface nucleation,® electrochemical nucleation was shown to
enable the preparation of highly grain-onented glass-cera-
mics. Electrochemically induced nucleation was first presen-
ted by Keding et al in 1996.° The effect of different glass
compositions on the process has been described,'™"" and the
mechanism of the electrochemically induced crystallization
has been especially discussed for the oriented growth of
fresnoite from glasses in the 2Ba0 - Ti05 - 2.758i0, systern. '
This chemical composition is equivalent to stoichiometric
fresnoite plus an excess of S10;.

It was reported that the polar axis (the crystallographic
¢-axis) is oriented parallel to the electric field and that large,
rectangular crystalline structures are found in a plane perpen-
dicular to the surface of the electrode. Héche et al.'? found
that grains in dendritic fresnoite are widely connected with
each other and therefore are highly oriented. Kikuchi patterns
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obtained in a transmission electron microscope showed that
changes of crystal orientation within the respective dendrites
are small and continuous but abrupt between neighboring
dendrites.’® A series of orientation imaging microscopy
(OIM) scans presented by Vélkseh et al.' shows such an
abrupt change between dendrites and a gradual change of
orientation of 12° over a distance of about 3 mm within a
single dendrite. Frequently, neighboring dendrites only devi-
ate by a few degrees in their respective orientation perpendi-
cular to the growth direction.!® According to Hoche et al.,
three subsequent steps of crystallization are responsible
for the formation of the microstructure of fresnoite glass-
ceramics.

This paper will present new results obtained by electron
backscatter diffraction (EBSD)/OIM describing the orienta-
tion of crystalline phases found in glass-ceramics with the
composition 2Ba0-Ti0;-2.75810; produced by electro-
chemically induced nucleation.

2. Electron Backscatter Diffraction

EBSD became a standard method in mineralogy and
metallography during the past 10 years. By contrast, only a
few papers were published dealing with EBSD to charactenze
glass-ceramics.>*!* A recent review on the applications of
EBSD in materials science given by Randle'® does not men-
tion the investigation of glass-ceramics.

EBSD is based on the analysis of Kikuchi bands detected in
diffraction patterns obtained from a crystalline sample. Itis a
powerful tool for the identification of certain crystal phases in
the microstructure and for the local detection of crystal
orientations. Using a scanming electron microscope (SEM)
equipped with an EBSD-unit combines the ability of studying
the morphology and crystallographic relationships of a crys-
talline solid simultaneously. The information depth of EBSD
is around 10—30 nm' ™" and hence much smaller than in the
case of X-ray diffraction.

While a single EBSD-pattern provides information on the
crystal from the volume were it was generated, a grid of

Published on Web 03/02/2010 pubs.acs.org/crystal
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EBSD-patterns allows the description of the crystallographic
properties of a microstructure in the scanned area and 1s
referred to as orientation imaging microscopy (OIM).
The latter describes scanning a surface in a defined step
size, collecting and indexing EBSD-patterns so that each point
in an OIM-map represents the information ol an indexed
EBSD-pattern. Indexing a diffraction pattern is achieved by a
“voting” system (see paper by Schwartz et al.'”),

The orientation of a crystal is usually defined by the
three Euler angles ¢, @, and ¢,. Other useful parameters
describing an indexed pattern in the used software package
are the image quality value (1Q) and the confidence index (CI).

The 1Q-value of an EBSD-pattern is affected by numerous
parameters; however, the main i1‘|]pul from the sample is the
perfection of the crystal lattice'” in the top 10-50 nm
(penetration depth). Since glass has no lattice to produce a
diffraction pattern, points i an 1Q map obtained from glass
are attributed to very low [1Q-values, making the 1Q-value a
very good filter to distinguish between amorphous and crys-
talline phases. The gray scale map of the 1Q-value can be used
toincrease the contrast in a color map describing orientations.
If points of a map are not attributed to the defined orientation
but show a high 1Q-value, they therefore appear white, A
relatively low 1Q-value can also be the result of tensions,
defects within the crystal lattice, or a very thin layer of glass
covering a crystal.

The Clis a value calculated from the “votes™ obtained from
different orientation solutions for a phase used to index a
paltcm.” While patterns obtained from an foce-material were
indexed, it was found that a solution was correct in 95% of the
cases when the CI was 0.1 or greater and at least six Kikuchi
bands were detected.

In the orientation map of an OIM-scan. selected triples of
Euler angles as well as corresponding tolerances are defined to
describe specific orientations. A wire frame of the unit cell of
fresnoite is shown in Figure 1 as a convenient method to
visualize an orientation. Here, three different orientations of
the tetragonal unit cell and their respective Euler angle
combinations are shown. In Figure 1, the triple (0:0;0)
describes a fresnoite crystal with the c-axis perpendicular to
the surface of the sample. The @-value of 90° means the c-axis
is parallel to the sample surface. The third wire frame describes
an arbitrary orientation.

An inverse pole figure (IPF) is a reduction of the pole figure
by symmetric operations to a umit triangle containing all
orientations or their symmetric equivalents. It 1s therefore a
useful plot for an overview of all appearing orientations in a
scan covering crystals showing varying orientations,

3. Experimental Procedures

A glass with the batch composition Ba.TiSi: 50y s (or 2Ba0O-
TiO42.7558100) was prepared from the raw materials BaCO4, TiOs,
and Si0; (quartz). After mixing, the compounds were melted in a
platinum crucible (250 mL) at 1450 °C using an inductively heated
furnace. The furnace was equipped with a motor, which was able to
lift a platinum wire (diameter 0.4 mm) in and out of the melt. After 2 h
of soaking at 1500 °C. the platinum wire was lowered and inserted
into the melt. Then the melt was cooled down to 1300 °C and soaked
for another 30 min. Within that period of time, spontaneous crystal-
lization was not observed. Toinduce the nucleation, a voltage ol 4.8V
was applied between the wire (cathode) and the crucible (anode) using
a d.e. calibrator (Knick, Germany). This resulted in a current of
100 mA. After 2 min, crystallization was observed, starting at the
cathode and growing radially toward the anode. After another 4 min,
the platinum with the adjacent cylindrical glass-ceramic body was
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Figure 1. Wire frames of the unit cell of fresnoite visualizing the
orientations described by the respective combination of Euler
angles.

Figure 2. Cut planes 1 and 2 of the fresnoite block.

lifted out of the melt and cooled down to room temperature, applying
arate of 3 K/min. To stabilize the body for cutting, it was embedded
in Araldite CY 212, a polymer adequate for vacuum application.

The samples were manually polished with shrinking grain sizes
down to 0.75 pm diamond suspension. To obtain acceptable EBSD-
patterns, a final finish of 30 min using colloidal silica was
applied. Conductivity of the surface was achieved by mounting the
samples using Ag-paste and applying a thin coating of carbon at
about 107 Pa.

The samples where studied using a Jeol JSM-T001F FEG-SEM
equipped with a TSL Digiview 1913 EBSD-camera. OIM-scans were
captured and evaluated using the programs TSL OIM Data Collec-
tion 5.31 and TSL OIM Analysis 5. The OIM-scans were performed
using a voltage of 20 k'V and a current of about 2.40 nA. All OIM-
maps presented are a combination of'a gray scale 1Q-map and a map
describing various orientations by different colors.

4. Results

In a block of fresnoite grown by electrochemically induced
nucleation, two cuts parallel to the Pt-wire were performed
(see Figure 2). A first cut was carried out to illustrate the
microstructure at a distance of about 4 mm from the wire (cut
1 in Figure 2). This sample contained a number of rectangular
dendritic areas, including a dendrite cut perpendicular to the
direction of growth and outlined by the black frame presented
in Figure 3. The white frames superimposed on the SEM-
image in Figure 3 depict areas analyzed by OIM-scans. The
dendrite 1s in direct contact to a number of neighboring
dendrites at the left and at the top of Figure 3. Cut 2 (see
Figure 2) contained a part of the Pt-wire, enabling a side view
of the grown crystal structures. A dendrite cut almost parallel
to the direction of growth was found in this sample and is
presented in Figure 4. In the SEM-images. pores in the glass-
ceramic appear black if filled with polymer or white if empty.
In the presented OIM-scans pores are always black due to the
low 1Q-values attributed to these areas.

Although the orientation within the dendrites was extre-
mely homogencous, a small number of crystals deviating from
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scan 2

Figure 3. SEM-image of a fresnoite dendrite (outhned in black) cut
perpendicular to the direction of growth with white [rames marking
performed OIM-scans superimposed on the surface.

f_cooin

Figure 4. SEM-image of a fresnoite dendrite cut parallel to the
direction of growth and outlined by the white frame.

the main orientation of the dendrite were found. Scan 1 in
Figure 3 was performed on such a deviating crystal and the
resulting orientation map is presented in Figure 5. Represen-
tative EBSD patterns obtained [rom the crystals showing two
different orientations (a and b) are presented in Figure 5.
Simulated wire frames of the unit cell describe the orientations
with respect to the surface of the sample. The deviating crystal
(see right EBSD pattern) is tilted by 22° and slightly rotated
with respect to the main orientation of the dendrite. Since
EBSD is very sensitive to surface defects, scratches at the
surface can clearly be seen in the OIM-map. The crystals are in
unusually close contact to each other at the right side ol the
deviating crystal.

To quantify the occurrence of deviating erystals, the area of
scan 2 outlined in Figure 3 was analyzed by OIM. Figure 6
shows a combination of the grayscale 1Q-map and colored
orientation map of the merger of the scans performed with a
step size of 1.5 um. The orientation of most crystals seen in the
OIM-map are in agreement within a total deviation of the
Euler angles (¢, @, ¢,) of £5° (orange). Crystals not
attributed to the delined orientation appear white due to their
high 1Q-values. Only a few crystals (altogether 29 crystals) are
observed whose orientations deviate to a larger extent
from that of the dendrite in the scanned area. From these
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Figure 5. Orientation map showing a deviating crystal and repre-
sentative EBSD patterns from each orientation. Orientations are
described by Euler angles and wire frames of fresnoite unit cells in
the respective orientations.

Figure 6. Deviating crystals (white) in a merger of OIM-scans
within a dendrite of [resnoite cut perpendicular to the c-axis. The
main orientation is marked orange.

29 crystals, 16 (55%) crystals show deviations of 5° < @ = 10°,
implying mainly rotations around the ¢-axis, and 6 (20%)
crystals show a deviation of @ = 20°, the largest deviation in ¢
being 43°. A histogram showing the number of deviating
crystals as a function of the deviation in & in comparison to
the dendrite is given in Figure 7. Altogether, only 2.3% of the
points depicted in the scan are attributed to crystals whose
orientations deviate from that of the dendrite.

Figure 8 presents an image (cut 2 in Figure 2) in which the
platinum wire is seen. The image shows a number of dendrites,
one of which was cut almost parallel to the direction of
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Figure 7. Histogram of the occurrence of deviating crystals against
the degree of deviation with respect to the Euler angle @.

Figure 8. Deviating crystals marked white in a series of OIM-scans
within dendrite 1 of fresnoite cut parallel to the ¢-axis. The main
orientation is marked orange.

growth. The Pt-wire is shown in the upper left corner of
Figure 8. A dendritic structure is not seen at the immediate
surface of the electrode. At a distance of about 1.5 mm from
the Pt wire, the dendritic structure begins to appear. Crystals
deviating from the main orientation (presented in orange) are
once again presented in white. Crystals outside the dotted line
describing the assumed boundaries of the dendrite were not
considered. Within these boundaries, the size of the scanned
area and the size of the dendrite were roughly estimated. The
number of deviating crystals in each section (sections 1—10)
was counted and shown in Figure 9 as the number of crystals
permm”. Relevant values for the estimation of these values are
given in Table 1. Each of the sections has a width of 500 gm.
Crystals appearing in two sections were attributed to the
section closer to the wire. Only crystals whose ®-angles
deviate more than 5° from the main orientation were con-
sidered. As shown in Figure 9, the number of deviating
crystals decreases with the distance from the Pt-wire. By
analogy, the black columns in Figure 9 (dendrite 2) present
the results of a second, smaller dendrite analyzed in the same
fashion. A decrease in the number of deviating crystals with
the distance from the platinum wire is seen here as well.

Near the Pt-wire, the structure is not oriented and the
distribution is more diverse as shown by the IPF-map pre-
sented in Figure 10 (scan (a) outlined in Figure 8). The map
presented in Figure 10 contains only points of the phases
fresnoite and platinum with a CI of at least 0.1. The platinum
(circled white) in the upper left corner of the scan is randomly
oriented. The wire frames 1—6 attributed to the main orienta-
tions of fresnoite are displayed in Figure 10.

Concerning the regions 1 —3, in which the fresnoite crystals
are in immediate contact with Pt, the c-axes are nearly parallel
to the Pt-wire. The wire frames 4—6, attributed to fresnoite
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Figure 9. Number of deviating crystals per mm” in reference to the
distance from the Pt-wire observed in two dendrites of fresnoite.

crystals at a larger distance from the platinum wire, show
c-axes fairly perpendicular to the platinum wire. While the
frames 4 and 5 show a c-axis approximately parallel to the
present surface of the sample, frame 6 shows a c-axis perpen-
dicular to the present surface.

The Pt-wire itsell appears to be partially dissolved. In the
underlying SEM-image in Figure 11, a spongy area (a)
surrounding the clearly corroded Pt-wire (b) is observed.
While high quality EBSD-patterns were obtained from the
spongy arca, the OIM-analysis of the main wire was not
possible due to the lack of acceptable EBSD-patterns. The
crystals in the spongy area are randomly oriented.

Scan 3 in Figure 3 covers an area where three dendrites are
in direct contact. In the orientation map of this scan (allowing
a tolerance of only 5°), superimposed on an SEM-image of the
surrounding area in Figure 12, the homogeneous orientation
of crystals within their respective domains can be seen. The
c-axis of dendrite (b), the main dendrite depicted in Figure 3, is
perfectly perpendicular to the surface. as shown by the
P-value of 0. The d-values of the neighbors (a) and (c) given
in Figure 12 are attributed to tilts of 29° and 17° to the surface
of the sample, respectively. The crystals at the immediate
border of the dendrite show an elongation outward under an
angle of 45°. This means growth in the [100] or [010] direction
is preferred at the side of the dendrite il space is available.
At the upper end of the scan, a small crystal deviates from the
main orientation and is not captured by the applied combina-
tion of Euler angles. It therefore appears white in the under-
lying 1Q-map (see arrow).

Figure 13 presents an orientation map superimposed on an
SEM-image. It shows the orientation of two rectangular areas
(a) and (b) extending into the surrounding areca. While the
crystals in the intermediate zones do not show the geometric
patterns of the respective crystals within the rectangular areas,
their crystallographic orientations are in agreement with those
of the respective dendrites. It should be noted that, also in
Figure 13, crystals (1) and (2) with deviating orientations can
be found in the zones between rectangular areas.

5. Discussion

According to the literature,' oriented fresnoite was first
prepared by surface crystallization. EBSD-analysis of orien-
ted fresnoite prepared by surface crystallization showed that
at some distance from the surface (~10 um) the crystallo-
graphic ¢-axis is oriented perpendicular to the surface.® By
using the method of electrochemically induced nucleation,
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Table 1. Relevant Values for the Histogram Presented in Figure 9
distance from Pt- wire [mm]: 1 1.5 2 2.5 3 3.5 4 4.5 5
Dendrite 1
number of deviating crystals 12 12 10 7 3 4 1 1]
number of deviating ur}'sl.‘i]s,-‘rnm:" 38.1 24.0 12.5 9.6 4.0 4.5 1.7 0.0
area scanned [mm’] 0.32 0.50 0.80 0.73 0.75 0.83 0.60 0.75
% of dendrite scanned per area 9.2 66.7 94.1 85.9 85.7 94.3 66.7 833
Dendrite 2
number of deviating crystals ) 10 11 4] 3 7 4
number of dc\'iatigg crystals/mm” 100 543 27.2 12.0 20,0 11.9
area scanned [mm”] 0.10 0.20 0.22 0.50 0.35 (.34
% of dendrite scanned per area 100 81.0 98.0 100.0 100.0 90.0
Platinur?1:1 ;'I.f‘:ffr*i Euler Angles  Tol.: 5°
Sn A xr (rpl:'b:mz):o

Figure 10. [PF-map ol scan (a) outlined in Figure 8. The phase Pt is
framed by a white line. Wire frames visualizing the orientations
1—6 of fresnoite are sketched.

Figure 11. [PF-map of an OIM-scan performed on the Pt-wire
overlaying an SEM-image of the surrounding area (a: spongy area,
b: main wire).

very large. rectangular areas of highly oriented fresnoite were
formed in which orientation was observed with respect to all

5°

0- 5°
(132,0; 0) ]

0- 5
(133:17;93) W)

Figure 12. Orientation map of an OIM-scan performed over three
dendrites superimposed on an SEM-image of the surrounding area.
Orientations are described by Euler angles and wire frames of
fresnoite unit cells in the respective orientations.

Euler Angles Tol.: 5°
» g2 )

(91 ®:92) o g
(176;34;317) [T

0-5°
H(28:2548) W]

Figure 13. Orientation map of an OIM-scan covering the inter-
mediate area between two dendrites (a) and (b). Crystals (1) and (2)
deviate from the respective main orientation and therefore appear
white.

crystallographic axes of the crystal. The primary direction of
growth within these arcas was found to be the crystallographic
[001]-direction. This is in compliance with previously pub-
lished results.”'* During crystallization, the chemical compo-
sition of the glass phase is changed, leading to a higher SiO,
concentration in the residual glass phase. This glass phase
remains in between the dendrites. A higher SiO-content
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increases the viscosity of the glass and therefore constrains the
crystallization process.

The structure of crystals presented in Figure 4 implies the
growth of the rectangular areas to be dendritic. Primary
growth occurs parallel to the [001] direction (e-axs). The
crystal growth velocity along the other major axes, that s,
the [100} and [010] directions {@- and b-axes), 1s smaller. This is
inagresment to growth rates published by Cabralet al.® In the
present study, growth in the directions [100] and [010] is
directly observed at the edges of the rectangular areas. These
edges are usually formed parallel to the (110)-planes of the
crystals they are composed of.

Homogenously ortented dendrites of {resnoite do not start
to grow directly from the surface of the Pt-wire. The ortenta-
tion of fresnoite near the Pi-wire ts diversely distributed.

The Pt-wire is corroded during the process. This can be
explained by the cathodic reduction of $i*" to elemental
silicon during imtial current flow. The elemental sificon forms
an alloy with Pt'? which Jowers the melting point down 10
an entecticum at 830 °C. Since the sample was crystallized at
1300 °C, at least 16 at % Siwould be necessary to form a hquid
Pt—&i-alloy.” Platimum has been shown to react with 810,
leading to a PtaSi-phase at 570 °C upder reducing atmos-
phere ™ A Sicontaining, spongy Pt-phase around the plati-
i wire should sohdify upon coohng to room temperature
1o a significantly harder phase containing minor gquantities of
P81, The differsnce in hardness of the Pt-phases would
explain the extremely different results obtained by the applied
polishing procedure: while the main wire 13 very soft and
thersfore susceptible to a high input of dislocations during
polishing, the harder phase in the spongy area would not be
affected in the same way. Thus EBSD-patterns could be
obtained fromm the harder phase, while a high density of
dislocations would prohibit the formation of EBSID-patterns
in the soft wire.

The mechamsm ol'the chemomechanical polish by colloidal
sifica is still not well understood and likely to be different
for varving matenals to the chemical component. A model
deseribing the mechanisin of rermmoval for silicon has been
published. ™ In the presented samples it is likely that the layer
of crvstal defects {(dislocation ete.} introduced durning the
rougher steps of sample preparation is thacker in the arca of
the softer Pt-wire than in the harder Pt-phase (spongy} and
fresnoite. Because the removal of material is minimal during
the final step of the polishing process, this layer was probably
fully removed from the harder phases and not from the softer
phase, where it is thicker.

The corrosion of Pt only occurs if a voltage is applied to the
systern. Without the vollage, the Pt-wire does not induce
nucleation during soaking for 3¢ min at 1300 °C. A nucleation
caused by the hqud Pt Si-alloy would therefore seemn un-
likelv.

The deviating crystals found within the dendrites cannot be
due to Ptdrifting or diffusing through the melt fora number of
reasons. First, Pt was never found at any relevant distance
from the wire. If'it were connected to the crystal deviation, it
should be found in the vicintty of the deviating crystals. PA
could not be transported awav by the crystalization front
hecause the deviating, secondary arms are clearly formed after
the primary arms which would trap the Pt.

Furthermore, if Pt were corroded and then dnft through the
viscose melt, this drift would have to be very fast, because the
entire crystallization process 1s completed in only & ruin.
It would also scem very unlikely that only very fow particles
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of Pt would drift through the welt, while the majority are
confined to the spongy area around the wire.

The reclangular dendrites found in cuts perpendicular to
the ¢-axes of the crystals are in sowne cases 1in direct contact
with each other. While the ortentation of a dendnite usually
differs from that of a neighboring dendrite, the onentation
within the dendnitic regions 1s very homogeneous. The crystal
orientation is not hrnited to the dendritic regions identified in
the micrographs, if there is no direct contact between them.
The true hmit of the respective areas of erystal orentation
cannot be reliably detected by SEM or optical microscopy,
making FBSD/OIM a suitable method for describing these
borders of onentation. Probably, the dendrites act as seed
crystals for the erystallization of the volume between them.
This would explain the occurrence of homogeneous orienta-
tions also in those regions which show a morphology different
from that of the rectangular structures. This would be sig-
nificant in order to achieve highly onentsd, macroscopic
samples of fresnoite.

Within the highly oriented deadrites, crvstals deviating
from the main orientation of the dendnle are found. The
difference in the EBSD-paiterns obtained from the different
crystals presented in Figure 5 proves the deviation without
any doubt. Deviating crystals in the dendntes, although only
representing a small percentage of the number of crystals
present, are not an extremely rare anomaly. The number of
deviating crystals decreases with increasing distance from the
Pt-wire.

Up to now, deviating crystals m direct contact with the
main branch of a dendrite have not been found. This is no
proof of the detachment of deviating crystals from the main
body because of the relatively thin root of the crystals
comparison to their total size. However, the detachment of
crystals from the main tree would be an obvious explanation
for deviation. A detached crystal would be able to rotate and
even filt slowly in the viscous matrix depending on the space
available considenng #ts neighbors. The unusually close con-
tact between the deviating crystal and its neighbor in Figure 5
could be the resull of this process. Thus, it is not clear that all
grains in a fresnoite dendrite are connected.™

1f the deviation in the crystal orientation were caused by
stacking faults, the deviation in the $-values should possess
discrete values and not deviations mainly in the range from
3 1o 159 as shown in Figure 7, which clearly shows the degres
of deviation to be fairly statistical.

As shown w Figure 9, the nwmber of dewating crystals
decreases with the growing distance from the electrode.
Possibly this is due to the longer time available to achieve
detachment in the region near the electrode, because here the
dendrites are formed first. At a larger distance from the
clectrode, the time between the formation of the crystal and
it being drawn from the melt 1s much shorter.

Since the growth of the rectangular areas is dendritic, the
detachunent of crystals is probably the result of dendnte
fragmentation, a process mamly studied on metals and
recently reviewed by Rettenmayr.>

6. Conclusions

Flectrochemically induced nucleation leads te dendritic
growth of fresnoite. The primary direction of growth in a
dendrite is the [001]-direction. The rectangular shape of the
dendrite corresponds to the (110)-planes of the fresnoite
crystals, Within one dendnite, most crvstals have the same
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orientation (total deviation in the Euler angles ¢, ©, 0, = 5°).
Deviating crystals are found within the dendrites, probably
due to dendrite fragmentation. The number of dewiating
crystals decreases with the increasing distance frow the platt-
num electrode. The rectangular shape of the dendrites is not
the limit of the respective crystal orientation. The Pt-wire is
corroded during the process due to the reduction of 810, to
slemental silicon and subsequent alloying with platinum. The
orientation of the fresnoeite crystals near the Pt-wire is diverse.

Acknowledgment. The authors acknowledge M. Rettenimayr
et al. (Jena) tor creative discussions on dendritic fragmentation
and Pt-corrosion and G. Moller (Jena) for the polishing of the
sarmples.
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ABSTRACT: Dendritic growth of fresnoite, a barium titanium silicate, is achieved at 1200 °C from a glass with the composition
Ba,TiSi, 7509 5 using electrochemically induced nucleation. The highly oriented main trunk is formed with primary and
secondary branches which obey this rule. In between the branches, a fourth hierarchy is built with fine, irregular honeycomb
and lamellar structures. A glassy phase occurs between these structures. The crystal orientation 18 the same in the crystals
following the main crystallographic axes as well as the irregular structures. This was proven by determining crystal orientations
via electron backscatter diffraction (EBSD}. The crystallization of fresnoite at high temperatures was triggered by attaching a
de-potential of a few volts between a platinum crucible containing the melt and a platinum wire inserted into the melt. After a
short time crystals were formed at the cathode and grew toward the crucible in the direction of the crystallographic c-axis.

1. Intreduction

Dendritic crystal growth is frequently observed during
solidification of metal or polymer melts. Typically dendrites
are formed with branches growing along the main crystal-
lographic directions,'™ but atypical growth directions have
also been observed.! Dendritic crystal growth was subject to
numerous experimental, theoretical, and computational stud-
ies in the past few years."**~® The structures are reported to
result from a morphological instability of the solid liquid
interface >* 1!

In oxidic glass forming melts, dendritic growth is not as
often observed, mainly because nucleation requires high thermo-
dynamic driving forces during cooling, i.e. high under-
cooling.'>" Those temperatures are notably below the maxi-
mum crystal growth velocity, and crystal growth is mainly
governed by limited diffusion and high viscosity.'>" Hence,
dendrites in crystallized glasses usually possess sizes of only
some ten micrometers. By contrast, the so-called electro-
chermically induced nucleation'® ™ allows imitiation of nucle-
ation in glass forming liquids at temperatures only some 10 K
below the liquidus temperature. Here, a de-potential of a few
volts is attached between a platinum crucible containing the
melt and a platinum wire inserted into it. After a short time,
crystals are formed near the cathode and grow away from the
clectrode. This is usually combined with high crystal growth
velocities and the formation of large dendrites whose size may
even exceed some centimeters,””

Fresnoite, BasTi81,0g, occurs as a natural mineral” and 1s
a polar crystal.>? It is a material with interesting properties,
such as piezoelectric, pyroelectric, and second harmonic gen-
eration.”* %’ Fresnoite is not ferroelectric, and hence, an orien-
tation of the permanent dipoles by an electric field is not possi-
ble. To be suitable as a piezoelectric material, an orientation
of the crystalline structures must therefore be achieved during
the preparation. While controlling and/or suppressing den-
dritic growth is usually the main interest when metallic mate-
rials are prepared,’ oriented crvstal growth is quite essential in
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the case of piezoelectric materials.”® Dendrites have also been
found useful for controlling shear banding in nanocrystalline
alloys.?®%

Routes for the preparation of oriented maternials which
are suitable to achieve polarity are mainly based on local-
ized nucleation,’® where nucleation takes place only in a
small part of the volume. Among these methods, besides sur-
face nucleation,” ™ electrochemical nucleation was shown
to enable the preparation of highly grain-oriented glass-
cerarmics, 1519:20:4-37

Blectrochemically induced nucleation was first described
in 1996." The mechanism of the electrochemically induced
crystallization in the 2BaQ-Ti0,-2.75810,-system has been
described as an electrochemical effect ™ The first step is the
reduction of the glass (Ti** — Ti* "), which leads to a decrease
in viscosity and network connectivity and finally results in
a steep increase of the nucleation rate.”*® Once nucleation is
achieved, the crystals grow very fast®*® The growth of the
crystals achieved by this method has been described as
dendritic.”®” While the orentation of the crystalline phase
within a dendrite is very homogeneous,”® a small number
of crystals (~1.2%) was found to deviate from the main
orientation,”” probably due to dendritic fragmentation.®

In between the dendritic crystals, small, lamellar structures
with sizes up to a few micrometers are found.*” The orienta-
tion of the structures in between the dendritic crystals as well
as their origin has not been reported until now. T. Hoche
studied the boundary between the dendntic and lamellar
fresnoite and showed the lattice planes of the dendrite extend-
ing mto the lamellac.”” Tt was proposed that the lamellar
growth 1s initiated by protuberances in the growth front of
fresnoite after it reaches the eutectic composition.””

Glass with the composition of stoichiometric fresnoite
shows one of the largest nucleation rates reported for inor-
ganic glasses.”® After adding an excess of SiOs, however, a
glass with the composition Ba,TiSi, 504 5 does not sponta-
neously nucleate and crystallize at 1200 °C without triggering
the nucleation by supplying an electric current.>**®

This paper provides a study of fresnoite grown via electro-
chemically induced nucleation performed by scanming electron

©2010 American Chemical Saciaty
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microscopy using electron backscatter diffraction (EBSD)™°
and orientation imaging microscopy (OIM). Special attention
has been paid to the regions in between the dendritic crystals.
Results are illustrated by using orientation maps ol
OIM-scans.

2. Experimental Procedure

The compounds BaCOs;, TiO,, and Si0- (quartz) were mixed and
subsequently melted ina platinum crucible (250 mL) at 1450 °C using
an inductively heated furnace to produce a glass with the composition
Ba;TiSiz 7504 5. The furnace was equipped with a lifting motor, which
enabled lifting of a platinum wire in and out of the melt. After 2 h of
soaking at 1500 °C, the platinum wire was inserted centrically into the
melt. The melt was then cooled down to 1200 °C. During soaking lor
another 30 min, spontaneous crystallization was not observed. To
induce nucleation, a voltage (4.8 V) between the Pt wire (cathode)
and the crucible (anode) was applied, using a dc calibrator (Knick,
Germany). This led to a current flow of 100 mA. After 2 min,
crystallization was observed, starting at the cathode and growing
radially toward the anode. After another 4 min, the platinum wire
with the adjacent crystals was lifted out of the melt and cooled down
to room temperature, supplying a cooling rate of 3 K /min.

The samples were manually polished with shrinking grain sizes
down toa 0.75 gm diamond suspension. A final finish of 30 min using
colloidal silica was applied. Conductivity of the surface was achieved
by mounting the sample using Ag-paste and applying a thin coating
of carbon at about 107" Pa.

The samples where characterized using a scanning electron micro-
scope Jeol JSM-T001F FEG-SEM equipped with a TSL Digiview
1913 EBSD-camera. OIM-scans were captured and evaluated using
the programs TSL OIM Data Collection 5.31 and TSL OIM Analysis 5.
The OIM-scans were performed using a voltage of 20 kV and a
current of about 2.40 nA. All OIM-maps presented are a combination
of a gray scale image quality-map (1Q-map) and an orientation map
describing various orientations by different colors. Only points with a
minimum confidence index (CI) of 0.1 were considered in the maps.

The volume ratio crystalline phase/amorphous phase was deter-
mined from SEM-micrographs using the software OPTIMAS
(BioScan). Reliability was achieved by performing the evaluation
ten times with varying settings. The limit of error is about £2%.

3. Results

After a voltage of 4.8 V was attached between the Pt-
crucible containing the melt and a platinum wire inserted into
the glass melt with the composition Ba,TiSi, 7504 5. nucle-
ation occurred and erystals grew from the cathode toward
the wall of the crucible. Within 4 min, the crystals grew about
15 mm, attributed to a crystal growth velocity of 6.25 x 107
m/s. After this, the platinum wire with the adjacent crystals
was drawn out of the melt.

Figure 1 shows part ol'a [resnoite dendrite cut parallel to the
primary direction of crystal growth. The platinum wire at
which the crystal growth was initiated is positioned to the left
{not shown in the figure). The crystal phase is of light appear-
ance. The core of the dendrite is seen with primary branches
growing from it and secondary branches growing from the
latter. The core grows primarily in the [001] direction, while
the primary branches split ofTin the [100] and [010] directions.
The secondary branches once again grow parallel to the core.

Figure 2 presents a SEM-micrograph of a sample cut per-
pendicular to the primary direction of growth. The crystal-
lographic ¢-axis is perpendicular to the image plane in this
case. Large, regular crystals are seen displaying similar mor-
phologies. Figure 3 shows the region framed in Figure 2 in a
higher magnification. Here, small crystals originating at the
large fresnoite crystals are seen. The large crystals show very
pronounced edges, and the small crystals seem to be more
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Figure 1. SEM-micrograph of a sample cut parallel to the main
growth direction.

Figure 2. SEM-micrograph of a sample cut perpendicular to the
main growth direction. The framed area is presented in Figure 3.

Figure 3. SEM-micrograph presenting the area framed in Figure 2
with a higher magnification.

distinctive at these edges than along the straight sides of the
crystal.

Figure 4 shows a region between the dendritic crystals in a
cut parallel to the primary growth direction. At the bottom of
Figure 4, a dendritic crystal (a) is shown. It is surrounded by
a layer of honeycombs and a glassy phase (b). A lamellar
structure is found in the volume between the crystals (c).

Figure 5 shows an SEM-micrograph, superimposed by an
orientation map derived from an OIM-scan performed with a
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Figure 4. SEM-micrograph of a primary crystal (a), the honey-
comb area (b), and the crystallization in the volume between the
dendritic crystals (c).

% 2 Tolerance; : 0-5°
Euler: (24;96;256) ]

Figure 5. SEM-micrograph of dendritic [resnoite presenting pri-
mary (1) and secondary (2) dendrite branches overlaid by an
orientation map of an OIM-scan.

step size of 70 nm. The micrograph shows large dendritic
crystals with fine crystalline structures between them. Only
EBSD-patterns attributable to crystalline [resnoite were
obtained from the phases appearing brighter in the SEM-
micrograph. The orientation map shows the orientation ol the
honeycombs and the lamellae to be exactly the same as the

orientation of the primary (1) and secondary (2) branches of

the dendrite. While all three secondary branches presented in
the scan show the same orientation, only two of them show a
visible connection to the primary branch. After eliminating
unreliable points from the scan (black areas), 100% of the
points are comprehended by the defined orientation. Almost
all of the microstructure shown in Figure 2 shows the same
behavior. Only very few crystals show a deviating orientation.

From the dark areas between the honeycombs and lamellae,
EBSD-patterns could not be obtained. Analyses of the honey-
comb and lamella-like areas in Figure 4 showed the lamella-
like area to be 52% crystalline, while the honeycomb area is
only about 26% crystalline.

In a scan covering a large area of the surface presented in
Figure 1, three crystals deviating from the main orientation
were found in one location. A scan with a step size of 350 nm
was performed and is presented as an orientation map in

Wisniewski et al.

Tolerance: 0- 5°

Euler Angles: (24;96;256) ]
(20,96;252) ]
(23;92;244) Il
(21;92;260) ]

Figure 6. SEM-micrograph ol fresnoite overlaid by an orientation
map of an OIM-scan performed over the crystals of the main orienta-
tion (green) and deviating crystals (red, dark blue, and light blue). The
frame outlines the area covered by the scan presented in Figure 5.

Tolerance: 0 -5°
Euler Angles: (20;96;252) ]
(23;92;244) ]
(21;92;260)]

Figure 7. Orientation map of the high-resolution OIM-scan out-
lined in Figure 5 showing the orientation of the crystallization
between dendritic crystals.

Figure 6 overlaying the SEM-micrograph of the area. While
the large, primary crystals are clearly homogeneous in their
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Figure 8. SEM-micrograph of the area scanned in Figure 7. EBSD-
patterns obtained from locations 1—4 are presented.

respective orientation, the areas in between are not. A scan
using a step size of 70 nm was performed over the area framed
in Figure 6. The orientation map of this scan is presented in
Figure 7. It shows the orientation of the honeycombs and the
lamellae to be exactly the same as the orientation of the
adjacent dendritic crystals. No EBSD-patterns could be
obtained from the dark areas between the honeycombs and
lamellae.

Figure 8 presents an SEM-micrograph ol the area covered
by the orientation map in Figure 7. It is clear that not every
part of the sample delivering EBSD-patterns which cannot be
reliably indexed is amorphous. While the honeycomb struc-
tures adjacent to the primary crystals are composed of crystal-
line bridges surrounding amorphous material, the area where
the orientations should collide appears to be crystalline.
Nevertheless, it was not possible to obtain reliable EBSD-
data from this region in the scan, leaving it black in Figure 7.

The individual EBSD-patterns rom this area presented in
Figure § show the degrading image quality of patterns 1—4.
While patterns 1—3 are well indexable, pattern 4 could not be
indexed with acceptable reliability.

4. Discussion

At a temperature of 1200 °C, the melt is below the liquidus
temperature but nucleation is not observed. After the voltage
is applied, crystallization is initiated at the cathode. It should
be noted that nucleation solely occurs near the platinum wire,
in contrast to conventional crystallization, which is the result
of nucleation and crystal growth occurring throughout the
sample.*' The crystals form dendritic structures oriented
with the ¢-axes perpendicular to the cathode.”®*” In analogy
to surface crystallization, this is due to kinetic selection.™

The large dendritic crystals cover about 57% of the area
shown in Figure 1. The darker areas between these crystals are
composed of two phases: one of them (lighter) is crystalline
and in direct contact with the large crystals while the other
(dark) is a residual glassy phase. These dendrites possess a
very homogeneous orientation which also extends to the irreg-
ular structures between the dendritic crystals as presented in
Figure 5, where they show the same orientation as the primary
(marked “1” in Figure 5) and secondary (marked “2” in
Figure 5) branches of the dendrite. Nearly all of the micro-
structure shown in Figure 1 exhibits the same behavior. Only
very few crystals show a deviating orientation.”®
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The lamellar structures in the areas between the dendrites
are significantly different from the structures observed by
T. Hoche et al.*” While the lamellae were always perpendic-
ular to the primary crystals, this is clearly not the case in
Figures 4 and 8.

The fact that the deviating orientations of the main crystals
in Figure 6 are copied by crystals in the intermediate area (see
Figure 7) implies that the dendritic crystals serve as seed crys-
tals to the honeycombs and lamellae. Concerning the orienta-
tion of the deviating dendritic crystals, this means that the
deviation®™ must occur before the intermediate area crys-
tallizes. If the crystallization between the large dendrites were
the result of a secondary nucleation during cooling, the
orientation of the crystals between the dendrites would not
be exactly the same as that ol the dendritic crystals. Because
this is not the case, the crystals between the dendritic {resnoite
are the result of epitaxial growth during a second step of
crystallization at lower temperatures. A fourfold hierarchical
crystalline structure is therefore observed in dendritic [res-
noite: first the main trunk of the dendrite, then the primary
and secondary branches, and finally the irregular structures in
between the large crystals are formed.

The formation of the observed structures could be explained
as follows: the melt does not have a stoichiometry identical
with that of fresnoite but exhibits an excess in SiO». Hence, the
melt is depleted in barium and titanium during the course of
the crystallization process. An eutectic occurs at v = 2.51in the
phase diagram of the pseudobinary system Ba-TiSi>Og+ xSiOs.
The attributed liquidus temperature is 1252 °C.*

The sample composition, calculated [rom the stoichiometry
and the respective densities, is attributed to a volume ratio
Ba-TiSi>0g/S10- = 84.87/15.13%. The observed volume ratio
crystalline phase/amorphous phase as determined from the
presented sample is Ba,TiSi»Oy/Si0> = 79/21% and, thus,
only about 5% below the theoretically achievable crystalline
volume.

The eutectic composition is not supposed to crystallize at
1200 °C (the temperature where large dendrites are formed)
because the crystallization of SiO, modilications such as
quartz is not observed under the conditions supplied. Hence,
the honeycomb- and lamellae-like structures are also not
supposed to be formed at the temperature of 1200 °C.

Another indication that the observed structures are formed
during cooling and not at the high temperature is the occur-
rence of crystals whose orientations deviate [rom that of the
dendritic structure. These crystals are closely connected to the
dendritic structure:”® however, crystalline fresnoite bridges
between the dendrite and the deviating crystals are not observed
(compare Figures 5 and 6). According to ref20, these structures
are probably formed by dendrite fi ragmemation,s If the honey-
comb and lamellae structures were formed at high tempera-
tures, the deviation of erystals [rom the orientation of the main
dendrite due to dendrite fragmentation would not be possible.

During cooling, the crystallization of fresnoite continues
due to the larger driving forces. It is likely that the observed
structures are formed during the cooling process before nu-
cleation in the intermediate areas occurs. The dilTerent quan-
tities of crystals in the honeycomb area (26% crystals) and the
lamellae (52% crystals) indicate that the dendritic crystals are
surrounded by a zone depleted in some components necessary
to form the crystals. When these ions diffuse into this area.
epitaxial growth begins at the dendritic erystals forming the
honeycomb layer. Once the crystallization transcends the area
of depletion, the concentration of the crystal phase increases as
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the lamellae are formed. This would also explato the continua-
tion of the lattice at the planes described by T. Hoche at the
boundaries between dendrite and lamellae.””

Because this process would start from all surfaces at slmost
the same time, the resulting crystallization fronis would
collide o the middle of the arcas between the dendrtic erys-
tals, leading to the structures observed i Figures 5 and 8. The
inahility to ohtain reliable FRSD-data from the area of crystal
collision can be caused by very small, finely branching crys-
tals’” and/or heavily distorted crvstal lattices in this region.
Pattern 4 in Figure 8 shows a very weak version of patterns
1-3, allowing the speculation that the orientation of crystals
within the black area in Figure 7 will probably show the
orientations of the respective neighbonng regions. It nught
also be the BasSigQyy found by T. Héche et al,”” but this is
unlikely dueto the weak pattern visible in pattern 4 in Figure 8.
In any case, the very small size of BasSi1300; observed in the
TEM would inhibit the formation of an indexable EBSD-
pattern in an SEM.

5. Conclusions

Dendritic primary crystals serve as seed crystals for epitax-
ial growth, resulting in a four step hierarchy of erystalkization.
The homogeneity of crystal orientation thus extends from the
dendritic crystals to the interroediate area. Because the honey-
comb and lamellar structures copy the orientation of
deviating primary crystals, the epitazial growth must have
oceurred after the primary erystals grew and deviated from the
main orientation of the dendrite.
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A plass with the composition BaO-Al,O;-B,0; was annealed at 780 °C for 8 h. The samples were
investigated by electron backscatter diffraction (EBSD). At the surface of the samples a first layer
composed of BaAl,B,O- crystals oriented with their crystallographic ¢c-axes perpendicular to the
surface was formed. This layer was highly oriented and up to 20 pm thick. In a subsequent layer, the
crystals were oriented with their crystallographic c-axes parallel to the surface. While the first layer was
caused by oriented nucleation at the surface, the orientation of the secondary layer was caused by

kinetic selection of spherulitically grown crystals.

Introduction

Oriented glass-ceramics show great potential for achieving
anisotropic material properties. For example, fresnoite contain-
ing glass-ceramics have been of great interest due to their
piezoelectric and surface acoustic wave properties in combina-
tion with the possibility of achieving highly oriented and even
polar materials by surface crystallisation'™ or by electrochemi-
cally induced nucleation.>®

A trigonal® and a monoelinic phase'® of BaAl,B,O; have been
reported. The trigonal phase (space group no. 155) will be the
only phase of BaAl,B»O; discussed in this paper. Due to the
rhombohedral centering of the Bravais-lattice, the trigonal phase
is commonly described as rhombohedral. In glass-ceramics
containing rhombohedral BaAl,B,O;-crystals, a close to zero or
even negative thermal expansion has been reported.'''* Using
high temperature X-ray diffraction (XRD), it has been shown
that the change in the relative length of the g-axis of rhombo-
hedral BaAl,B,O; is approximately zero from room temperature
up to 150 °C and shows slightly positive values at higher
temperatures. By contrast, the relative length of the c-axis
decreases continuously in the temperature range from 23 to
500 *C.1015 A crystal growth velocity of 5« 10" m s~ at 780 °C
has been reported in ref. 14. It has further been shown that the
microstructure affects the thermal expansion coefficient. Sintered
glass-ceramics or glass-ceramics conlaining nucleation agents
such as platinum, are composed of small, randomly oriented
crystals and exhibit slightly negative thermal expansion coeffi-
cients.'”® Bulk glass samples of stoichiometric BaAlB.O;
prepared without adding nucleation agents show a surface
crystallised layer after thermal annealing. Such samples show
strongly negative thermal expansion coefficients. The observed
surface layers were up to 700 pm thick."*" XRD-patterns
obtained from the surface of the samples showed a ((M3)-peak
with a much higher intensity in comparison to the respective
JCPDS data.'* This is attributed o crystals oriented with their
c-axes perpendicular to the surface of the sample. If platinum is

theto-Schott-Institut, Jena University, Fraunhoferstr. 6, 07743 Jena,
Germuany. E-mail: cor@uni-jena.de

added to the batch the glass is melted from, bulk crystallisation
of BaAl;B,O; accurs. In this case the sizes of the crystals are
significantly smaller.'*'3

Surface crystallisation leading to crystals oriented with the
c-axis perpendicular to the surface has also been reported from
fresnoite containing glass-ceramics.>* In this case, the reason of
the orientation has been found to be kinetic selection. Directly at
the surface, however, a different orientation was observed.'

Surprisingly, the crystallisation of the BaO-Al,05-B,0; glass
is accompanied by a volume expansion. This is unusual for the
crystallisation of glass'® but for example also observed during the
crystallisation of cordierite glass.'* Another notable property of
BaO-Al,O4-By0y glass-ceramics is their unusual high ionic
conductivity which is accompanied by a very small activation
energy (<0.5 eV).'¢

This paper provides a study on electron backscatter diffraction
of layers crystallised from the surface of a glass with the
composition BaO-Al,O5-B,0;. The phase formation and the
crystal orientation are described.

Electron backscatter diffraction (LBSD)

In the past few vears, EBSD became a standard method in
mineralogy and metallography. By contrast, few reports of
EBSD as a method to characterise glass-ceramics are found in
the literature.»*'" ' A recent review on the applications of EBSD
in materials science given by Randle* also does not mention the
investigation of glass-ceramics.

EBSD is a powerful tool for the identification of certain crystal
phases in the microstructure and for the local detection of crystal
orientations. The method is based on the analysis of Kikuchi
bands detected in diffraction patterns obtained from a crystalline
sample. The information depth of EBSD is limited to 10-
50 nm.**** Hence EBSD is a method for the surface near char-
acterisation of materials.

Using a scanning electron microscope (SEM) equipped with an
FBSD-unit combines the ability of studying the morphology
and crystallographic relationships of a crystalline solid
simultanecusly.

This journal is @ The Royal Society of Chemistry 2010
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While a single EBSD-pattern provides information on the
crystal at the spot where it was obtained, a grid of EBSD-
patterns allows the description of the crystallographic properties
of a microstructure and is referred to as Orientation Imaging
Microscopy (OIM). The latter describes scanning a surface in
a defined step size, collecting and indexing EBSD-patterns so
that each point in an OIM-map represents the information of an
indexed EBSD-pattern. Indexing a diffraction pattern is achieved
by a voting system and characterised by a number of indexing
parameters such as the image quality value (IQ), votes, the fit-
factor, and the confidence index (CI) (see e.g. A. J. Schwartz
et al?). The orientation of a crystal is usually defined by the
three Euler angles ¢, @, and ¢,. The IQ-value of an EBSD-
pattern is affected by numerous parameters, however, the main
input from the sample is the perfection of the crystal lattice.!
Since glass has no lattice to produce a diffraction pattern, points
in an IQ map obtained from glass get very low IQ-values. In
many cases the IQ-value enables to distinguish between amor-
phous and crystalline phases. A relatively low IQ-value, in
principle, should also be a result of a very thin layer of glass
covering a crystal or, for example, of tensions and defects within
the crystal lattice.

The crystal phase BaAl,B,O; has a rhombohedral symmetry;
in the following the crystal lattice is indexed in analogy to
a hexagonal lattice, i.e. the [0001]-direction is parallel to the
(hexagonal) c-axis. The (0001)-pole figure (PF) is very suitable to
illustrate orientations of BaAl,B,0-, since the pole of the (0001)-
plane is parallel to the crystallographic c-axis of the unit cell. An
example is shown in Fig. 1. Here, the effects of the individual
Euler angles (¢1;®;9,) on the (0001)-PF of BaAl,B,O; are pre-
sented. The Euler combination of (0;0;0) in Fig. 1a describes an
orientation with the c-axis perpendicular to the surface of the
sample. @ describes the tilt between the c-axis and the normal of
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Fig. 1 The effect of Euler angles on the (0001)-pole figure of rhombo-
hedral BaAl;B;O5: (a) starting point, (b) variation of @, (¢) variation of
@y, (d) overview. The angle ¢, has no effect on this pole figure.
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Fig. 2 XRD-patterns recorded from the surface and the volume in
comparison to the intensities according to the JCPDS-file.

the sample (Fig. 1b) while the rotation of the c-axis around the
normal of the sample is described by ¢, (Fig. 1c). The angle ¢,
describes the rotation around the c-axis and therefore has no
input into the (0001)-PF of BaAl,B,0,.

An Inverse Pole Figure (IPF) is a reduction of the pole figure by
symmetric operations usually to a unit triangle containing all
orientations or their symmetric equivalents. It is therefore a useful
plot for an overview of all orientations appearing in a scan.

Results and discussion
X-Ray diffraction (XRD)

The melted glass was fully transparent and showed no signs of
crystallisation. XRD-patterns of the glassy samples did not
exhibit any significant peak. The patterns obtained from the
surface of the crystallised sample and the same samples cut
perpendicular to the surface are presented in Fig. 2 in compar-
ison to the XRD-lines of rhombohedral BaAl,B,O; according to
JCPDS Nr. 86-2168. The XRD-pattern obtained from the
surface shows a (003) peak of extremely high intensity. Both
patterns show peaks of minor intensity marked with a question
mark (?) which cannot be attributed to either rhombohedral
BaAl,B,0O; or any other practically acceptable phase in the used
database. This is in agreement with previously published
results. ' 1316

Indexing BaAl,B,0+

A material file for indexing EBSD-patterns was created by using
the data published in ref. 9.

colloidal silica

area2

areal
Fig. 3 EBSD-patterns obtained from area 1 (a) and arca 2 (b) of the
untreated surface and a pattern obtained from a surface polished by
colloidal silica (c).
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Fig. 3 shows three EBSD-patterns obtained from two different
points of the untreated surface (see Fig. 3(a) and (b)) and
a pattern recorded from a surface polished using colloidal silica
(see Fig. 2(c)). Pattern (a) is relatively weak while the patterns (b)
and (c) are much more intense and show a lot more Kikuchi
bands.

EBSD-patterns obtained from the unpolished surface quite
often lead to the mathematical exception of two orientation
solutions achieving the same number of votes, resulting in a CI-
value (which iz calculated from the first two orlentation solu-
tions, see ref. 21) of 0.000. Fig. 3(a) shows a pattern frequently
obtained from the untreated surface of the crystallised sample.
The indexing parameters for the material file without “band
width ratio matching” given in Table 1 illustrate the described
problem: both orientation solutions 1 (Euler angles: (246;5;229})
and 2 (Euler angles: (66;175;11)) lead to the same unit cell, the
only difference is, that solution 1 is attributed to a c-axis pointing
OUT of the sample, while the ¢-axis of solution 2 points INTC
the sample. This is also indicated by the ®-values of each
orientation deviating from 0 by only 5°. The only difference
between the orlentation solutions 1 and 2 in Table 1 is found in
the “d-space fit” (which compares the detected band width to the
theoretical value), but even including the band width into the
indexing process by activating the “band width ratio matching”
onlyleads to a CI-value of 0.024 as presented in the lower part of
Table 1, while significantly reducing the votes attributed to each
orientation solution.

Altogether, 14.0% of the points attributable to the crystalline
phase in the OIM-scan presented in Fig. 5 show a Cl-value of
0.000. Almost all of them indicate an orientation with the e-axis
perpendicular to the surface.

Due to this effect, the CI-value could not be used to reliably
filter the EBSD-data for scans obtained from the untreated
surface of the sample. At least 14% of the points in the scan
presented in Fig. 5 would falsely be excluded due to the indexing
problem described in Table 1 if a mindmum CI-value of 0.100 was
applied as = filter. Only a very small part of the points in Fig. 5
are truly the result of very bad EBSD-patterns (e.g. from the
crack), so that they only have an insignificant effect on the
calculated texture.

Untreated surface of the crystallised sample

The surface of the crystallised samples showed many cracks. This
can be explained by the volume expansion during crystal-
lisation.*** While a volume expansion during the crystallisation
of a glass is rarely observed due to a usually denser packing of the

Table 1 Indexing parameters of the first two orlentation solutions for
the pattern presented in Fig. 3(a) with and without band width ratia
matching and corresponding Cl values

Solution Vates Fit" d-Space fit
Without band width ratio matching: CI = 0L.000

1 93 0.0 0.36

2 93 0.0 1.03

With band width ratio matching: CT = 0.024

1 37 0.91 1.00

2 33 0.96 1.03

crystalline structure,® it is also found during the crystallisation
of cordierite from a MgO/ALO./SIO, glass with the same
composition.'*

EBSD-patterns of varying quality were obtained from the
entire surface of the sample. Scans performed on the untreated
surface showed the material to be locally susceptible to damage
by electron beam. This was not the case if polished surfaces were
studied.

Fig. 4 presents the first pm of two OIM-scans performed with
step sizes of 0.20 pm (in the following denoted as scan (a)) and
1.00 pm (scan (). In scan (a), a significant reduction of the
IQ-value appears after the first line at the top of the scan. This is
not as significant in scan (b). The reduction of image quality was
quantified by comparing the average IQ-value of the first line to
the average IQ-value of a subsequent line. The results given in
Table 2 show the IQ-loss in scan (a) (56.0%) to be twice as large
asin scan (h) (27.8%).

While a grain like structure is wisible in scan (b}, this
motphology can hardly be observed in scan (a). In both scans,
areas of higher IQ-values were identified. These areas seem to be
unaffected by the reduction of the IQ-value in scan (z). To
separate the area strongly affected by the electron beam (area 1)
from the area relatively unaffected by the electron beam (area 2},
a cutoff value (see Table 2) was defined for the IQ}-values of each
scan. Points with IQ-values smaller than the cutoff value are
attributed to area 1 while points with IQ-values above the cutoff
value are attributed to area 2. The values given in Table 2 are
based on the entire OIM-scans and clearly show the average
IQ-value of area 2 to be more than twice as large as the average
IQ-value of area 1. Points attributed to area 2 cover 14.8% and
12.1% of the surface covered by the scans (a) and (b}, respec-
tively. Because of the damage to the sample, a significant
reduction of the IQ-value was observed if step sizes of up to
(.25 um were used. A step size of at least 0.30 pum was necessary

Fig. 4 Topmost sepments of the IQ-maps of two OIM-scans performed
with different step sizes on the unpolished surface of crystallised samples.

Table2 [()-values describing the pattern degradation due to the slectran
beam and the difference between area 1 and area 2. The cutoff values were
set by the authors

Stepsize: 0.20 um 1.00 um
Average [0 (first line) 2555 1863
Averape [0) (Jater ling) 1110 1345
[0Q-loss [%4] 36.6 27.8
[0} cutoff valus 1500 2000

% of points over cutoff 14.8 12.1
% of points under cutoff 85.2 87.%
Average [Q) over cutoff 2353 2692
Average [ under cutoff 853 118
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to obtain scans without a significant decrease in the IQ-value
after the first line of a scan.

The observed pattern degradation indicates a change in the
material, 2 g swelling of the residual glass phase on the surface of
the sample. If a step size of 0.25 pm or smaller is used, the
damage at one point 18 close enough to the next point to signif-
icantly reduce the pattern quality there. The first line of a scan is
not affected by this hecause the tlt of the sample transforms the
spot of the focus into an ellipse.® The dimension of the affected
area 18 therefore much larger in the x-direction than in the
yp-direction of a scan. If a step size larger than 0.25 pm 1s used, the
local damage does not influence the next point of the scan
significantly. The pattern degradation is not ohserved on pol-
ished surfaces, indicating that the crystals themselves are not the
reason of the degradation.

Due to the varving quality of EBSD-patterns obtained from
the untreated surface, the OIM-scan of the untreated surface in
Fig. 5 was performed with a binning of 2 »x 2 (exposure: 0.5 3,
zain: 2.23) to enable a homogeneous detection of bands in the
EBSD-patterns.

The weak EBSD-patterns observed at the surface are probably
the result of a very thin laver of glass covering the crystals.
Because of the very imited penetration depth of EBSD,?22 this
layer of glass should not be thicker than a few nm. The glass
would reduce the crystalline fraction of the information volume
producing the EBSD-pattern, resulting in the weak patterns
observed (see Fig. 3a). A thin laver of glass covering the surface
crystallised laver has already been described in the cordierite
gystem. **

Fiz. 5 shows the combination of the colored IPF-map and the
grey scale IQ-map of an OIM-scan performed on the untreated
surface of a crystallised sample with a step size of 0.30 pm. The
red color is very dominant, indicating a strong ((001)-orientation
of the crystals at the surface of the sample (see IPF-scale). The
points attributed to area 2 appear brighter than those attributed
to area 1 due to higher IQ-values indicating stronger EBSD-
patterns. The equal area pole figure—in Fig. 5—of a texture
calculated for the presented scan shows that the c-axes of the
crystals are oriented perpendicular to the surface of the sample
with a probability up to 72.6 times higher than in a randomly

times
1 probability

5 10 20 30 40 50 60

Fig. 5 [PF-map of an OlM-scan of the unpolished surface super-
imposed on an SEM-image of the surrounding area. The results of
a texture caleulated from the scan are presented in the (000 1)-PE.

oriented material. The slight deviation of the orientation from
the normal of the surface is probably due to a slight imperfection
in the mounting of the sample, slightly tilting the surface. The
grain-like structure ohserved i Fig. 5 indicates a varying thick-
ness of the glassy layer.

Polished surfaces of the sample

After the samples were cut perpendicular to the surface and
subsequently polished, a crystallised laver of 680 (see Fig. 6) to
about 800 pm was clearly identified at the former surface of the
sample. OIM-scans of this area (see e.g. the IPF-map in Fig. 7)
showed the c-axis of BaAl;BOr-crystals to be predominantly
oriented parallel to the former surface, as indicated by the
orientations displayed in Fig. 7. The equal area (0001)-PF in
Fig. 7 is attributed to the texture calculated from the presented

JF— former surface|

e

surface
crystallisation

nonsurface
crystallisatio

e

résidual glass

Fig. 6 SEM-image of the layer of crystallisation at the former surface of
the sample.

edge to the [0

no EBSD-patterns —~—
e _\ former surface
4 Y- " e > * 1700)
[ g i 210

-

Fig. 7 [PF-map of an OIM-scan obtained from the crystallisation at the
former surface superimposed on an SEM-image of the area. The sketched
unit cells showease orlentations of crystals in occurring colors. An area
where no azcceptable EBSD-data were obtainable is indicated by the
dashed lnes. The (0001)-PF of a texture calculated from the scan is
presented.
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Fig. 8 1Q-map of an OIM-scan performed on the edge of a sample cut
perpendicular to the former surface.

scan. It shows higher probabilities for orientations with the
c-axes parallel to the surface. Because this orientation is only
related to one axis, this second layer (layer 2) shall be described
as “semi-oriented”. Only points with a Cl-value over 0.100 were
considered for the texture analysis.

The morphology of the similarly oriented areas in Fig. 7
indicates a point of origin near the surface from which the
crystals grow into the volume of the sample. Unreliably indexed
points were not excluded from the IPF-map in Fig. 7 to highlight
a region of material 10-20 um thick (dotted lines in Fig. 7) near
the former surface from which acceptable EBSD-information
was not obtained. These points were unreliably indexed and
random orientations attributed (the step size was 1.00 um).

The 1Q-map of a scan performed with a step size of (.20 pm at
the edge to the former surface of the sample is presented in Fig. 8.
There is a clearly discernible layer about 10-20 um thick between
the former surface of the sample and the area where crystalline
structures are visible. In the following, this topmost layer will be
denoted as layer 1, while the deeper parts of the surface crys-
tallised layer will be denoted as layer 2. Despite extensive efforts
it was not possible to prepare a sample with a polish perpen-
dicular to the surface allowing EBSD-patterns to be obtained
from layer 1.

In a further approach to analyse layer 1, another sample with
a curved surface was polished from the top. The resulting
surface, sketched in Fig. 9, showed an area attributable to layer 1
at the edge of the polished area.

A series of 15 slightly overlapping OIM-scans of approxi-
mately 40 x 5 pm® was performed with a step size of 0.15 pm at
the edge of the polished area of the sample. The first scan of this
series was performed at the lowest visible edge of the tilted
sample and therefore on the unpolished surface, as indicated in
Fig. 9. The textures of these individual scans were calculated and
are presented in equal area pole figures (see Fig. 10). A dominant
orientation of the crystals with their c-axes perpendicular to the
surface of the sample is observed only in the first 3 scans (i.e. up
to about 15 um from the surface). This orientation corresponds
to the results from the unpolished surface presented in Fig. 5. The
maximum orientation is reached in the first scan with a value
about 60 times higher than in a randomly oriented material.

x - axis of the merged OIM- Scan

polished surface

Fig. 9 Sketch of the prepared cut plane containing layers 1 and 2.

0-6.11 pm 5.85-1092pym  10.65-15.72 pm

15.59 -20.92 pm  20.85 - 25.66 pm

30.14 - 3521 ym  34.94 - 40.01 pym

45.08 - 50.15 pm  50.01 - 55.60 pm

25.59 - 30.40 pm

39.88 - 45.21 ym

55.34 - 60.67 ym

60.60-64.74 ym 65.47-70.80 pm  70.54 - 75.87 ym

1 5 10 20 30 40 50 60 times probability

Fig. 10 Texture plots of 15 consecutive OIM-scans performed on
a surface prepared as shown in Fig. 9.

After the first three scans, the predominant orientations of the
crystals become more diverse leading to lower probabilities and
show c-axes increasingly parallel to the surface. After 45 pm no
orientation is more probable than 20 times higher than in
a randomly oriented material, and orientations at the outer limit
of the pole figures indicate an increasing probability of c-axes
parallel to the surface. Fig. 11 shows the IPF-map of the merger
of the 15 scans. Immediately at the surface, the crystals exhibit
the orientation (a). The first crystal which shows an orientation
with the c-axis parallel to the surface appears about 16 pm from
the surface (orientation (b)). The last crystal showing an orien-
tation attributable to the orientation found in layer 1 (orienta-
tion (c)) is found after about 40 um.

The mechanism of crystallisation

During crystallisation, two distinct crystallised layers are formed
at the surface: a topmost layer (layer 1) of highly oriented crystals

This journal is © The Royal Society of Chemistry 2010
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Fig. 11 [PF-map of the merger of the 15 performed OIM-scans, Local
arientations are dlstrated.

about 10-20 um thick (see Fig. 8) with their c-axes perpendicular
to the surface (see Fig. 100, and a layer with a lower degree of
orientation (layer 2) with the c-axes parallel to the surface (see
Fig. 7). Layer 2 possesses a significantly higher thickness which is
in the range from 600 to BO0 pm (see Fig. 6). Additionally,
volume crystallisation occurs as an mdependent process under
the conditions supplied.

The formed crystals possess the shape of slabs. This can be
deducted from the fact that the crystals of layer 2 appear as
needles in Fig. 7 (preparation from the side} and Fig. 11 (prep-
aration from the top). If the crystals had needle-like shape, they
would appear as ellipses in at least one of the perspectives. All
detected otientations show c-axes perpendicular to the long axes
of the crystals. It can therefore be concluded that crystal growth
occurs mainly in directions perpendicular to the e-axis.

While a crystal growth velocity of 5 x 107 m s~ at 780°C has
been reported,™ a description of the crystal morphology is not
found in the literature. Due to the observed anisotropic growth
of the crystals, the determined crystal growth velocity in ref. 14
should only apply to the growth in the preferred directions
perpendicular to the c-axis. The crystal growth velocity in [0001]
direction, however, iz significantly smaller.

Apart from layer 1, crystal growth mainly occurs by slabs
originating from a nucleus and growing outwards radially. This
leads to the spherulites observed in the volume and the sem-
orientation of laver 2 indicated by the (0001)-PF presented in
Fig. 7. The latter is caused by spherulites originating from near
the surface. The crystals hinder each other during growth. This
leads to layer 2 1n which the c-axes of the crystals are oriented
parallel to the surface as indicated in Fig. 7.

The high intensity of the (003)-peak in the XRD-patterns
ohtained from the untreated surface is caused by layer 1 and is in
agreement with results previously reported.’** By contrast, the
pattern recorded perpendicular to the surface of the sample does
not show an intense (003)-peak.

Since neatly all EBSD-patterns obtained from the untreated
sutface of the crystallised sample represent orientations with the
c-axes perpendicular to the surface, the nucleation at the surface
does not occur in a random orientation. It should hence be
assumed that the formation of nuclel with their crystallographic
c-axes perpendicular to the surface i3 thermodynamically
advantageous due to smaller surface energies. The obhserved
orientation of thombohedral BaAl,BoO- is therefore not caused
by a kinetic selection of crystals as previously proposed. 3

If the assumption of an oriented nucleation at the surface of
the sample is correct, crystallisation would occur in two steps:
dunng step 1, the nucle1 are formed and mainly grow parallel to
the surface because the crystal growth velocity is largest in these
directions. Within a comparably short period of time, layer 1
thus covers the entire surface. Areas of nucleation (area 2) would
be mndicated by immediate contact of the crystals to the surface.
The crystals, however, do not grow ideally parallel to the surface
(as indicated by the ring of orientations in the PF in Fig. 5),
because the surface i3 not completely flat due to the volume
expansion during crystallisation. Hence, the crystals dive heneath
the surface. Crystal growth would later occur slowly 1 the [0001]
direction and thus towards the surface and into the volume. Since
the chemical composition at the surface of a previously polished
sample 13 not exactly that of the hulk, the crystallisation front is
enriched or depleted m some components, leading to layer of
uncrystallised material at the surface. This should lead to an area
1 covered by a layer of glass no more than a few nm thick. About
85% of the surface is attributed to area 1 and probably covered
by this thin layer of glass.

Layer 1 cannot grow into the volume significantly due to the
small crystal growth velocities in the [0001] direction. Just below
layer 1, nucleation of differently oriented crystals takes place.
This leads to the formation of spherulites which can also grow in
the preferred directions ie that of the largest crystal growth
velocity. Because of the neighboring spherulites, growth is
mainly possible into the volume of the sample, leading to the
semi-orientation of layer 2. The straight edge of layer 21in Fig. 6
indicates that most spherulites contributing to this layer must be
formed in a relatively short period of time. In layer 2, the
orientation is hence achieved by kinetic selection.

By analogy, a surface layer with a thickness of 7-10 pm has
been shown by EBSD to be highly oriented during surface
crystallisation of fresnoite.r In the case of fresnoite crystal-
lisation, however, the layer mmmediately at the surface 15 not
oriented in [001] but in [101] direction, Ze. is not oriented in the
direction of the fastest growing direction. In both fresnoite and
rhombohedral BaAlB,0O- the initial oriented nucleation i3
stopped by the kinetic preference of faster growing directions.

FExperimental

A glass with the composition BaQ- Al;O;- B,0s was prepared
from the raw materials BaCQs, AlOH); and B(OH):. The
compounds were mixed and then melted at 1480 °C using an

3110 | CrystEngComm, 2010, 12, 3105-3111
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inductively heated furnace. The melt was stirred for 2 h and then
cast on a copper block, quenched with a copper stamp and
transferred to a furnace preheated to 620 °C, which was then
switched off allowing the glass to cool.

A few mm of the quenched surface of the glass samples were
ground away and manually polished with shrinking grain sizes
down to 0.75 pm diamond suspension to eliminate any effects at
the surface resulting from the quenching procedure. Crystal-
lisation was achieved by heating the samples to 780 °C with a rate
of 10 K min™'. This temperature was kept for 8 h, then the
furnace was switched off. Subsequently, samples were polished
using colloidal silica.

The surfaces of the crystallised glass-ceramics were directly
characterised (without powdering) by X-ray diffraction (XRD,
Siemens D35000) using CuKe-radiation. The samples were then
cut perpendicular to the surface and subsequently polished as
described above. All samples were carbon coated at about 10~*
Pa to achieve conductivity.

The samples were further characterised using a scanning
electron microscope Jeol JSM-7001F FEG-SEM equipped with
a TSL Digiview 1913 EBSD-camera. OIM-scans were captured
and evaluated using the software TSL OIM Data Collection 5.31
and TSL OIM Analysis 5. The OIM-scans were performed using
avoltage of 20 kV and a current of about 2.40 nA. All OIM-maps
presented are a combination of a grey scale IQ-map and a map
imaging various orientations by different colors. Textures were
calculated by harmonic series expansion (series rank: 16,
Gaussian half-width: 5°, no sample symmetry).

Conclusion

During crystallisation of a glass with the stoichiometry BaO-
-AlO5-By0s two layers of rhombohedral BaAl,B,O; with
different orientations are formed at the surface. At the surface of
the sample, a highly oriented layer (layer 1) of BaAlLB,O; with
a thickness of up to 20 um is found. The crystals within this layer
are highly oriented with their crystallographic c-axes perpen-
dicular to the surface. In a subsequent layer (layer 2), the crystals
are oriented with their crystallographic c-axes parallel to the
surface. While the primary layer 1 is caused by oriented nucle-
ation at the surface, the orientation of the secondary laver is

caused by kinetic selection of spherulitic growth. About 85% of
the surface is likely covered by a thin layer of glass of varying
thickness.

The primary directions of growth for rhombohedral
BaAl,B,0O; are perpendicular to the c-axis of the crystals.
Growth in the [0001]-direction is significantly slower. Crystal-
lisation occurs as slabs.

References

1 W. Wisniewski, M. Nagel, G. Volksch and C. Riissel, Cryst. Growth
Des., 2010, 10, 1414 1418.

2 A Halliyal, A. S. Bhalla, R. E. Newnham and L. E. Cross, J. Mater.
Sei., 1981, 16, 1023 1028.

3 A Hallival, A S. Bhalla, R. E. Newnham and L. E. Cross,
Ferroelectrics, 1981, 38, 781 784.

4 N. Toyohara, Y. Benino, T. Fujiwara and T. Komatsu, Sofid State
Commun., 2006, 140, 299 303.

5 W. Wisniewski, M. Nagel, G. Volksch and C. Riissel, Cryst. Growth
Des., 2010, 10, 1939 1945,

6 R. Keding and C. Riissel, J. Non-Cryst. Sofids, 1997, 219, 136 141.

7 R. Keding and C. Riissel, J. Non-Cryst. Sefids, 2000, 278, 7 12.

§ R. Keding and C. Riissel, J. Mater. Sci., 2004, 39, 1433 1435,

9N. Ye, W. R. Zeng, B. €. Wu, X. Y. Huang and C. T. Chen,
Z. Kristallogr., 1998, 213, 452, NCS.

10 K. H. Hiibener, Neues Jahrb. Mineral, Abh., 1970, 112, 150 160.

11 D. Tauch and €. Riissel, J. Non-Cryst. Solids, 2005, 351, 2294 2298,

12 D. Tauch and €. Riissel, J. Non-Cryst. Solids, 2005, 351, 3483 3489,

13 C. Riissel, D. Tauch, R. Garkova, 8. Woltz and G. Volksch, Phys.
Chem. Glasses: Eur. J. Glass Sci. Technol B, 2006, 47, 397 404.

14 R. Keding, D. Tauch and C. Riissel, Phys. Chem. Glasses: Fur. J.
Glass Sci. Technol B, 2008, 49,174 176.

15 R. Miiller, R. Naumann and S. Reinsch, Thermochim. Acta, 1996, 280
and 281, 119.

16 D. Tauch, R. Keding and C. Rissel, Phys. Chem. Glasses: Fur. J.
Glass Sci. Technol. B, 2009, 50, 389 394,

17 G. Volksch, R. Harizanova, C. Rissel, S. Mitsche and P. Polt, Glass.
Sci. Techrnol., 2004, 77C, 438 441,

18 G. Volksch, W. Wisniewski and C. Riissel, J. Non-Cryst. Sofids, 2009,
submitted.

19 R. Carl, G. Volksch and C. Russel, Adv. Mater. Res., 2008, 39-40,
387 390.

20 V. Randle, J. Mater. Sci., 2009, 44, 4211 4218.

21 A.J. Schwartz, M. Kumar and B. L. Adams, in Electron Backscatter
Diffraction in Materials Science, Kluwer Academic/Plenum
Publishers, New York, 2000.

22 K. Z. Baba-Kishi, J. Mater. Sci., 2002, 37, 1715 1746,

23 A.Karamanov and M. Pelino, J. Eur. Ceram. Soc., 1999, 19, 649 654,

24 1. Avramov and G. Volksch, J. Non-Cryst. Sofids, 2002, 304, 25 30.

41



3.5.

R. Carl, W. Wisniewski and C. Riissel

Reactions During Electrochemically Induced Nucleation of

Mullite from a MgO/AlL,0;/Ti0,/Si0,/B,03/Ca0 Melt

Crystal Growth & Design, 2010, 10, 3257-3262.

http://pubs.acs.org/doi/abs/10.1021/cg100399t?prevSearch=%2528 Wisniewski%2529%2BN
0OT%2B%255Batype%253A%2Bad%255D%2BNOT%2B%255Batype%253A%2Bacs-
toc%255D&searchHistoryKey=

42



DOI: 10.1021/cgl 00399¢

Reactions during Electrochemically Induced Nucleation of Mullite from a

MgO/ALO3/Ti0,/Si02/B,0:/Ca0 Melt

Robert Carl, Wolfgang Wisniewski, and Christian Riissel*

Otto-Schott-Tnstitur, Jena University, Fraunhoferstrasse 6, 07743 Jena, Germany

Received March 25, 2010; Revised Manuscript Received May 19, 2010

ABSTRACT: Glasses with the composition 52.6 Si0;-18.7 Al;04-14.3 MgO-7.7 Ti05-4.7 BoO3-2.0 CaO were crystallized
using electrochemically induced nucleation at temperatures from 1200 to 1400 °C. The crystals grew with their fastest growing
axis pointing away from the surface of the electrode. At the cathode, Ti*" is reduced to Ti’*, which was proved by EPR and
UV—vis—NIR spectroscopy. The silicate network is also reduced to elemental silicon to a small extent and forms an alloy with
the platinum cathode. The higher coordination number of Ti" " should lead to a dropin viscosity due toits role as a glass modifier
and, hence, fully explains the nucleation. The orientations of three neighboring crystals were analyzed by electron backscatter

diffraction (EBSD).

1. Intreduction

In the literature, different methods for the preparation of
oriented glass-ceramics are described. Among these are the
electrochemically induced nucleation,'™” extrusion of partly
crystalline glass melts,*™"!" and surface crystallization,'>"
often supported by thermal gradients' including laser in-
duced crystallization.'”'*

Electrochemically induced nucleation has already been
described for the preparation of glass-ceramics in the systems
BaO/Ti0,/Si0y,>” LiyO/NbyOs/Si0s,"” and Li0/Si0z.”" It
might also enable the preparation of polar polycrystalline
materials.

The principle of this method is as follows: In a platinum
crucible containing the melt, a platinum wire is inserted. The
temperature is high enough to avoid spontancous nucleation
while still being well below the liquidus temperature. A de-
current (some mAY} is then applied between the crucible and
the wire so that the crucible acts as the anode while the wire
acts as the cathode. The resulting voltages are in the range
from 1to2 V. As a result of the current flow, electrochemical
reactions take place at the cathode as well as at the anode.

The anodic reaction in any case should be the oxidation of
oxygen anions (i.e., oxygen in the oxidation state —II} to
gaseous oxygen (O5). This results in the formation of small
bubbles {diameter on the order of several hundreds of micro-
meters) near the wall of the crucible. The reaction taking place
at the cathode depends on the glass systemn used. As a further
result of the current flow, crystals start to grow from the
cathode. This means that the current flow must have imitiated
nucleation. Due to the high temperatures supplied, the crystal
growth velocity is fairly large. The crystals originate near the
platinum wire and grow from the wire toward the crucible. In
somme cases, this results in highly oriented materials.” 7 For the
B,Os systems, this has already been reported in refs 1 and 2.

Electron backscatter diffraction is a method only recently
applied to glass ceramics®™** and based on the analysis of
Kikuchi bands in a diffraction pattern obtained from a

*Corresponding author. Telephone: (0049) 03641 948501, Fax: (0049)
03641 948502. E-mail: ccr@uni-jena.de.

© 2010 American Chemical Society

crystalline surface in a scanning electron microscope
(SEM}.>* This enables us to determine local crystal orienta-
tions, which are usually described by the Euler angles (¢ 1;0;
1;02).23 In the case of mullite, ¢1 describes the rotation of the
c-axis around the normal of the sample surface, © describes
the tilt of the c-axis from the normal of the surface, and @2
describes the rotation around the c-axis.

Mullite has advantageous mechanical properties and a
melting point of 1830— 1890 °C.** A stoichiometric composi-
tion does not form a glass. Hence, the glass composition
was modified by adding magnesium. These compositions
are suitable to prepare glasses. An even better stability, i.e. a
smaller tendency toward crystallization, was achieved by
additionally adding boron and calcium oxide.

This paper provides a study on the reactions taking
place during electrochemical nucleation in a glass melt with
the mol % composition 52.6 Si10,---18.7 ALO;---14.3
MgO---7.7 TiO;- - -4.7 ByO5---2.0 CaO and the orienta-
tions of grown crystals.

2. Experimental Section

The glass used in this study was prepared from powdered raw
materials SiO; (quartz), AI{OH); (hydrargillite), MgCO3:xH20,
TiO, (anatase), H3BO;, and CaCOj;. The powders were mixed in a
polymer bottle and afterward melted at 1600 °C for 8 hin a resistance
heated MoSi, furnace. Then the glass was cast into water, dried, and
remelted for an additional 8 h at 1600 °C. Finally, the glass melt was
cast on a copper block and crushed with an iron mortar.

The glass was remelted in the inductively heated platinum crucible.
The experimental setup used for the electrochemically induced
nucleation of the glass melt is schematically shown in Figure 1.

The platinum crucible (i.d. = 50 mm), contacted with a platinum
wire (& = 0.35mm)}), acts as the anode. Another platinum wire (& =
0.35 mm} is inserted 10 mm into the glass melt and acts as cathode.
Two corundum plates and some layers of ceramic fiber material were
placed on top of the crucible to minimize the temperature gradient at
the surface. A current generator (Knick DC-Calibrator T 152) was
used to achieve the current flow through the glass melt. At first, the
premelted glass was placed in the platinum crucible and remelted ata
temperature of around 1520°C for 60 min in erder te remove crystals
and nuclel. Then the temperature was reduced to the desired value
(below the liquidus temperature), at which the electrochemically
induced crystallization should start. After 9 min, a constant tempera-
ture was reached and the current (usually 5 mA) was switched on.
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anode (platinum wire
contacting the crucible)

cathode (platinum wire,
&= 0.35 mm)

ceramic fibre material
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immersion depth (10 mm) platinum crucible

(=50 mm)

glass melt

corundum plate (centering
of the crucible

Figure 1. Experimental setup for electrochemically induced
nucleation.

The current was applied to the melt for 5 min. After this period of
time, the voltage between cathode and anode was measured (Gossen
Metrawatl, Inc., Metrahit 225 CAT V).

In most cases, the cathode remained in the melt for more than
30 min before removal (for a detailed description, see ref 2). As a
result, crystals grew from the surface of the cathode toward the
crucible wall. In some experiments, the platinum wire, acting as
cathode, was drawn from the crucible together with the adherent
crystals and the residual melt. These assemblies were put into an
annealing furnace (T = 800 °C) to prevent cracking during cooling.
As soon as the assemblies were inside the furnace, it was switched off
and allowed 1o cool. In another series of experiments, the platinum
wire was left inside the melt and the whole arrangement was cooled
after a certain crystal growth time. At approximately 1000 *C, the
cathode wire was cut close to the surface of the glass and the whole
crucible was placed into a preheated annealing furnace (7" = 800 °C),
which was subsequently switched off and allowed to cool. After
cooling, cylinders of about 20 mm in diameter were drilled out of
the crucible including the cathode wire centered approximately in the
middle. [tshould be noted that the temperature of 800 °Cand the time
schedule supplied do not result in noticeable further nucleation and
crystal growth.

One of the assemblies described above was crushed by an iron
mortar, and the glass near the platinum wire (diameter on the order of
several hundreds of micrometers) was studied by EPR spectroscopy
(ZWG, Inc.. ERS 210, X-band: 9.44 GHz).

In order to study products formed at the cathode. a platinum
wire covered with a thin layer of reduced glass (about 50 pm) was
embedded in polymer. Then this assembly was cut, ground, and
polished perpendicular to the immersion direction of the wire. This
surface was investigated by scanning electron microscopy (SEM,
Carl Zeiss, Inc., DSM 940A). Furthermore, thin sections of the
sample (thickness = 100 & 5 gm) were investigated by photometric
measurements in an optical microscope (Carl Zeiss, Inc., JENAPOL
interphako in combination with Carl Zeiss, Inc., MPM 100). The
measurements were performed using a filter transparent at 551 nm.
The photometer measured the intensity of the transmitted light (/) in
comparison with that of the unreduced glass (/). The diameter of the
reduced area (dark coloration) was also measured on samples several
millimeters thick via optical microscopy images (optical microscope
Carl Zeiss, Inc., Technival) using the image analysis software Axio
Vision 4.5 (Carl Zeiss. Inc.).

The samples were also studied using a scanning electron micro-
scope (SEM) (Jeol JSM-T001F FEG-SEM equipped with a TSL
Digiview 1913 EBSD-camera). Orientation image maping-scans
(OIM-scans) were captured and evaluated using the programs TSL
OIM Data Collection 5.31 and TSL OIM Analysis 5. The OIM-
scans were performed using a voltage of 200 kV and a current of
about 2.40 nA.

3. Results

The produced glass showed a yellowish color and was
transparent before crystallization. The effect of current on
voltage at a temperature of 1330 °C and an immersion depth
of 10 mm is shown in Figure 2. At a current of 0.5 mA, the
voltage is 0.6 V and increases to a value of 0.88 V for a current

Carl et al.

16
144 e

1-2 ] ---—-—r—d—.-----—

5081 e
06
0.4 4

.
0.2 1

0.0 T r
0 1 2 3 4 5
Current in mA

Voltage in V

Figure 2. Dependency of the measured voltage with an immersion
depth of 10 mm and a temperature of 1330 °C on the applied
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Figure 3. Dependency of the measured voltage with a current of
5 mA and an immersion depth (cathode) of 10 mm on the supplied
temperature, The measurement was preformed 3 min after attaching
the current.

of 1 mA. At further increasing currents, an approximately
linear increase of the voltage with current is observed until a
voltage of 1.3 V is reached at 5 mA. The voltage was also
affected by the immersion depth: while an increase of the
immersion depth from 10 to 15 mm resulted in a decrease in
voltage by 15%. a decrease of the immersion depth to 5 mm
led to a voltage increase of 40%.

The effect of varying temperatures on the voltage is shown
in Figure 3 (the error bar describes the mean deviations, when
repeating the measurements). If both immersion depth and
applied current are constant (5 mA), the voltage increases with
a decreasing temperature of the melt. At 1190 °C the voltage is
2.25 V while it is 1.23 V at a temperature of 1410 *C. The
voltage for 5 mA and 1330 °C in Figure 3 is 1.45 V, while it is
1.5 Vin Figure 2. Regarding the different series of experiments
(the temperature was kept constant in Figure 2 while the
current was kept constant in Figure 3). the agreement is fairly
good.

Figure 4 shows optical microscopy images of samples cut
perpendicular and parallel to the inserted platinum wire
(cathode). The crystals were grown at about 1330 °C and
then transferred to a furnace preheated to 800 °C. which was
then switched off, allowing the samples to cool. The crystal
growth velocity determined from the length of the crystals and
the growth time was 280 = 30 gm/min at 1330 °C; it dropped
to 100 + 10 m/min at 1430 °C. A dark coloration around the
platinum wire is observed. This coloration gets lighter with
increasing distance from the surface of the cathode. These
micrographs also show needle-like crystals which have their
origin at the electrode surface. At some distance from the
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Figure 4. Samples cut perpendicular (a) and parallel (b) to the
inserted cathode with the dark colored reduced area (cylindrical
shape: diameter /23 mm, height =10 mm) surrounding the platinum
wire (optical microscopy).

Figure 5. SEM micrograph of a crystal surrounded by the glassy
matrix. Growth was achieved at 1330 °C, and the cut plane is
parallel to the Pt-wire.

cathode, only needles that grow away from the surface of

the cathode are found. The volume fraction of the crystalline
phase is a few percent and decreases with increasing distance
from the electrode. Without current flow, such structures are
not formed.

Figure 5 shows an SEM-micrograph of a crystal sur-
rounded by the glassy matrix in a cut plane parallel to the
Pt-wire. The crystal exhibits a rectangular shape. The compo-
sition of the crystal as determined by energy dispersive X-ray
spectroscopy (EDX) was Al ¢5Tig.1151; 2409 675. Significant
changes in the chemical composition were not observed
during the course of crystal growth. Figure 6 presents an
EBSD pattern obtained from a crystal. Distinct Kikuchi
bands are seen, proving the occurrence of lattice planes and,
hence, a crystalline phase. The pattern can reliably be indexed
as mullite. Figure 7 shows the orientation map of an OIM-
scan performed over three neighboring crystals in the glassy
matrix. The sample was cut approximately parallel to the
platinum wire at a distance of about 5 mm. The patterns of all
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Euler Angles Tol.
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Figure 7. Orientation map of three mullite crystals embedded in a
glassy matrix. The orientations of crystals 1—3 are described by the
respective Euler angles and unit cells.
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Figure 9. EPR spectra of the not reduced glass (dotted line) and the
reduced (Tull line) glass-ceramic sample.

three crystals can reliably be indexed as mullite. The orienta-
tions of the crystals 1—3 differ slightly; the respective Euler
angles of all three crystals are in agreement within £7°, The
points attributed to the glass matrix have been excluded from
the map and appear black.

Figure 8§ shows an optical absorption spectrum of the
darker section shown in Figure 4, The observed broad absorp-
tion band was deconvoluted into seven absorption bands, all
attributed to erystal field (Fe®™, Ti*") and charge transfer
transitions (Ti'" — Ti*", 0*~ — Ti*", O~ — Fe*"). The
absorption in the near IR range is caused by OH vibrations
(at around 3300 cm™'). In summary. a broad absorption over
the whole visible range (13000 to 25000 em™") is observed
until the strong uh.t‘.uq)linn of the UV cut off is dominant
{at around 26 500 cm ™).

The EPR spectra of the dark colored (reduced) glass-
ceramics and the vellowish colored raw glass are shown in
Figure 9. The intensities of these two signals at around 350 mT
differ significantly. The comparison of the intensities of both
signals with a standard substance (CuSO, - 5H-0) leads to the
result that the number of the spins in the sample of the reduced
glass (see full line) is 20 times larger than that in the not
reduced glass (see dotted line). There is only one signal
observed in each spectrum. The calculated g-value of this
signal 1s 1.951.

In Figure 10, the radius of the colored region is shown as a
function of the time the melt was held at a temperature of
about 1330°C. It should be noted that the time of current flow
and hence of electrolysis was 5 min in all cases before the wires
were disconnecied. Increasing radn are observed [or increas-
ing periods of time in Figure 10. The full line in Figure 10 was
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Figure 10. Dependency of the radius of the reduced area (dark) on
the time, At ¢ = 0, the current was supplied and at ¢ = 5 min, the
current was switched off. The temperature was 1330 °C: full line r =
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Figure 11. Ti** concentration profile after different periods of time
at temperatures of about 1330 °C (values result from photometric
measurements of thin sections of glass surrounding the electrode).
I, = initial light intensity, £ = transmitted light intensity; log(/,/1)
stands for the extinction and is proportional to the Ti'* concentra-
tion. In all cases. the current flow (5 mA) was maintained for 5 min.
Time: (©) 48 min; (00) 72 min; (&) %6 min.

calculated fromeq 1
ro= D (1

where r is the radius of the reduced region, r is the time after
the current was supplied, and a (=3) and D (=0.1495 mm*-
min~") were fitted to the experimental data.

Using photometric measurements of thin sections (~100 um
thick), the concentration profile of the Ti''-ions can be
studied (see Figure 11). The Ti**-concentration is largest at
the cathode surface after 48 min and decreases strongly with
the distance from the electrode. After 72 min, the concen-
tration at the electrode surface decreased notably, but it is
larger at distances = 0.4 mm than after 48 min. After 96 min,
the concentration at the surface of the electrode is Turther
decreased.

Figure 12 shows an SEM micrograph of a Pt-wire em-
bedded in polymer and cut perpendicular to its length. The
wire was used 1n an electrolysis experniment at 1410 °C and
5 min electrolysis time (current = 5 mA). The wire remained
inside the melt for approximately 36 min. After pulling the
wire out of the melt, a thin glassy layer (about 50 gm) was
adherent to the surface of the Pt-material. The outer dark
regions in Figure 12 consist of the polymer the sample was
embedded in. The dark gray ring is the glassy matrix, and the
inner light arca is the metal. Inside the light area, a dark gray
ring as well as some inclusions of gray appearance is seen.
Mainly Si was detected inside the inclusions using energy
dispersive X-ray analysis. Other components of the glass such
as Al,O; and CaO were not detected in the inclusions.
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Figure 12. SEM micrographs of a cross section of the embedded
platinum wire (a) and at higher magnification (b).

4. Discussion

The transparent, yellowish glass produced without crystal-
lization indicates that the initial ratio of Ti* /(Ti* + Ti*") is
neghgibly small (%=0). According to the results of EPR spectro-
scopy (see Figure 9), the black coloration of the reduced area
is attributed to the formation of Ti*"-ions, since the signal
ataround g = 1,951 is typical for d'-systems and close to other
values reported in the literature for Ti*"-iens containing
glasses.” 7 The intensity of this signal notably increases
during the course of the reduction process and is much more
intense than in the base glass.

The measured transmission spectrum (see Figure 8) can be
simulated using nine absorption bands which are mainly
dependent on the concentration of Ti*"- and Ti*'-ions.
Besides the Ti*" crystal field transitions with two absorption
bands at around 13000 and 18000 em .27 strong
absorption bands in the UV region are observed. According
to ref' 25, they are attributed to charge transfer bands between
Ti**- and Ti*'-ions. The observed Fe—O bands are due to
iron impurities. An ilmenite band (due to the metal to metal
charge transfer band Fe’ —Ti'") with E/d of =005 is
observed in the unreduced glass. Since the Ti*'-bands are
much more intense and occur in the same wavenumber range,
they can no longer be seen in Figure 8. It should be noted that
the deconvolution shown in Figure 8 is based on well-known
absorption bands given in the literature,

Obviously a reduction of Ti*" to Ti* takes place at the
platinum wire (cathode).

cathode: 4 Ti** + 46 — 4 Ti™

anode: 207 — 0, +4e

4T +20° = 4T +0,

Simultaneously, oxygen in the oxidation state —11is oxidized
at the anode (the inner wall of the crucible) to gascous
oxygen. If the reduction of Ti*" to Ti'" were the only
cathodic reaction, the quantity of Ti*" should quantitatively
be given by current and time according to Faraday’s law. As
shown in Figure 2, the potential increases steeply up to a
current of 1 mA while larger currents lead to a further,
moderate increase in voltage. Already at small currents,
small quantities of Ti*" are reduced until the [Ti*"]/[Ti*"]
values at the electrode surface are in agreement with that
according to the Nernst equation. At a certain fixed poten-
tial, the currents are then limited by diffusion or convection.
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The linear part of the graph (at currents in the range from
2 to 5 mA) can be extrapolated to a current of 0 mA. This
results in a decomposition voltage of around 0.8 V, which is
in fairly good agreement with that previously reported in the
literature™ for other titanium containing silicate glasses.
Assuming other cathodic reactions do not take place, a
current of 5 mA supplied for 5 min according to Faraday’s
law resultsina Ti*" quantity of 1.55 x 10" mol. Fora radius
of the reduced area (see Figure 10) of 2 mm, an average of
about 4% of the total Ti** should have been reduced to Ti* .
Taking into account the concentration profile of Ti*" as
shown in Figure 9, the ratio [Ti* )/([Ti*"] + [Ti*"]) at the
clectrode surface after 48 min should be around 0.3. It
should be noted that Ti*™ is only essential for the initiation
of nucleation and not for the following crystal growth
presented in Figure 4.

With respect to the calculation of the line in Figure 10,0 = 2
18 expected for linear (1-dimensional) diffusion. For a three-
dimensional (radial) diffusion (toward a sphere), a = 3 is
expected. For the two-dimensional radial diffusion toward an
infinitely long cylinder (e.g.. a mullite needle), the solution of
the attributed differential equation is not as simple and
can only be done numerically (d is between 2.8 and 3 and
depends on time). The approximation of @ = 3 in many cases
is sufficient for a two-dimensional diffusion.

As shown in Figure 12, the platinum cathode notably
changed during the electrolysis. Inside the platinum wire,
inclusions are seen which possess a far smaller mean atomic
weight than the platinum electrode. Inside these inclusions,
mainly silicon was detected. It should hence be assumed that,
at the surface of the electrode, also Si0- is reduced to ele-
mental silicon and forms a platinum;/silicon alloy. According
to the phase diagram, an eutectic is formed in the platinum-
rich region, the attributed temperature 1s 847 °C, and the
composition is Pt25Si+. ™ That means fairly low silicon con-
centrations (~12 mol % Si) in the binary system allow Si—Pt
liguid phases to be formed at the temperatures applied during
electrolysis. These Pi-phases do not contribute to the nuclea-
tion process because the metal itself is not the nucleating
agent, as the metal electrode itself does not induce nucleation
without current flow. The reduction of silicate melts Lo
elemental silicon is also observed in other electrochemical
investigations at platinum electrodes (see, e.g., refs 22 and 34).
It can, hence, be concluded that at the temperatures and
currents applied, not only Ti*" is reduced to Ti**, but also
the silicate network is reduced to elemental silicon, which
forms a platinum/silicon alloy. This means that the Ti*"
concentration at the electrode surface should be smaller than
that stated above.

Nevertheless, if Ti*" is reduced to Ti*", the coordination
number should change. Ti*" is a larger cation (r = 0.69 A)
than Ti*" (r = 0.64 A) and, hence, should prefer a larger
coordination number. Thus, Ti*" can be considered as a
network former, while Ti** acts as a network modifier. For
example, lor glasses in the BaO/Ti0,/Ti0,/S10; system, it has
been shown that Ti*" prefers the coordination numbers 5 and
6 while Ti*" is incorporated in 4- and 5-fold coordination,*
This also results in a decrease of the viscosity during the course
of the reduction process (see, e.g., ref'9). Whenever viscosities
of reduced titaninm containing glasses were measured. the
viscosity was smaller than that in oxidized glasses. It has also
been reported in the literature that Ti*" in the MgO/ALO5/
Si0, system accelerates nucleation (see ref 36). Simulta-
neously, Si0; is removed at the cathode by the reduction to
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clemental silicon. This leads to depletion in Si(); near the
cathode, which should resultin a further decrease of viscosity.

According to the classical nucleation theory, decreased
viscosities result in increased nucleation rates becauvse the
nucleation rate is proportional to the reciprocal viscosily.
An alternative explanationis given by the percolation theory,
which predicts an increase in the number of nonbndgng
oxvgens if i (network modifier) is incorporated instead
of T (network Tormer).”” ™ This leads to an increase in the
size of floppy regions. Nucleation then ocours if the size of a
floppy region is larger than the size of a critical nucleus.™

Ounce the Ti" concentration is large enouvgh to imtiate
nucleation, further current flow is no longer necessary and the
current can be switched off. During this time, the crystals
grow to visible sizes, the [Ti"7] profile changes, and the
concentration at the electrode decreases while 1t increases at
some distance from the electrode. By analogy, the total radius
of the reduced area increases alse. Both are due to a simple
diffusion process.

Since nucleation only takes place near the surface of the
cathode, the formmned structures are highly anisotropic. At
some distance from the cathode, the cryvstals grow with their
fastest growing axs, the crystallographic c-axs, away from
the electrode. The erystals grow as needles, in contrast to the
cases of other systems (e.g., the Ba, TiSi, 0> or the LiNbO;4
system), which have been crystallized using electrochermically
induced nucleation and show dendritic growth. As shown in
Figure 7, neighboring crystals show approximately the same
onentation; the crystals shown in this figure deviate from
the orientation (75;138;344) by less than 7°. Hence, it should
be assurned that neighboring crystals are not split off from the
same crystals but nucleated at different sites and independent
from one another.

Furthermore, the orientations within one crystal are very
homogeneous despite the residual glassy phase and the cracks
foundin all crystals. The cracks thersfore are probably not the
result of tenstons 1n the crvstal but of the crystal growth or,
however, of the apphed cooling procedure. Qrientations vary
up to 5° within crystal 2in Figure 7. In comparison to fresnotte
crystals grown by electrochemically induced nucleation,®? the
crystal growth is notdendritic and the orientation by farnot as
pronounced.

Conclusions

(lasses with the composition 32.6 8510,-18.7 AL Oy~
14.3 MgO-7.7 Ti0y-4.7 By(04-2.0 CaCG were crystallized
via electrochemically induced nucleation. Atthe cathode,
Ti** was reduced to Ti* ", while, at the anode, gaseous
oxygen was fonmed. Simultaneously, the stlicate network was
reduced to elemental silicon, which formed an alloy with the
platinum electrode. While increasing the current from 2 to
5mA, the voltage increases hinearly from 1.2 1o 1.5 mV. The
larger conrdination mumber of Ti* " as well as the depletion of
the melt with Si0, at the electrode surface should lead to
decreasing viscosities. This results in nucleation and subse-
quent erystal growth. The formed Ti*F diffuses away from the
clectrode. The nucleation occurs selely near the electrode,
re.an a small part of the volume. The mullite crystals grow
away from this location along their fastest growing axs, the

Carl et al.

crystallographic c-axis. Neighboriog crystals show sinular
orientations. Onentation variations of up to 3° can ocour
within the cross section of a mullite crystal.
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ABSTRACT: Mullite crystals were grown from a MgQO/Al;O:/Ti0,/8105/B,05/Ca0 glass melt via the method of electro-
chemically induced nucleation. Nucleation occurs near the cathode; the initially formed crystals are not oriented with their polar
axes parallel to the electric field. The crystals showed needle-like shape. The crystal growth velocity shows a maximum at about
1260 °C and does not depend on time. The orientation distribution of the crystals in the resulting glass-ceramics was analyzed
using electron backscatter diffraction (EBSD). Durning crystal growth, diffusion zones around the crystals are formed as shown
by energy dispersive X-ray spectroscopy (EDX)}. These diffusion zones act as barriers which control the morphology of the

formed mullite crystals.

1. Intreduction

Mullite is the only thermodynamically stable phase solely
consisting of Al;O3 and Si0;. The chemical composition is not
stoichiometric (Alyi0Siz 29000-5) and is attributed to
solid solutions with a composition between Al;Si0s (x = 0)
and :-Al,O4 {x = 1)."77 Furthermore, other metal oxides may
be incorporated into the crystal lattice.*”'* The mean chemi-
cal composition of the crystal phase in the samples studied in
this paper was reported to be Al4,55Tiuj11Si152409167514’15 and
did not depend on the temperature at which the crystals were
grown, within the limits of error."

The preparation of mullite crystals through a melting
procedure is difficult due to the high melting temperature of
mullite (1830— 1890 °C).!” Glass-ceramics containing mullite
as a crystalline phase have frequently been described in the
literature."* ' The system MgO/AlO4/Si0- seems to be the
most favorable for mullite crystallization and, depending on
the composition, glass-ceramics with high mechanical strength,
high hardness and high Young's modulus can be produced.
This glass system tends to surface crystallization, however,
after adding nucleating agents such as TiO, or ZrQ,'%Y
volume crystallization is observed. This leads to the imitial
precipitation of phases such as Ti0; (rutile), ZrO,, or ZrTiO,
during annealing."® In a subsequent step, other phases such as
mullite, quartz or spinel are formed.'®

Recently, electrochemically induced nucleation, a techni-
que for the preparation of oriented glass-ceramics, has been
applied to the preparation of mullite glass-ceramics. 1
During this process a platinum crucible with a melt of the
respective composition is heated to a temperature above the
liquidus temperature. A platinum wireis then inserted into the
melt and the temperature is decreased below the liquidus
temperature.’® At this temperature, the nucleation rate is
negligible while the crystal growth velocity is fairly high.'®
Then a dc-current is attached between the wire and the
crucible resulting in a nucleation near the cathode and a
subsequent growth of mullite crystals. The technique of

*To whom correspondence should be addressed. Tel: (D049) 03641
948515. Fax: (0049) 03641 948502. E-mail: wolfgang. w@uni-jena.de.
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electrochemically induced nucleation has already been ap-
plied to a number of systems and enables the preparation of
oriented glass-ceramics in many cases. > %224 The mechan-
ism of electrochemically induced nucleation involves a reduc-
tion process as a first step. As previously reported, in the case
of the studied TiO,-containing melt this process is the reduc-
tion of Ti*" to T ."*71%*" This leads to a drop in the viscosity
and to a decrease in the network connectivity. Both effects
lead o higher nucleation rates.”®

The incorporation of TiO, into mullite crystals has been
discussed'** and the volume of the unit cell was found to
increase with increasing Ti-concentration. Growth of mullite
crystals 1s fastest parallel to the crystallographic c-axis, i. e.
the [001]-direction of the unit cell,?® as recently confirmed by
electron backscatter diffraction (EBSD).'*" Short intro-
ductions to the method EBSD have been given in recent
publications.”” ~*"

This paper provides a study on the structures formed during
electrochemically induced crystallization of mullite and fo-
cuses on diffusion profiles formed around the crystals during
crystal growth.

2. Experimental Procedure

A glass with the mol % composition 52.6 8i0,/18.7 Al,03/14.3
MgO/7.7 TiOyf4.7 BO5/2.0 CaO was prepared from powdered raw
materials Si04 (quartz), Al{OH);, MgCO;:xH;0, TiO, (anatase),
H;BO;, and CaCO;. The powders were mixed in a polymer bottle and
melted in a resistance heated MoSi>-furnace at 1600 °C for & h. The
resulting melt was cast into water, dried and remelted for additional
8 h at 1600 °C after which the melt was cast on a copper block and
crushed by an iron mortar.

For the electrochemical nucleation the glass was remelted in the
inductively heated platinum crucible (& = 50 mm, depth 50 mm)
which was contacted with a platinum wire (& = 0.35 mm) to act as
theanede. Another platinum wire (@ = 0.35mm) was inserted about
10 mm into the glass melt to act as the cathode. To minimize the
temperature gradient at the surface two corundum plates and some
layers of a refractory insulating blanket of ceramic fibers were placed
on top of the crucible. A current generator (Knick DC-Calibrator T
152) was used to achieve the current flow through the glass melt.

The melt was soaked at a temperature of 1520 °C for 60 min in
order to remove crystals and nuclei. The temperature was then
reduced below the liquidus temperature (around 1470 °C) to the
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Figure 1. Lengths of the crystals after a crystal growth time of
36 min at varying temperatures.

desired value at which the electrochemically induced crystallization
would begin. Various temperatures were applied to study crystal
growth velocity at different temperatures, After 9 min, a constant
temperature was reached respectively and the current (usually 5 mA)
was switched on. The current was applied to the melt for 5 min after
which it was turned off while the temperature remained constant for
the respectively applied duration of crystal growth,

In most cases the cathode remained in the melt for more than
30 min at the respective temperatures before the furnace was switched
off. As a result, crystals grew from the surface of the cathode toward
the crucible wall. After switching the furnace off, the melt began to
cool and the cathode wire was cut close to the surface of the glass at
approximately 1000 °C. Then the whole crucible was placed into a
preheated annealing furnace (T = 800 °C) which was subsequently
switched off and allowed to cool. After cooling, eylinders of about 20
mm in diameter were drilled out of the crucible including the cathode
wire. Crystal lengths were obtained from polished surfaces of these
cylindrical samples using optical microscopy (TECHNIVAL, Carl
Zeiss Jena) and the image evaluation software Axio Vision 4.5 which
was also utilized to determine the margin of error. The error bars are
attributed to the standard deviation on the crystal lengths, For each
sample at least 40 different crystals were measured.

The surfaces of samples analyzed by electron microscopy were
ground and polished with shrinking grain sizes down to 0.75 um
diamond suspension before analysis. A final finish of 30 min using
colloidal silica was applied. The samples where characterized using a
Jeol JSM-TOOTF Field Emission Gun—Scanning Electron Micro-
scope (FEG-SEM) equipped with an analyzing system “EDAX
Trident”. Because the raw EDX-data 1s rather diffuse, it was smoothed
using the program SigmaPlot 11.0. (running average method: sampl-
ing proportion: (L3, polynomial degree: 1). EBSD-scans were cap-
tured and evaluated using a TSL Digiview 1913 EBSD- Camera and
the software TSL OIM Data Collection 5.31 and TSL OIM Analysis
5. Inorder to achieve a conductive surface, the samples were mounted
Llsin_i; an Ag-paste and coated with a thin layer of carbon at about
107" Pa. EDX-analyses were performed using an acceleration voltage
of 15kV.

3. Results

A current flow in titanium containing melts leads to the
reduction of Ti*" to Ti*" as previously described.'? '
Nucleation near the cathode occurs if a certain current density
is supplied for a certain period of time until a sufficient
concentration of Ti*" has been formed during the reduction
process. Crystal growth is strongly anisotropic and fastest in
the direction of the crystallographic c-axis. The crystal growth
velocities in this direction at different temperatures are pre-
sented in Figure 1. The length of a crystal in relation to the
crystallization time at 1350 °C in the given experimental setup
is plotted in Figure 2. It must be noted that the dotted line in
Figure 2 represents a speculation on how the crystal length
might develop during the first couple of minutes. Within the
limits of error, the crystal growth velocity is not time-depen-
dent in the measured duration of crystallization and amounts
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Figure 2. Lengths of the erystal after varying crystal growth times

at 1350°C, It must be noted that the dotted line is not according to a

physical model but rather a reasonable and qualitative speculation

of a possible development of crystal lengths immediately after
nucleation.
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Figure 3. IPF-map of an EBSD-scan superimposed on an SEM-
micrograph of the area. The orientations of the crystals |—4 are
indicated by the wire frames 1—4.

to about (2.44 = 0.12) 107% m-s™" along the main growth
direction at this temperature.

Figure 3 presents an inverse pole figure map (IPF-map)”
of an EBSD-scan performed near the cathode and super-
imposed on an SEM-micrograph of the surrounding area.
Crystal orientations are indicated by wire frames of the unit
cells where the c-axes are marked by arrows. The orientations
of the mullite crystals near the Pt-wire vary notably and range
from perpendicular to the wire (crystal 2) over an angle of
about 457 to the wire (erystal 1) to parallel to the wire (crystals
3 and 4). While crystal 3 is oriented parallel to the prepared
sample surface, crystal 4 is aligned almost perpendicular.
Figure 3 further shows the collision of the crystals 1 and 2.
Only points with a confidence index (Cl-value™) larger than
0.1 are presented in Figure 3. excluding the glass matrix
(black). In order to homogenize the image, a neighbor CI-
correlation cleanup was applied to the scan.

In the SEM-micrograph shown in Figure 4 the crystal
denoted as crystal 3 in Figure 3 appears to be curved. A higher
resolution of the orientations featured in an orientation
map of the EBSD-scan in Figure 4 shows that the structure,
which appears to be homogeneous in the SEM- micrograph. is
in fact composed of various crystals with slightly varying
orientations.
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Euler: (268;95;13)
Tol: O - 13°

Figure 4. SEM-micrograph of crystals next to the Pt-wire (white)
and part of an orientation map of a performed EBSD-scan.

—
Euler Angle: (139;126,136)
Tolerance: [N
0- 4"
—

Figure 5. Orientation map of an EBSD-scan superimposed on an
SEM-micrograph of the area where Pt appears bright white.

Figure 5 presents the orientation map of an EBSD-scan
performed on a crystal grown within the corroded Pt-wire
superimposed on an SEM-micrograph of the surrounding
area. With respect to the orientation of the mullite crystal, two

different parts can be distinguished: within the inner part of

the crystal. the orientation is fairly homogeneous, while the
orientations deviate up to 47 in the outer parts of the crystal. A
slight deviation from the main orientation occurs at the upper
edges of the crystal while the main area of deviation is in
contact to the outcrop of left-hand side of the platinum phase
(bright).

A sample was cut parallel to the cathode at a distance of

about 4 mm from the Pt-wire (see Figure 6) and analyzed by
EBSD. Because of the low volume fraction of mullite crystals,
single EBSD-patterns were recorded from 10 crystals from
different parts of the sample, schematically shown in Figure 6.
Arecas (about 300 x 900 .umj) at the left (L), middle (M) and
right (R) parts of the sample, as outlined in Figure 6, were
considered. The resulting orientations are presented in the
001-pole figures of Figure 7. While the middle area M shows a
fairly broad distribution of orientations in the horizontal
direction (usually called rolling direction RD) (about 15 £+
15%) and a less broad distribution in the vertical direction
(usually called traverse direction TD) (about 10 = 57), both
distributions are fairly broad in the areas Land R. To visualize
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Figure 6. Sketch of the cut plane and the analyzed areas to the left
(L), middle (M) and right (R) parts of the sample. The broad option
of crystal orientations occurring in each area is indicated in the side
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Figure 7. 001-Pole NMgures containing 10 points of 10 individual
crystals found in the areas described by the presented scheme.
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Figure 8. Wire lrames ol the mullite unit cell describing the orienta-
tions of the crystals represented by the 001-PF of the area M in
Figure 7.

the rotation around the c-axes, wire frames of all the crystals
analyzed in area M are presented in Figure 8. The diversity of
the respective orientations is apparent.

Figure 9 shows two typical mullite crystals cut almost
perpendicular to their c-axes. The inner parts of both crystals
show irregularities. The tips of the crystals show very pro-
nounced points with diffuse structures around them (see
arrows in the enlarged areas of Figure 9).The data obtained
from the EDX-linescans performed along the lines L1 and L2
displayed in Figure 9 are presented in Figure [0 and Figure 11,
Analysis along the line L1 covers the solid crystal and large
areas ol glass matrix on either side. Figure 11 presents an
EDX-line scan attributed to the Si and Al concentrations
along the line L2 covering the irregularities within the crystal
(see Figure 9).

In the SEM-micrographs of Figure 9a and b, a dark frame
can clearly be discerned at the glass side of the glass/crystal
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Figure 9. Two representative mullite crystals cut perpendicular to
their main growth directions. The lines L1 and L2 indicate where
EDX-linescans were performed.
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Figure 10. Data of the EDX-linescan along L1 in Figure 9b featur-
ing the elements Al and Si as well as O, Mg, Ca, and Ti.

interface while a bright frame 1s found at the crystal side of
the interface. The widths of these frames were measured along
the lines shown in Figure 12 (for Figure 9b) and are presented
in Table 1. The AFM-scan presented in Figure 13 was
performed on a crystal near those presented in Figure 9 to
analyze the topography of the glass/crystal interface. While
profile | describes the topography of the interface at the
exterior of the crystal, profile 2 covers glass irregularities
within the crystal.

4. Discussion

As previously reported. the initial step of the crystallization
process is the reduction of Ti*" to Ti**. The oxidized species
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Figure 11. Data of the EDX-linescan along L2 in Figure 9b leatur-
ing the elements Al and Si. The line L2 crosses three inclusions
within the crystal.

Figure 12, Dark and bright rings surrounding the crystal featured
in Figure 9b. White lines have been inserted to indicate where widths
presented in Table 1 were determined.

Table 1. Widths of the Dark and Bright Rings Surrounding the Crystals
Presented in Figure 9a and b (For Higher Magnification of Figure 9b see

Figure 12)
widths in nm
edge dark bright difference
Figure 9a right 341 384 43
left 384 384 0
lop 341 511 170
hottom 384 469 85
Figure 9hb tight 367 367 0
left 326 367 4
top 326 489 163
hottom 489 367 122
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Figure 13. AFM-micrographs and topographical profiles along
lines P1 and P2 performed on a crystal near those presented in
Figure 9.

(Ti*") acts as network former and the reduced species (Ti*")
acts as network modifier. Thus the reduction process results
in a decrease in viscosity and in the network connectivity.
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This leads 1o higher nucleation rates and fimally the crystal-
lization is initiated. 1% The growth of the mullite erystals
is anwsotropic with growth predominantly ocourring in the
crystallographic [001}-direction parallel to the e-axis'"'?
The maxirmam of the crystal growth velocity in Figure 1
indicates a normal type of teroperature dependence for iso-
thermal erystallization.”! This means heating of the sample
due to the crystallization enthalpy is not decisive for the
erystallization process.

The time independent crystal growth velocity of ahout
{2.44 4 0.12y 107%m-s™" along the main growth direction at
1350 °C s farly smallin cornpanson e. g. to the crystal growth
velocity of other crystal phases such as fresnoite in glasses.™ If
heating by the crystallization process were a sigmficant {actor,
a saturation platean would occur and the crystal growth
velocity would be constant within a certain temperature
range.”’

It should be noted that the temperature in the given
cxperimental arrangement is not perfectly constant. However,
the crystal growth velocity as shown i Figure 2 does not
depend on time throughout the duration of crystallization
where experimental results were obtained and hence the effect
of 4 temperature inhomogeneity should not affect the resubis
notably. The speculation that a larger crystal growth velocity
occurs during the early stage in Figure 2 is plausible for the
following reasons: (i) the glass near the platinum wire s
reduced (Ti™ to Ti") and hence the viscosily is reduced near
the cathode which should aceelerate crystal growth and (i} the
diffusion barrier, described in Figure 10 and discussed later
om, 18 not yet as pronounced as in a later state of crystal
growth. After constant diffuston rates of the respective ele-
ments are reached at the glass/crvstal interface, the velocity of
crystal growth would become constant.

The tmitial step of the crystallization process, the reduction
of Ti'™ to T, was already described'™ %% and leads to
nucleation near the electrode. There might be a tendency to
the formation of a crystalline layer at the surface of the Pt-wire
with the main growth direction parallel to the wire surface
as indicated by crystal 3 in Figure 3. This was also ob-
served during the electrochenncally induced nucleation of
fresnofte.”® In any case, the range of crystal orientation in
the immediate vicinity of the cathode presented in Figure 3
leads to the conclusion that the nuclei formed immediately
after the current 18 attached are not onented with their polar
axes perpendicular 1o the surface of the plafinurn wire or
parallel to the direction of current flow or the electne ficld.
The two colliding crystals in Figure 3 possess notably different
orientations and grew i different divections. Obwviously,
crystal 1 could not continue to grow and is stopped by crystal
2. The latter crystal 1s spht and scems to have encased a
notable amount of glassy phase. As the crystal needles were
thinner at the tiroe of colhision, subsequent radial growth led
to the irnmersion of the tip of crystal 1 within erystal 2. This is
an example that needle shaped crystals may hnder each other
during crystal growth if they are not orienied in the same
direction. This phenomenon contributes to crystal selection
and hence to the survival of mamiy those crvstals with a
growth direction perpendicular to the electrode surface.

The crystal appearing to be curved in the SEM-microgranh
of Figure 4 would be in contradiction to the needle shaped
growth reported in previous papers'™™ and raise questions
toward the growth model presented in ref 13, The high
resolution of orientations in the orientation map (see
Figure 4) however shows that the “curved” structure s
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actually composed of a number of adjacent, straight erystals.
The straight, needlelike growth of mullite erystals’™ is thus
still valid.

The mullite crystal in Figure 5 shows areas of changed
crystal lattice. The main part of the changed lattice seerns to
radiate around the area of contact to the platinum phase (Jeft).
Possibly this deviation is a result of local siresses, caused e.g.
by cocling the Pt-wire, or locally disturbed crystal growth.
Dewviations up to 5° have alse been reported within the cross
sections of mullite crystals surrounded only by the glass
matrix.”” In those cases, the orientational deviation should,
however, be the result of a crystal colhsion or parts of the
crystals breaking from the main body during cooling. Com-
pressive stresses exerted on the crystals by the glass maltrix
cannot be the reason for the deviating areas of the crystals
featured 1 ref 15 because then the orientational deviation
would have to be homogeneous around the entire crystal and
lead to mmages similar to the upper edges of the crystal in
Figure 5. Tlus, however, was not observed.” It can be
concluded that the reason for crystal deviation presented here
is different from the reason of crystal deviation in ref 15.

Figure 7 shows that an orentation of mullite crystals is
observed at some distance from the plativum wire, although
this orientation is not as pronounced as in the fresnoite systemn
previousty studied 2% The orientation is only observed with
respect to the c-axs of the erystals in a rather general way: the
crystals show guite a broad distribution of angles toward the
cathode as presented in Figures 7 and Figure 8, This 15 also
illustrated in the side view displayed in Figure 6.

In comparnison to the {resnoite system, mullite does not
show classic dendrtic growth and the volume fraction of
mullite 10 the samples s much smaller. Subsequent to the
nucleation process, the crystals grow mainlyin the direction of
the crystallographic ¢-axis. Stnce all nuclet are formed near the
Pt-wire, the crystals grow away from the wire. This resultsina
certain degree of orientation. Since the volume fraction of the
mullite erystals is fairly small, the mechamsm that crystals
hinder cach other during further crystal growth 13 not as
significant as in other studied systerms.”” % Hence, nol only
those crystals will survive which are oriented exactly with their
crystallographic c-axes perpendicular to the surface of the
wire, but a fairly broad orientation distribution s ohserved.

The transversal sections of the crystals in Figure 9 show a
rather square shape, which is in analogy to ref,'® while in
another previous study the majonty of crystals showed an
L-shaped morphology.™ The results of the EDX-lnescans of
these crystals m Figure 10 and Figure 11 show that high
concentrations of Aland O and low concentrations of 81, Mg,
Ti and Ca are clearly observed inside the crystal when
compared to the glass matnx, While the concentrations of
the elements O, Mg, Ca, and Ti change continuously, Al and
Si clearly show a counter movement before the respective
major changes in concentration cccur. This proves an enrich-
ment of 8i and an Al-deficiency atl the glass side of the glass-
crystal-interface. No comparable counter movement 18 ob-
served at the crystal side of the interface. Hence, the chemical
composition of the erystal does not change as a function of the
distance from the glass/crystal interface. Tt should be noted
that the latter, in principle, would be possible, because a solid
solution with variable chemical commposition is formed. The
change in the St and Al concentrations staris at a distance of
about 7.5 gro from the crystal, while the changes in the O, Ca,
and T1 concentrations are only apparent in the womediate
vicinity of the interface. The change of the Mg concentration
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begins at a larger distance from the interface than those of O,
Ca, and Ty, but does not show a counter movement like those
observed m Al and St. The sohd hnes inserted in Figure 10
indicate the true glass-crystal-nterface, while the dotted hines
represent the mean values of 8i, Al and Mgin the glass matrix.
Tt can be concluded from Figure 11 that the irregularities, also
visible in refs 3—6, are residual glassy phase enclosed within
the crystals.

Because of the diffusion barrier forrued at the glass/crystal
inferface, a defect ocourning during ervstal growth cannot he
compensated. While the defect can be surrounded by the
growing crystal as if circumvents the diffusion barner, the
barrier itself cannot crystallize asitis depleted of the necessary
elements, which canoot be supplied through diffusion once
the irregularity is enclosed by the erystal. It can be suspected
that crystal growth perpendicular to the man growth direc-
tion 18 dendntic-like, but significantly lundered by the diffu-
sion barrier.

The dark frame observed in the SEM-nucrographs in
Figure ¢ cannot be caused by the Al-deficiency around the
crystal. Il higher aluninum concentrations had such a sig-
nificant wnpact on the SEM-signal, the bulk of the crystal
would have to be much brghter than the glass matnx. The
opposite is observed in Figure 9, confinming that the mean
atomic number of the matriz (11.03} is shightly higher than
that of the mulhite orystal (106.84). Also, the area of deficiency
extends about 7.5 pan frovo the erystal while the dark frame is
only 0.3 g wide.

Topographical contrast could lead to the frames, butif edge
effects in the SEM were the reason for the frames they would
have to appear asyrnmetnical dug to the location of the Ever-
hart-Thornley detector in the SEM, which is indicated in
Figure 9 b). A closer look at these edges enables to detect a
shght asyrometry of the frames as presented i Tab. 1 the
difference between the widths of the dark and bright frames is
significantly larger when comnparing the top and bottom edges
of the erystals than when comparing the right and left edges. A
comparison of the edges of the crvstal in Figure 9 b)Y 1
presented in Figure 12 where the difference between the top
and bottorn edge is apparent. The AFM-measurements per-
fomned on crystals near those in Figure 9 showed that the
crystals are elevated from the matrix by about 20 nm (see
Figure 13}, This is also the case for the inclusions within the
crystals (see profile 2 in Figure 13). Due to the existence of a
physical edge and the detected asyrmumetry of the dark and
bright frames in correlation with the posiioning of the
detector in the SEM 1t can be concluded that an edge effect
in the SEM likely contributes to the bright frames. The dark
ring however is not conclusively explained by the presented
data.

Because of the size of the information volume contributing
to BEDX analyses, the change in the chemical composition at
the glass/crystal interface does not appear discrete in the line
scans displayed in Figures 10 and 11, In reality there 15 a
discrete border glass/erystal and the Si-concentration is max-
imum at the interface and then decreases with increasing
distance from the interface unti} the bulk concentration of
the glass matrx 8 approached. The Al-concentration 18 mini-
mu at the interface and then increases until the bulk con-
centration 1s reached. These concentration profiles can casily
be explamed assuming the diffusion of Al and Si as the rate
determuining steps of the crystal growth process. The fact that
the diffusion profiles can be detected proves that they are
fairly stable and do not rapidly disappear by further diffusion
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processes o the glass melt. It should be noted that crystal
growth in highly viscous media may generally be affected by
the formation of barner layers that hinder erystal growth. As
recently shown, this also explains the formation of nano
crvstals, which do not notably grow with time. 33

The reason for the occurrence of the diffusion profile is that
the Si/ Al-ratio 1 smalierin the erystal than in the glassy phase.
Frurthermore, the increased Si-concentration around the crys-
tal should lead to an increase in viscosity, which further
hinders the diffusion of Al toward the cryvstallization front
of the growing crystal. Diffusion of Al toward the crystal
would also be significantly faster at the tip of the crystal than
along the side of a needle due to the much larger surface to
crystal vohume ratio per unat at the tip. It st be remerabered
that the crystallization occurs in a liquid with much higher
viscosity, especially in compansoen to metallic melts or agu-
cous or orgamc solutions. Hence transport by means of
convection plays a far less important part.

If the needle-hike growth of mullite had thermodynamic
reasons, the suiface energies n different crystallographic
directions would have to be drastically different. Since surface
energies of crystals in glassy mells are always within a very
parrow range (maximum deviations: factor 2377 thermody-
namic reasons (as supposed, e.g., in ref 26} are unlikely to lead
to the observed needles. Hence the anisotropic growth should
have kinetic reasons. The antsotropic growth of tnulhite should
be the result of screw dislocations in the direction of the
crystallographic ¢-axis and the described diffusion phenom-
cna are likely to contribute to the needle like growth of the
mullite crystals. The amsotropic growth of mullite 15 also
reported 1o be enhanced by Ti-doping ™

8. Conclusions

Mullite needles grow subseguent to the electrochemically
induced nucleation of mullite in a MgO/ALOL/Ti0,/ 510,/
B04/CaO glass roelt with a maximuoms growth rate at 1250 °C.
After nucleation near the cathode, the crystals are not oriented
with their polar axes parallel to the electne field. However,
they grow away from the clecirode and hence, 1n some
distance, they are all oriented with their crystallographic
c-axes in the direction toward the cathode. The growth
velocity is relatively small, does not depend on time after an
wnittal timme span has elapsed, increases with temperature and,
after a maxinnsn is reached, decreases again. The observed
mullite crystals ferm stratight needles and may exhibit shght
changes in the crystal orientation if stresses occur during
growth or cooling.

The mullite needles encase residual glass phase and are
surrounded by a diffusion zone about 7.5 gim in thickness,
which is depleted in Al and Mg and enriched in Si. This
diffusion zone probably acts as diffusion barrier and signifi-
cantly contnbutes to the extremely anisotropic crystal growth,
An edge effect in the SEM likely contributes to the bright and
dark frames observed around the crystals in the SEM-micro-
graphs, however sspecially the dark ning remains 1o be fully
explatned.
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Crystallisation of a glass with the composition 16Na,O - 10Ca0 49810, 25Fe.0; led to the formation

of hematite and magnetite crystals with various morphologies. Crystals containing both the hematite
and the magnetite phases were detected and a strict orientation relationship between the phases is
described. Itis argued that hematite (Fe,Os) is the phase primarily crystallised and magnetite (Fe;0,) is
the result of a phase transformation after the primary crystal growth. The main method of
characterization was scanning electron microscopy (SEM) combined with electron backscatter

diffraction {(EBSD).

Introduction

Glasses with a high concentration of polyvalent transition metal
ions exhibit semiconducting electrical properties."™ For example,
glasses based on soda-lime glasses with Fe,O3-concentrations in
the range from 5 to 30 mol% show an increase in the electric
conductivity with increasing transition metal concentration. The
crystallisation of semiconducting phases from these glasses may
further increase the electrical conductivity ** In glasses with
more than 20 mol% Fe,0; a notable increase in conductivity is
observed® during crystallisation which has mainly been attri-
buted to the formation of magnetite. The latter is e.g. observed in
natural glasses (e.g. as dendrites)® as well as in various synthetic
materials such as in coatings on glass substrates.'® The crystal-
lisation of magnetite may lead to the formation of interconnected
semiconducting crystals which leads to a strong increase in the
electric conductivity.® It was further reported that electrons are
the main charge carriers and the conduction mechanism was
described as a non-adiabatic, thermally activated hopping of
small polarons.®

The occurrence of both magnetite and hematite within the
same crystals in glass ceramics was previously reported in one of
the first publications applying electron backscatter diffraction
(EBSD) to glass—ceramics."! In that case, however, magnetite did
not oceur in dendritic form. The crystal morphology was
described as needles in which the [101]-direction of the cubic
magnetite phase is oriented parallel to the needle axis."' The
morphologies of hematite crystals may vary in a wide range as
previously reported. Depending on the growth conditions,
hematite crystals may possess dendritic shape, but snowflake-like

“(Mio-Schoti-Tnstitul, Jena University, Fraunhofersir. 6, (7743 Jena,
Germany. E-mail: wolfgang. wi@uni-jena. de

Physics Dept., University of Chemical Technology and Metallurgy, 8 KI.
evidski Bivd, 1756 Softa, Bulparia

structures were observed as well, e g. if hematite was grown via
a hydrothermal method controlled by surfactants.'?

The type and morphology of the crystals in iron containing
glass—ceramics have been found to depend strongly on the
thermal history of the samples rather than on the Fe,Os-
concentration.'® The thermal history also has a significant effect
on the electrical conductivity as the crystals increase in size when
cooled slowly. An increase of the Fe-concentration mainly results
in a higher fraction of crystals.** Applying reducing conditions to
the melt, ie increasing the Fe*/Fe** ratio, leads to higher
viscosities, and thus reduces the tendency towards crystallisation.
This might even enable the drawing of glass fibers, which would
then also exhibit a certain electric conductivity.’* In other
systems, e.g. in highly iron doped borosilicate glasses, phase
separation occurs during cooling. In the formed boron oxide-
and iron oxide enriched droplets, nanoscale magnetite crystals
could be identified.**

Pure magnetite shows a melting point of 1594 *C and can be
synthesized e.g. by oxidizing metallic iron at high temperatures
or by heating hemalite in a reducing atmosphere.'® According Lo
the phase diagram, at a temperature of 1452 °C, magnetite may
contain 30% Fe, 05 which was reported to precipitate as hematite
along the {111}-planes of the cubic magnetite during cooling.'®
This may also explain the occurrence of magnetite and hematite
within the same minerals.

This paper provides a study on the morphology and phase
composition of a soda-lime-silica glass containing 25 mol%%
Fe,0s. The main method used is scanning electron microscopy
(SEM) combined with electron backscatler diffraction (EBSD).

EBSD
Using an SEM equipped with an EBSD-unit combines the ability

of studying the morphology and crystallographic relationships of
a crystalline solid simultaneously.'®'® Recent work on
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automated phase and orientation mapping in transmission
electron microscopy (TEM)'™ has enabled the analysis of strue-
tures too small to be characterised in an SEM. While a single
EBSD-pattern provides information on the crystal at the spot
where it was obtained, a grid of EBSD-patterns allows the
description of the crystallographic properties of a microstructure
and is referred to as Orientation Imaging Microscopy (OIM).
The latter describes scanning a surface in a defined step size,
collecting and indexing EBSD-patterns so that each point in an
OIM-map represents the information of an indexed EBSD-
pattern. Indexing a diffraction pattern is achieved by a voting
system and characterized by a number of indexing parameters
such as the image quality value (1Q), votes, the fit-factor, and the
confidence index (CT) (see e.g. Schwartz et al *).

The orientation of a crystal is usually defined by the three
Euler angles ¢y, @, and ¢,. In the case of hematite for example, ¢,
describes the rotation of the ¢-axis around the normal of the
sample surface, & describes the tilt of the ¢-axis from the normal
of the surface, and ¢+ describes the rotation around the c-axis.

The Inverse Pole Figure (IPF) is a reduction of the pole figure
by symmetric operations usually to a unit triangle containing all
orientations or their symmetric equivalents. The IPF-map is
therefore a useful plot for an overview of all orientations
appearing in a scan. Specific orientations in an OIM-scan can be
visualized in an orientation map where individual orientations
are defined by their Euler angles and a chosen tolerance for
deviating orientations is permitted. The phase map of an OIM-
scan simply attributes each occurring phase to a certain colour
and does not provide information on the orientation of the
crystals. More detailed introductions to EBSD and the effect of
individual Euler angles of pole figures have previously been
given.”'*? A more detailed description of the method has been
given in ref. 23. It must be noted that phase identification based
solely on the comparison of indexed orientation solutions of an
assortment of phases is rather questionable and very sensitive to
the material files of the respective phases.

Results and discussion

The glass transition temperature, Ty, of the melied glass was
510 °C as determined using differential thermo analysis (DTA).
Two samples of this glass were annealed at 480 *C for 10 min
(sample 1) and at 580 °C for 1 h (sample 2) resulting in crystal
formation which was analyzed by XRD. The XRD-patterns of
the unpowdered samples 1 and 2 in Fig. 1 show that both samples
contain hematite (hematite a (JCPSD no. 01-089-0599) in sample
1 and hematite b (JCPSD no. 01-088-2359) in sample 2) as well as
magnetite (JCPSD no. 01-087-0246). Slightly different lattice
parameters are given for the files hematite a (¢ = 5.032 A, €=
13.733 A‘J and hematite b (¢ = 5.112 }?&_, ¢ = 13820 A)_ Some
peaks {of minor intensity) marked by “?” could not be identified.
Sample 1 contains significantly more residual glass than sample 2
as indicated by the increased background signal in the first part
of the pattern attributed to sample 1. In the SEM-micrograph of
sample 1 (see Fig. 2), crystalline structures with different
morphologies as well as a residual glassy phase are observed.
Two fairly broad channels of a meandering structure with
a thickness of aboul 50-70 pm are visible. These structures are
composed of numerous small crystals. Possibly these structures
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Fig. 1 XRD-patterns of samples 1 and 2. Both samples contain hematite
as well as magnetite,

are formed by crystallisation around a stria, i.e. within a region
with a chemical composition slightly different from that of other
regions within sample 1. Long, thin crystals are observed in the
vicinity of the meandering structure while most of the sample
shows very small crystals resembling snowflake-like structures.

Using EBSD and XRD, both magnetite and hematite were
identified in the sample: the core of the channel solely consists of
hematite which is surrounded by a mantle of magnetite. This is
indicated by the phase map of an OIM-scan superimposed on an
SEM-micrograph of a part of the channel in Fig. 2. Magnetite
crystals large enough to be analyzed by EBSD can only be found
in this mantle while hematite occurs inside the channel and also
in the form of larger crystals surrounding the channel outside the
magnetite mantle.

Fig. 3 presents pole figures derived from the OIM-scan shown
in Fig. 2: the (0001)-pole figure of the hematite phase and the
(001 )-pole figure of the magnetite phase comprehended in the
scan. The hematite crystals are predominantly oriented with their
c-axes perpendicular to the length of the channel while no
preferential orientation could be described for the magnetite
phase in the scan. The degree of orientation apparent in the
channel is comparable to that observed in extruded glass—
ceramics containing crystals of needle-like morphology 2+#°
Hence it is possible that mechanical stresses contributed to the
formation of the crystals within the channel.

EHematite {8
Magnetite &

Fig. 2 SEM-micrograph of a channel of erystals overlaid by the phase
map of an OIM-scan showing the locations of the hematite and magnetite
rhases.
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Fig. 3 Lqual area pole figures of the hematite and magnetite phases
comprehended by the OIM-scan presented in Fig, 2.

A closer look at the morphologies in Fig. 4 shows that
magnetite usually occurs as block-like crystals near the channel.
This is in contrast to the dendritic morphology of magnetite®'?
observed in ref. 5. HHematite appears mainly as elongated crystals,
however, hexagonal shapes can sometimes be found within the
hematite region of the sample (see circle at the bottom left in
Fig. 4).

The SEM-micrograph shown in Fig. 5 shows such a crystal
with hexagonal shape surrounded by the crystals of elongated
appearance, many of which show forked edges. The SEM-
micrograph shown in Fig. 6 shows the same crystal in the context
of the channel and outlines the area where an OlM-scan was
performed. All crystals in the scan are attributed to the hematite
phase. The orientations of the crystals 1-10 in the IPF-map of the
OIM-scan shown in Fig. 6 are indicated by the wire frames 1-10
and clearly show that the e-axis of the large crystal (no. 1 in

Hematite
Magnetite

Fiz. 4 TPhase maps ol two OIM-scans superimposed on an SEM-
micrograph of a part of the channel illustrating the morphology of the
hematite and magnetite phases.

Fig. 5§ SEM-micrograph showing crystals from the hematite region of
the channel.

Fig. 6 SEM-micrograph outlining the area of a performed OIM-scan.
The [PF-map of the scan is presented along with wire frames indicating
the orientations of the crystals 1 10.

Fig. 6) is nearly perpendicular to the surface of the sample. The
Euler angle triple attributed to crystal no. 1 is (287; 8; 328),
indicating the ¢-axis is tilted by 8° [rom the surface normal. The
orientation is very homogeneous throughout the entire visible
part of the crystal as no point attributed to this crystal deviates
more than 1° from the given orientation. The crystals whose
c-axes are nol oriented approximalely perpendicular to the
surface appear as crystals with the elongated shape.

It can thus be concluded that hematite preferably crystallises in
a plate-like morphology under the given circumstances, as also
described in ref. 13 and not in needle-like morphology (see ref.
[13. Thus the crystal growth velocity is larger in the directions
perpendicular to the c-axis than parallel to the c-axis. The
dominant appearance of the hematite crystals as elongated
shapes in the presented figures is thus only the result of the
probability of cut planes through the plate-like crystals.

In the TIPF-map shown in Fig. 6, the crystals no. 2-4 cross-each
other without any effect on their respective orientations.
Constrictions due to crystals competing for chemical elements
from the matrix or any other sign of interaction between the
crystals comprehended in the scan are not visible in Fig. 5.

The hexagonally shaped crystal no. 1, cut almost perpendi-
cular to the ¢-axis, is partially covered by a layer of glass. Only
the uncovered part is visible in the OIM-scan due to the smaller
information depth contributing to EBSD-patterns in comparison
to the SEM-micrographs®*2* The SEM-micrograph was
obtained using a voltage of 20 kV which was also applied for the
OIM-scan.

Sample 2 was prepared by annealing at a higher temperature
(580 “C) and for a longer period of time (I h). In comparison to
sample [, it contains larger crystal structures throughout the
volume composed of both hematite and magnetite as displayed in
the phase maps presented in Fig. 7, 9 and 11. The main crystal
covered by the OIM-scan in Fig. 7 is compaosed of both magnetite
and hematite (see green and red areas, respectively). The two
phases are adjacent to each other and the plane the crystal was
cul in is almost perpendicular to the ¢-axis of the hematite phase,
which means the [0001] direction of the hemaltite crystals is
almost perpendicular to the presented micrograph (see also the
wire frame in Fig. 8).Fig. 8 also shows an orientation map
attributing colours to three defined orientations and the
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Hematite
Magnetite

Fig. 7 Phase-map of an OIM-scan performed on a erystal containing
both hematite and magnetite superimposed on an SEM-micrograph of
the area.

(0001)-pole figures of the hematite phase as well as the (111)-pole
figure of the magnetite phase comprehended in the scan.

In the orientation map of Fig. 8 the green areas are attributed
to hematite, while blue and red areas represent orientations of the
magnetite phase. A well pronounced maximum is observed at the
centre of the {(0001)-pole figure of the hematite phase, verifying
the previously described orientation. It should be noted that all
parts of the main crystal which are composed of hematite show
the same orientation with a maximum deviation of £15°. The
cubic magnetite phase is oriented with its [111] direction
perpendicular to the sample surface. Altogether seven maxima
are observed in the attributed (111)-pole figure. Besides the
maximum in the centre, six further significant maxima occur with
an angle between two neighbouring maxima of about 60°. In the
{l11)-pole figure of magnetite, oriented with the [111] direction
perpendicular to the sample surface, three maxima are expected
with an angle of 120° between them; additionally a maximum at
the centre should be observed. It can thus be concluded that the
observed maxima belong to two different magnetite orientations
which are rotated by 60° around the [111] direction with respect

Tol. : Euler Angles:
0 - 15° (37; 7 ;12)

Hematite:
(0001)

0_- 15" (325; 60 .125)

Magnetite:
(111

0 - 15" (313;120;125)

#
i; 12 4 816 32 times
| Emm]

probability

Fig. 8 Orientation map of the OIM-scan featured in Fig. 7. The defined
arientations are visualized in the corresponding wire frames and the pole
figures of the respective phases.

to each other (indicated by the black and white lines inserted into
the (111)-pole figure in Fig. 8). These orientations are attributed
to the red and blue regions in the orientation map shown in
Fig. 8. Other orientations of magnetite do not occur in compa-
rable probabilities.

The @-values of the attributed Euler angle triples are 60° and
120¢ while the values for ¢ and ¢, are almost identical. The
orientations of both phases deviate up to about 15° from
the defined orientations within the crystal. By comparison, the
smaller crystals observed in sample 1 do not deviate more than 1°
(which is approximately the error limit for EBSD*) within the
respective crystals.

By comparison, deviations up (o £5° within one crystalline
structure have recently been reported for the crystallisation of
mullite *¢ For oriented fresnoite glass—ceramics, an extremely
homogeneous orientation within large dendritic areas was
observed ***7

In the present case, the deviation of up to +15° indicates that
the deviating orientations are the result of the phase trans-
formation or, perhaps, stresses within the crystals, probably
during cooling, contributed to the phase transformation.
Although the small hematite crystals seem to grow around each
other without significant interaction in Fig. 5 and 6, the much
larger size of the crystals in sample 2 may lead to stresses during
cooling due to a mismatch in the thermal expansion coefficients
of hematite in different crystal directions, e.g. parallel or
perpendicular to the c-axis.

In summary, the main hematite crystal in Fig. 7 is oriented
with the [0001]-direction almost perpendicular to the surface of
the sample and both magnetite orientations show the [111]-
direction to be almost perpendicular to the surface of the sample
as well. The [111]-direction in both magnetite orientations is thus
parallel to the [0001]-direction of the hematite phase. These
orientations in both the hematite and the magnetite lattices are
perpendicular to the densely packed atomic layers which build
the cubic and the hexagonal lattices.

The 120° angle observed in sample 1 at the edges of a solid
hematite crystal grown without disturbance (see Fig. 5) can also
be found in sample 2 if it is remembered that the hexagonal
structures are not ideally parallel to the surface (see Fig. 7, white
lines). This indicates that the primary crystal growth is similar in
sample 1 and sample 2, allowing the conclusion that hematite
crystals should have been formed first in sample 2 because of the
120° angles observed. This is further indicated by the plate-like
morphology of the crystals in sample 2 and the hematite crystals
in sample 1. Because the hexagonally shaped crystals in sample 1
were attributed to hemalite, it can be concluded that hematite
was the phase formed during the primary crystal formation and
was partially transformed to magnetite later on. Furthermore
magnetite occurs in only two different orientations which are
rotated by 60° to each other. This cannot be explained if the
magnetite phase would have formed first.

Then a priori, two mechanisms of phase transformation might
occur: in the first possibility the magnetite crystals might grow
epitaxially on the hematite crystals. Here two variations are
possible in which the A-B layers of the hexagonal systemn
continue to grow as A—B-C or, however, as A—-C-B layers. This
leads to two different orientations, both of which keep the [111]-
direction constant while the structure is rotated by 60° around
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(bottom left) outlines which parts of the crystals constitute the surface of the sample. Frames where OIM-scans were performed are outlined in both
images. OIM-map (a) is an orientation map while the maps (b) and (¢) are phase maps identifying hematite and magnetite in the scanned areas.

the [111]-direction for the individual stacking orders. These are
exactly the orientations observed in the pole figures shown in
Fig. 9. It should be noted that parts of the lattice (those which are
hematite) are enriched in oxygen.

The second possible mechanism is the subsequent trans-
formation of hematite into magnetite. Here, the basic lattice
composed of oxygen atoms must be rearranged from the
hexagonal A-B stacking order into cubic A-B-C or A-C-B
layers. This should also result in a [111]-direction of magnetite
running parallel to the [0001]-direction of hematite. The
morphology of the crystals should not change during this phase
transformation.

Taking into account that magnetite occurs in two different
orientations, the second mechanism seems to be more probable
because otherwise hematite should occur in different orientations
attributed to the four equivalent [111]-directions in the cubic
lattice.

The annealing temperature of sample 2 is 100 K higher than
that of sample 1. Since both annealing temperatures are not far
above the glass transition temperature, the crystal growth
velocity in sample 2 should be much larger. If the nucleation rate
does not increase accordingly, this should favour the growth of
larger crystals. In the case of lower annealing temperatures,
a separate nucleation for hematite and magnetite crystals would
be more likely.

The phase-map presented in Fig. 7 clearly shows that the
transformation from hemaltite to magnetite does not follow
a clear pattern, e.g. along crystal planes'® or is initiated at the
crystal/glass interface. At the boltom end of the main crystal, an
inclusion of residual hematite is observed almost completely
surrounded by magnetite. While the crystals in sample 1 show
very compact features, the crystals in sample 2 show a secondary
structure, visible for example in Fig. 7.

Fig. 9 shows a number of figures visualizing the morphology of’
crystals in sample 2 which are positioned almost parallel to the

sample surface. The main image is an optical reflection micro-
graph obtained in the dark field modus, which enables to see the
crystal morphology under the glass surface due to the (limited)
transparency of the glass. An SEM-micrograph of the displayed
area is presented in the bottom left corner. Frames where OIM-
scans were performed are outlined in both images. The distortion
of the frames is a result of the geometrical arrangement of the
EBSD-camera in the SEM. The SEM-micrograph (see bottom
left) shows which fraction of the crystals is a part of the imme-
diate surface of the sample. Crystalline areas which are part of
the surface appear in a reddish colour and black, which
according to literature'® should correspond to hematite and
magnetite, respectively. Under the surface, the crystals appear
brighter, but darkened areas can be discerned (see arrows in the
optical micrograph of Fig. 9).

At the edges of the crystals solid, hexagonal plates are
observed, especially near the bottom right corner of frame (b) in
Fig. 9. These are again comparable with the large crystal
presented in Fig. 5, further ratifying the statement that initial
crystallisation occurred as hematite. These hexagonal formations
near frame (b) are about 9 pm below the surface of the sample
(measured with the focus location of the optical microscope) and
thus not visible in the SEM-micrograph.

The results of the OIM-scans are presented at the right side of
Fig. 9:(a) is the orientation map of the hematite phase in the scan
performed in the area of frame (a) which covers an area with
a 120° angle of a crystalline formation. The crystal orientation,
which indicales an angle of @ = 11° between the ¢-axis of the
crystal and the nommal of the sample surface, is very homoge-
neous throughout the tip as the maximum deviation from the
described orientation is less than 3° and twining does not occur.
‘This homogeneity is comparable to that observed in the compact
crystals of sample 1 presented in Fig. 6, allowing the conclusion
that the deviations of hemalite in the vicinity of magnetite areas
observed in Fig. 8 are caused by the phase transformation. While
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the crystal is crystallographically homogeneous, however, the
morphology of the crystals is not.

Scan (b) covers an area where red and black crystals appear in
the optical micrograph. The corresponding phase map (b) verifies
the correlation between the colour of the crystals and the phase,
as even small pockets of hematite (see arrow in the phase map)
appear reddish in the corresponding area of the optical micro-
graph.

The OIM-scan (c) (see Fig. 9, right) covers a hole in the
featured crystal filled with amorphous material. As indicated by
the corresponding phase map (c) the main crystal is composed of
hematite while the crystals surrounding the hole mainly consist
of magnetite. In the optical micrograph a part of the magnetite
crystal is visible which cannot be observed in the SEM-micro-
graplh, indicating that the magnetite area extends into the crystal
below the polished surface. The fact that magnetite is observed
under the surface of the sample proves that the occurrence of
magnetite is not just an artefact of the polishing procedure (e.z.
reduction of the surface). The enlarged segment of the optical
micrograph in Fig. 10 clearly shows that the fish scale structure
composed of stacked, hexagonal plates of hematite (left in
Fig. 10) shows slightly changed morphology by the trans-
formation to magnetite (dark area in Fig. 10).

The observed morphology might be interpreted as a com-
pacted version of the snowflake-like growth of hematite reported
in ref. 12 and would be composed of stacked hexagonal plates.
This might indicate the dendritic growth of hematite instead of
the individual smooth plates observed in sample 1.

Fig. 11 shows an area of sample 2 where most of the crystals
were not cut perpendicular to the ¢-axis of the hematite phase.
The morphology of the crystals is comparable to those observed
in hematite in sample 1, again cementing the conclusion that
hematite was the primary phase to crystallise. After the forma-
tion of the crystals hematite was again partially transformed to
magnetite.

Looking at the (0001)-pole figure of hematite displayed in
Fig. 11, it becomes clear that all hematite crystals in the scan
show similar orientations except for the crystal at the bottom
right corner which is oriented with the ¢-axis perpendicular to the
surface as indicated by the wire frame in Fig. 1. The majority of
the crystals can thus be assumed to consist of parallel plates.

The (001)-pole figure of the magnetite phase, which in this case
gives clearer information than the (111)-pole figure, can again be

Fig. 10 Optical micrograph (dark field) of a part of the image given in
Fig. 9 obtained with a higher magnification showing hematite (left) and
magnetite (right).

Hematite  (0001)

S Magnetite  (001)

12 4 81632 times

ittt probabilty

Fig. 11 Phase-map of an OIM-scan performed on a larger area con-
taining many crystals composed of both hematite and magnetite super-
imposed on an SEM-micrograph of the area. The pole figures of the
respective phases describe the orientation relationship between the
existing phases.

Hematite Magnetite Magnetite
(0001) (001) (001)

AN N O
NIDZANIANY,

Fig. 12 Theoretical pole figures of the orientations featured in Fig. 11
and wire frames illustrating the respective orientations.

attributed to two orientations as indicated in Fig. 12. The (0001)-
pole figure of the hematite phase in Fig. 12 also shows the main
orientation assumed by the hematite crystals. This indicates that
the orientation relation between hematite and magnetite as
previously described in Fig. § is valid for all the crystals in the
sample.

Experimental

A glass with the composition 16Na>O-10Ca0-498i0,-25Fe,04
was melted from a mixture of the reagent grade raw materials
NayCOs, CaCOs, Si0; and Fe,Os in a Pt-crucible at 1400 °C and
kept at this temperature for 5 h. The glass was then poured on
a brass block and quenched with a brass stamp. Samples 1 and 2
were annealed at 480 °C for 10 min and at 580 °C for | h,
respectively.

All sample surfaces were ground and polished with shrinking
grain sizes down to (.75 pumn diamond suspension. A final finish of
30 min using colloidal silica was applied. The polished surfaces of
the solid samples were directly analysed (without powdering) by
X-ray diffraction (XRD, Siemens D3000) using CuKo-radiation.
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The samples were characterised using a scanning electron
microscope Jeol JISM-7001F FEG-SEM equipped with an ana-
lysing system EDAX Trident. OIM-scans were captured and
evaluated using a TSL Digiview 1913 EBSD-Camera and the
software TSL OIM Data Collection 5.31 and TSL OIM Analysis
5. In order to achieve a conductive surface, the samples were
mounted using an Ag-paste and coated with a thin layer of
carbon at about 10~* Pa.

All data points in any presented map of an OIM-scan are
attributed to a confidence index vahie larger than 0.100 to achieve
reliability and exclude the glass matrix. All maps presented are
a combination of a map describing phases or orientations through
colours and the respective grayscale image quality map to further
exclude residual glassy phase and enhance the visual image. All
presented pole figures are equal area pole figures to avoid the
distortion of a standard pole figure. Optical microscopy was per-
formed using an Axio Imager Z 1M with the software .SMS5 Pascal.

Conclusion

Two samples of the glass composition
16Na,0- 10Ca0-49S8i0,-25Fe,04 were crystallised and investi-
gated for phase evolution by the SEM-based methods EBSD and
OIM-mapping as well as by XRD. In sample 1, crystallised at
a lower temperature, hematite and magnetite crystals occur as
separate phases with different morphologies. Hematite crystals
show a plate-like shape while magnetite crystals show rather
block-like shapes.

In sample 2, crystallised at a higher temperature, the crystal
growth velocity is larger and hematite and magnetite both occur
within one crystal. The crystallographic [0001]-direction of
hematite is parallel to the [111]-direction of magnetite which
occurs in only two orientations. The orientations differ only by
a rotation around the [L11]-direction of 60°. This orientation
relationship occurs in all the crystals found in the sample. Both
directions are perpendicular to the A-B-C and A-B layers
forming the cubic and hexagonal lattice, respectively. Hematite
crystallizes first and is then partially transformed to magnetite.
The large crystals containing both hematite and magnetite
incorporate deviations of the crystal orientation up to 15° while
hematite areas without magnetite in the near vicinity only show
deviations of up to 3° which is closer to the homogeneity
observed in sample 1. The deviations of hematite are thus likely
a result of the occurred phase transformation.
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4. Summary

Structural investigations of glass-ceramic materials have been successfully performed using
EBSD. Material files have been built and optimized for phases not contained in any accessible
EBSD-database at the time (TSL and AMCS). It has been shown that the ability to measure
crystal orientations locally can lead to new insights into crystal nucleation as well as crystal

growth.

4.1 Surface crystallization

Analyzing surface crystallized samples of glass ceramic materials containing Ba,TiS1,0s-type
fresnoite and rhombohedral BaAl,B,07-crystals with EBSD lead to results contradicting the
previously published views on surface nucleation and crystallization of glass. It was
commonly assumed that oriented crystallized layers are the result of random nucleation
occurring at or near the surface of the glass. The oriented crystal layers previously detected
were assumed to be a result of the combination of asymmetric crystal growth and the kinetic
selection of favorably oriented crystals. Generally the respectively described orientation was
detected by the occurrence of enlarged peaks in the XRD-patterns (e. g. the (001) peak in
fresnoite or the (003)-peak in glass-ceramics with BaAl,B,07 -crystals), which also seemed to
fit the appearance of the crystal morphology in SEM-micrographs.

In the case of Ba,TiSi,0s-type fresnoite EBSD-scans of the only conductively coated surface
showed that the preferred orientation of crystals at the immediate surface of the samples is
with the [101]-direction perpendicular to the surface allowing the conclusion that oriented
nucleation occurred instead of random nucleation as previously perceived.

The side view of these samples showed that the previously described orientation with the
[001]-direction perpendicular to the surface occurs in a layer from about 7 um beneath the
surface until further growth is hindered by crystals resulting from volume crystallization. This
second layer of surface crystallization is the result of a kinetic selection of the oriented surface
nucleation due to the preferred crystal growth of fresnoite in the [001]-direction.

In the case of glass-ceramics containing rhombohedral BaAl,B,O7-crystals, a thick layer of
over 500 um of oriented surface crystallization is visible in both optical and SEM-
micrographs. A strong [001] orientation of surface crystallized materials was observed in both
XRD and EBSD meaning the c-axis is oriented perpendicular to the sample surface. While the

previous conception was that this [001] orientation occurs within the entire 500 um thick
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layer visible in micrographs, EBSD-analysis showed that most of this layer is actually
composed of crystals oriented with their c-axes more or less parallel to the surface while the
[001] orientation is limited to a layer only about 20 pm thick at the immediate surface. It
could also be deducted that the crystal growth velocity of rhombohedral BaAl,B,0O7-crystals
is larger in directions perpendicular to the c-axis than parallel to the c-axis.

Thus a two layer structure of the surface crystallization was again detected in which oriented
nucleation occurs at the immediate surface and forms a thin layer of crystals, while a second
layer of oriented crystals following the fastest direction of crystal growth forms the main part
of the surface crystallized layer visible in cross sectional micrographs.

Due to the localized degradation of EBSD-patterns occurring during EBSD-scans of the
untreated surface but not on polished surfaces, it was concluded that only part of the crystals
are exposed at the surface while most of the surface crystals are covered by a very thin layer
of glass. A detailed study of this effect has been submitted recently [60].

This was explained by nucleation occurring immediately at the surface. The direction of
largest crystal growth velocity is the direction parallel to the surface. Since the surface is not
ideally flat, the crystallization front dives beneath the surface due to the fastest direction of
growth deviating from the surface at some point. The uneven surface is a result of the
occurring crystallization which is accompanied by a volume expansion. The degree of surface
coverage was quantified.

Oriented nucleation at the surface, itself an example of thermodynamically controlled
orientation of crystals in glass-ceramics, was thus proven to exist and described in the cases of
both surface crystallized Ba,TiSi,Os-type fresnoite and rhombohedral BaAl,B,0;. Previous
models of the crystal orientation and the formation of the orientation of these phases were
found to be incorrect and alternatives were described. In both cases, the orientation of the
thermodynamically controlled, topmost crystal layers resulting from the oriented nucleation at
the surface is changed to kinetically preferred orientations within a couple of micrometers
from the surface.

It can thus be concluded that kinetic selection is more important for achieving oriented crystal
structures of significant thickness than oriented nucleation due to thermodynamic reasons as
the kinetically preferred orientation will always prevail over the latter as crystal growth
proceeds and the crystals have contact to one another and thus hinder each other during

crystal growth.
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4.2. Electrochemically Induced Nucleation/ Crystallization

The EBSD-analysis of dendritic Ba,TiSi,Os-type fresnoite grown via electrochemically
induced nucleation led to the detection of a small number of slightly deviating crystals within
the otherwise extremely homogeneously oriented dendrites. These deviating crystals are
probably the result of dendritic fragmentation. The number of deviating crystals decreases
with increasing distance from the area of nucleation near the Pt-wire where crystal orientation
was found to be diverse, indicating randomly oriented nucleation. It was also found that the
rectangular shape of dendrites cut perpendicular to their main direction of growth is not the
limit of the crystal orientation of the dendrite but can also be present in the surrounding
crystals of diverse morphology.

It was also shown that the crystal structures located between the dendritic crystals are the
result of a second step of crystallization as they copy the orientation of their respective parent
crystals through epitaxial growth, even when the latter deviate from the main orientation of
the dendrite. A Ti-free high temperature phase of barium disilicate (Ba;Si401¢), chemically
not distinguishable from the low temperature phase sanbornite, could also be identified by

EBSD through its crystal symmetry. This work has recently been published [61].

The contribution of EBSD to the analysis of mullite glass-ceramics grown via
electrochemically induced nucleation began with the information that crystal orientation
within a cross section of a needle can vary up to 5° and that the c-axis is usually oriented
toward the area of nucleation, e.g. the platinum wire. In contrast to the previous understanding
of oriented nucleation near the cathode, random nucleation was shown to occur. The
orientation of the mullite crystals is only a result of the experimental setup. The needle like
growth of mullite under the given settings was confirmed, even when the visual impression
from SEM-micrographs would suggest that curved crystal growth would be possible. It was
also shown that the orientation of a crystal can change due to interactions with an obstacle

(e.g. the Pt-wire).
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4.3. Bulk Crystallization

The EBSD-analysis of glass-ceramics with high iron content showed the peculiar formation of
a mantle of magnetite crystals around a core of hematite in what was probably a stria in the
glass. While the hematite core showed an orientation similar to that of glass-ceramics oriented
through extrusion, no specific orientation could be described for the magnetite mantle.
Application of the crystallization morphology observed in the sample 1 of publication 2.7 to
the sample 2 of the same publication lead to the deduction that hematite was the primary
phase formed during the crystallization of this sample. This was further cemented by the
findings of EBSD-analysis which enabled the formulation of a strict orientation relation
between the hematite and magnetite areas of crystals in the sample: it was shown that the
[0001]-direction of the hematite phase is parallel to the [111]-direction of the magnetite phase
occurring in the same crystal. Two magnetite orientations, rotated by 60° to one another,
occur and can be explained by the transformation of the A-B stacking order of hexagonal
hematite into A-B-C or A-C-B layers of magnetite, respectively. This orientation relationship
was shown to be valid for a number of independent crystals allowing the conclusion that this
orientation relationship is valid for all the crystals in the sample. It was further shown that the

phase transformation is accompanied by a morphological restructuring of the crystals.
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