JOURNAL OF MATERIALS SCIENCE34(1999) 195- 208

Microstructural characterization of grain-oriented
glass-ceramics in the system Ba,TiSi,Og - SiO,

T. HOCHE, R. KEDING, C. RUSSEL

Otto-Schott-Institut fiir Glaschemie, Friedrich-Schiller-Universitdt Jena, Fraunhoferstrasse 6,
D-07743 Jena, Germany

E-mail: hoeche@glas.chemie.uni-jena.de

R. HERGT
Institut flir Physikalische Hochtechnologie e.V., Helmholtzweg 4, D-07743 Jena, Germany

In polycrystalline fresnoite, advantage of the piezo- and pyroelectric properties can be
taken only if texturing along its polar [0 0 1]-axis can be achieved. We report on a novel
technique to prepare grain-oriented glass-ceramics in the system fresnoite-SiO, by
electrochemically induced nucleation. Optimum conditions for grain orientation were
determined by characterizing the microstructure of glass-ceramics prepared at 1150, 1200
and 1350°C using electron microscopy and X-ray texture goniometry. At 1150 °C—due to
the smallest crystal growth rate and highest nucleation rate—the most distinct orientation
is obtained. The solidification of the glass-ceramic consist of three subsequent steps. First,
dendritic fresnoite crystallizes most rapidly along its [0 0 1]-axis with {110} facet planes.
Due to growth selection, the polar c-axes become oriented. Secondly, within the
interdendritic areas, the pseudo-binary eutectic fresnoite-silica solidifies lamellarly. Finally,
in the middle of the interspaces, a crystalline barium silicate coexisting with glassy silica is
formed at 1200°C and 1350°C. At 1150°C, however, a glass with the composition of the
melt solidifies. © 1999 Kluwer Academic Publishers

1. Introduction dielectric constant, fresnoite turned out to be a promis-
In 1965, during geologic studies of sanbornit deposits iring candidate for hydrophon and other piezoelectric ap-
eastern Fresno County, CA, a new barium silicate minplications [12—14].
eral was found and named fresnoite ,Bi&i>Og [1]. Since its permanent dipoles cannot be reoriented by
Subsequently, the space group of fresnoite was deapplying high electric field strengths, fresnoite is of lit-
termined to be P4bm [2,3]; lattice parameters oftle use as a polycrystalline ceramic unless polar axes are
a=0.8529 nm andc=0.5211 nm and a density of oriented. It is therefore necessary to develop technolo-
0 =4.43 g cnT were found [4, 5]. The co-ordination gies for orienting the polar axes during crystallization.
of titanium in the fresnoite structure is remarkable,In the literature, until now, three ways to crystallize
since it is located inside square pyramids, i.e. the coeriented BaTiSi,Og glass-ceramics are reported. The
ordination is five-fold. These TiQgroups are edge- first method applies a steep temperature gradient of ap-
linked with pyrosilicate groups resulting in sheets proximately 100 K mm?* which results in the growth
perpendicular to the [0 0 1]-direction. Ten-fold oxygen of needle-like crystals of [0 0 1] orientation along the
co-ordinated barium ions are located between thesdirection of the gradient [15]. The second alternative
sheets in the center of slightly distorted pentagonal anconsists of a superficial ultrasonic treatment of glassy
tiprisms. The peculiar titanium co-ordination results infresnoite with an aqueous suspension of fresnoite crys-
permanent electrical dipoles along the [00 1]-axis.  tallites prior to a subsequent heat treatment (highly
Due to its acentric structure, fresnoite possesses pa-axis oriented films of about 50m thickness were
lar properties: BgliSi,Og is piezoelectric [6] as well obtained) [16]. Last, but not least, films of oriented fres-
as pyroelectric [7, 8] and shows non-linear optical ef-noite were grown on silicon substrates utilizing radio-
fects [9]. Although fresnoite contains permanent elecfrequency sputtering. A film thickness of up to 2.8
tric dipoles, it is not ferroelectric since the dipoles was achieved at substrate temperatures of 84R.7].
are not switchable. All elastic constants, their temper- In this paper, we report on an alternative means to
ature coefficients, the thermal-expansion coefficient@ichieve grain orientation. As already reported briefly
and also the piezoelectric constants of grown singlef18], oriented growth can be initiated by the flow of
crystals were determined [10, 11]. Due to high valuesan electric current through the supercooled melt. In
of the hydrostatic piezoelectric coefficient and the hy-this study, we characterize the microstructure of the
drostatic voltage coefficient, as well as a rather lowresulting highly grain-oriented fresnoite glass-ceramic.
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Two imaging techniques with spatial resolutions cover-a few minutes (the current—voltage characteristics are
ing several orders of magnitude (scanning electron midiscussed elsewhere [19]). Immediately upon applying
croscopy, SEM, and transmission electron microscopythe electrical current, crystallization of the melt could
TEM) were used to obtain a detailed insight into the mi-be observed starting from the cathode.
crostructure. The composition of the phases observed Due to a temperature gradient parallel to the cath-
was analyzed using energy dispersive X-ray analysi®de axis, crystallization tends to start form the surface
(EDX) in the transmission electron microscope. More-of the melt. As approved by inserting a thermocouple,
over, the application of X-ray texture goniometry al- superficial parts of the melt—being in contact with the
lows for a generalization of the results obtained bysurroundings—are approximately 50 K colder than in-
imaging techniques. ner parts, whereas temperature differences between the
On the basis of the observed microstructure, nucleeenter and the periphery of the melt are negligible. The
ation and growth mechanisms as well as possible imtemperature distribution is much more homogeneous if
provements of the microstructure are discussed. the crucible is covered with an alumina plate.
After about ten minutes (the higher the temperature,
the faster the growth velocity), the melt was completely
2. Experimental crystallized. In practice, the already crystallized part
2.1. Specimen preparation of the melt was retracted from the remaining liquid
Using BaCQ (Merck), TiO, (rutile, Merck, op- just before the solidification front reached the crucible
tipur) and SiQ (quartz), a melt of the composition walls. Subsequently, the solidified glass-ceramic was
BapTiSi,0g-0.75 SiQ was prepared in an inductively rapidly transferred into a furnace for a very slow and
heated furnace. The platinum crucible (250 ml) wasdefinite cooling to room temperature.
heated to 1550C and the melt was homogenized by Specimens were embedded in an epoxy resin
stirring for two hours and subsequent soaking for an{Araldite CY 212, Agar Scientific) to improve mechani-
other two hours. cal stability for further processing. Slices perpendicular
For electrochemically induced crystallization, the to the cathode axis were cut using a diamond saw; faces
crucible was connected to the positive pole of an elecwere ground and polished to optical quality.
trical current supply (anode), whereas a platinum cylin- TEM samples were prepared by subsequent plane-
der or wire contacted to the negative pole of the currenparallel grinding and polishing to about 1én thick-
supply was introduced into the melt in the middle of ness, cutting of 3 mm disks using an ultrasonic disk
the crucible (cathode). The melt was carefully super<utter, one-sided dimpling to a residual thickness of
cooled by several hundred Kelvin. After adjusting to aabout 20um and finally ion beam etching at 2.0 to
temperature of either 115C, 1200°C or 1350°C, at 2.5 kV acceleration voltage and beam currents™(Ar
an initial voltage of about 1.2 V, a current of 50 mA of about 0.8 mA. Such fairly low values of both accel-
was allowed to pass through the supercooled melt foeration voltage and beam current together with the low
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Figure 1 Schematic drawing of the growth bodies formed at crystallization temperatures of 1150, 1200 ah@ 1@%ther with the experimental
set-up.
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incidence angle of6were applied to avoid preparation 3. Results

artefacts. To protect both TEM foils and SEM samplesThree samples—corresponding to three different tem-

from static charging under the electron beam, a thirperatures of crystallization: 115C, 1200°C as well as

layer of amorphous carbon was deposited on them. 1350°C—were characterized. As depicted in Fig. 1, the
shape of the growth front depends on the temperature
of crystallization. In the sample prepared at the high-
esttemperature (135C), the growth front resembles a

2.2. Methods of characterization low cone, whereas in the sample crystallized at 1’150

For X-ray texture goniometry an Xpert X-ray diffrac- the shape is almost cylindrical but slightly tapered to

tometer (Philips) was used. Scanning electron mi-a point at the lower tip. The correlation of the growth

croscopy was performed in a Zeiss DSM 940A. Forhabits with the microstructure and the microstructure

TEM, a Hitachi H-8100 Il electron microscope op- itself will be examined in the following.

erated at 200 kV acceleration voltage (point-to-point

resolution 0.23 nm) was used. Spectra for microprobe

X-ray analyses were acquired using a Link Isis (Ox-3.1. Sample crystallized at 1150°C

ford Instruments) X-ray spectrometer with an ultra-thinFig. 2, a micrograph taken in the SEM, gives an insight

window fitted to the H-8100 II. into the microstructure of the fresnoite glass-ceramic.

Figure 2 SEM overview (back-scattered electrons) showing the microstructure in the sample solidified &€ 1Bs@nches of dendritic fresnoite
appear light grey and glassy silica black. The branch diameters have a narrow size distribution with an average ofatout 10
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The specimen was cut perpendicular to the cathode axiwlume, the identification of this phase should be pos-
in the upper part of the sample (cf. Fig. 1). As shownsible in the TEM. Unfortunately, in analyzing EDX
by electron diffraction in the TEM, the [0 1 0]-axis of spectra, the distinction between barium and titanium
the bright grains (dendritic fresnoite) is within some is difficult—particularly for small concentrations of
degrees perpendicular to the plane of the paper. Albnly one of the elements—due to peak overlap (the
grains of dendritic fresnoite are interconnected in theenergy difference betweds(TiK,1) =4.510 keV and
direction of projection and therefore possess a commoik(Bal,1) = 4.467 keV amountAE =43 eV, this is
orientation. In the upper left part of Fig. 2, as a resultmuch smaller then the energy resolution of 142 eV (de-
of the excitation depth in SEM (a few micrometers), fined at the energy of the MnKline, E =5.898 keV)
bridging of grains that are in fact dendrite branchesof the spectrometer used). Therefore, electron energy
is indicated (interspaces appear light grey rather thefoss spectroscopy (EELS) (which is able to undoubt-
black). Branches have diameters between two and sonelly differentiate between barium and titanium) was
ten micrometers. used to determine the composition of this phase. EELS
The TEM micrograph in Fig. 3 reveals that the in- data confirmed that this phase does contain barium, ti-
terspaces between the branches of dendritic fresnoitanium, silicon as well as oxygen (a detailed analysis of
consist of indicated lamellae with distances of abouthe EEL spectra will be given elsewhere [20]). By elec-
1 um. As shown by EDX spectroscopy, layers of glassytron micro-diffraction, this remainder phase was proved
silicon oxide and fresnoite alternate. In the middle ofto be glassy. Using Kikuchi patterns, the relative orien-
such interspaces, a third remainder phase can be fourtdtion of the fresnoite grains along the hole in the TEM
(marked QM in Fig. 3). Due to the small excitation sampleswasanalyzed (in contrastto diffraction patterns

Figure 3 TEM micrograph showing branches of dendritic fresnoite (DF), initial states of alternating layers of crystalline lamellar fresnoite (LF) and
glassy silica (GS) as well as a quenched melt (QM). Bending contours inside the lamellar fresnoite indicate epitaxial intergrowth of dendritic and
lamellar fresnoite.
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which are influenced by excitation errors and thereforeSince the angle between [001] and [011] is 31,42
the shape of the specimen, Kikuchi patterns are firmhjit can be concluded that the orientation of thexis
fixed on the crystal lattice). At typical hole diameters with respect to the cathode axis is changing with depth
of a few tenths of a millimeter (e.g. in most cases onlyas well as with distance from the cathode. Thaxis
one orientation domain is in the field of view) along the is running in the radial direction in the upper part of
electron-transparent part of the specimen orientatiorthe sample and becomes subsequently parallel to the
deviations up to about'&re to be observed (this value cathode axis at and below the lower end of the cathode
might be influenced by local bending of the TEM foil wire.
arising from the preparation). Changes in orientation
are small and continuous inside dendritic domains but
abrupt between neighboring domains. 3.2. Sample crystallized at 1200°C

Furthermore, specimens cut at different heights of thd=ig. 4 depicts the microstructure of the sample crystal-
sample (cf. Fig. 1) were investigated. The first of thesdized at 1200C consisting of main branches (that are
TEM foils was prepared from the upper part of the sam-cut approximately parallel to the [0 0 1]-axis and run
ple (near the surface of the melt) 5 mm apart from then the vertical direction) and smaller twigs that branch
cathode. Electron diffraction revealed the [0 1 O]-axisoff laterally. In comparison to the sample prepared at
of fresnoite dendrites to be parallel to the cathode. Tha150°C, dendritic branches are similarly sized. Fres-
c-axis is pointing outwards in the radial direction. The noite dendrites no longer possess circular, elliptical or
second of these TEM foils originated from the lower horseshoe-shaped cross-sections (viewed along-the
end of the cathode. The hole in the TEM specimeraxis) without any sharp edges as observed in samples
had a radial distance from the cathode of about 1 mmcrystallized at 1150C, but show much better developed
Here, the [00 1]-axis of fresnoite was approximatelyedges and indications of initial states of the formation
perpendicular to the cathode axis. The third specimenf patterns that resemble angular spirals in the sample
was taken from the same cut perpendicular to the cathgrown at 1350C. As proved by electron diffraction,
ode axis, but at a radial distance of about 6 mm. Surthe major faceting plane is of tHé& 1 O}-type.
prisingly, within the experimental uncertainty of some In Fig. 5, showing the platinum cathode (in the lower
degrees, the [0 1 1]-axis rather then the [0 0 1]-axis ofight corner) and its vicinity, the-axes run in a re-
the dendritic fresnoite was parallel to the cathode wiremarkable manner. They do not follow the electrical field
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Figure 4 SEM overview (back-scattered electrons) showing the microstructure in the sample solidified &€ 12B8 major growth direction [0 0 1]
is running approximately vertically. Branches of dendritic fresnoite (which are cut almost parallel to their axes) appear light grey andagdssy sili
black. The branch diameters have a narrow size distribution with an average of about 8
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cathode

50 um

Figure 5 SEM micrograph depicting the immediate vicinity of the cathode (white circular sector in the lower right corner). The normal of the wire that
corresponds to the electrical field lines is indicated by two dashed guide lines. The dendritic domains become more ordered with increasing distance
from the cathode. Together with the fact that the growth direction deviates considerably from the direction of the electrical field this isdriterprete
terms of growth selection taking place near the cathode.

which runs in the radial direction but seem to follow atified from its diffraction patterns as well as from

tangency on the surface of the wire. HRTEM images that frequently show (0 1 0) and (1 00)
The interspaces between dendritic branches are filleftinges. Within the experimental errors, the composi-

with a eutectic that is lamellarly solidified with an av- tion of Ba;SigO,1 agrees well with EDX analyses.

erage spacing of 0.3om (Fig. 6). Also in this sam- Analyses of Kikuchi patterns gave results compara-

ple, some residual phase is left in the middle of theble to those of the samples crystallized at 1160

interspaces between the dendrites. However, in con-

trast to the sample solidified at 1150, this remain-

der is not glassy and, as proved by electron energ®.3. Sample crystallized at 1350°C

loss spectroscopy, it does not contain any titaniumVisual inspection of the samples prepared at 1350

A closer look at the microstructure (cf. Fig. 7) re- (cut perpendicular to the axis of the cathode) in the

veals that those parts of the sample consist of threeptical microscope revealed much larger dimensions

different compounds: some fresnoite crystals grow-of the domains in comparison to the samples discussed

ing epitaxially from the fresnoite lamellae, glassy previously.

SiO, and crystalline B&SigO,;. The monoclinic in- In Fig. 8a, the{002 WuIff plot of X-ray texture

osilicate BaSigO»; (space group C2/@=3.270 nm, goniometry data obtained from a cut perpendicular to

b=0.470 nm,c=1.390 nm,3 =98144) was iden- the Pt wire is depicted. Besides noting that the relative
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Figure 6 Sample prepared at 120G: TEM insight into the interdendritic area consisting of the lamellarly solidified eutectic fresnoite-silica and a
mixture of the crystalline barium silicate B8igO»1 and glassy silica in the middle. The fresnoite lamellae always grow perpendicular to the facet
planes of dendritic fresnoite at an equilibrium spacing of about @85

orientation of the four included domains from the lower rals. It is also remarkable that the platinum wire (bright
part of the specimen deviates only within"f@om the  circular spot in the middle) is entirely embedded in
Pt wire axis, it is interesting to note that their respec-fresnoite dendrites belonging to the same orientation
tive c-axes span an azimuth range of aboutwh a  domain. Obviously, nucleation at lower parts of the
constant relative departure of about 1All peaks have cathode is not effective at all, so that a growth front
remarkably small half widths of a few degrees. But notapproaching from the top just enclosed the wire with
only thec-axes are highly oriented. Fig. 8b comprises asolidified fresnoite glass-ceramics.
{2 1 2 Wulff plot of the same area. Due to space group Also in this sample (cf. Fig. 10), some partly crys-
symmetry, eight equivalent peaks would be expectedalline remainder solidifies in the middle of the 0.20 to
for a single crystal and, in fact, all of them are found 0.25.m spaced lamellae consisting of crystalline fres-
and the strongest peaks have half widths of abéut 5 noite and glassy silica (Fig. 11). The amount of the
Although near some of the peaks satellite peaks areemainder—containing only phases already found in
starting to form, the orientation in this crystallographic the sample fabricated at 1200—appear to be slightly
direction perpendicular to theaxis is impressive. increased in comparison with the 12@Dsample.

As depicted in Fig. 9, the shape of fresnoite dendrites High-resolution TEM was applied to illustrate some-
shows a much stronger tendency to form squared spthing typical for all samples investigated in this study.
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250 nm

Figure 7 TEM micrograph showing the boundary between lamellar eutectic (right-hand side) and the remainder phase (left) in the middle of the
interdendritic area. The transition is generally abrupt but occasionally some finely branching fresnoite can be observed (marked by an arrow). The
sheet-like appearance of £2igO,1 (BS) is also to be seen clearly.

In Fig. 12, the necked region between a large freseontact with the melt, also caused by the incorporation
noite dendrite (right) and one of the fresnoite lamellaeof Ti®+ instead of Ti*. The extent of this effect can
(left) attached to it is depicted. As proved by the undis-hardly be estimated, however, relatively small changes
turbed continuation of1 0 0} and{1 1 O} lattice planes, in the surface energy lead to drastic changes of nucle-
both dendritic and lamellar fresnoite comprise a singleation rates. The third effect is an increase of the jump
crystal. frequency of titanium due to the higher mobility of
Ti3+. At the moment, it is not possible to decide which
effect is predominant, but all three may contribute to
4. Discussion the increase in nucleation rate and decrease in non-
The crystallization of fresnoite glass-ceramics undeisteady state time lag. Finally, resolving the mechanism
the influence of an electric current flowing through therequires additional experiments and is the subject of
supercooled melt is initiated by electrons transferreccontinued investigations.
from the cathode into the melt. It is most likely that Seeds formed at the cathode grow most rapidly along
the reduction of Tit to Ti®* following the chemical the fresnoite-axis. This is most obvious in the sample
equation: TH 4+ e~ — Ti®* is involved, although the solidified at 1350C. Its upper part shows a radial ori-
detailed mechanism is still questionable. entation of thec-axes and in the lower part the crystal-
During theoretical studies, it was concluded that thdographic [0 0 1]-direction points parallel to the cathode
reduction may result in three effects, all suitable towire. Being parallel to the surface in the uppermost part
increase the nucleation rate and to decrease the nonfthe melt, [0 0 1]-axes are subsequently tilted towards
steady state time lag. First, the viscosity is decreasethe wire.
due to the occurrence of%fi because it possesses more  The outstanding degree of orientation is the result
network forming properties thanfi. The second ef- of crystal growth selection rather than growth follow-
fect is a change in the surface energy of the nuclei irnng the direction of current flow. As depicted in Fig. 5,
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Figure 9 SEM overview (back-scattered electrons) showing a dendritic domain entirely embedding the cathode wire (white circle in the middle of
the image) in the lower part of the sample crystallized 1350Fresnoite branches projected along [0 0 1] have a strong tendency to faceting along
{110 planes and forms patterns resembling squared spirals. In this micrograph no indication of seed formation can be found.

the normal of the growth front is not correlated with the  The microstructure of the fresnoite glass-ceramics
electrical field lines but differs considerably. Therefore,is the result of three subsequent crystallization steps.
the highest degree of orientation could be obtained usFirst, after nucleation in the vicinity of the cathode,
ing a cathode wire instead of a cylinder of about 5 mmdue to the supercooling of the melt and the resulting
diameter (here, radial selection starts at larger radii). negative temperature gradient in front of the growth

As proved by X-ray texture goniometry, grain orien- plane, primary fresnoite crystals are formed by den-
tation is not only found in the direction of growth. A dritic growth. During this dendritic crystallization, a
common orientation is observed also perpendicular t@onsiderable amount of solidification enthalpy is re-
the c-axis. This can be explained in the framework of leased, which in turn increases the temperature until the
growth selection. Fresnoite dendrites exhibit a very regequilibrium liquidus temperature is reached. Dendrites
ular rectangular shape perpendicular to ¢kexis. As  do not form widely branching networks because some
already reported for crystals grown by the Czochralskiplanes including (00 1) and 1 O} grow preferentially.
technique [7], the faceting occurs alofigl 0} planes. During the formation of primary (dendritic) fres-
The almost macroscopic arrangement of dendrites imoite, the remaining melt is gradually enriched in £iO
domain-like regions seems to follow the growth rulesuntil a eutectic concentration in the pseudo-binary sys-
set by its constituents. Neighboring domains of dentem fresnoite-Si@is adjusted. In the second step, the
dritic fresnoite were frequently observed to deviate onlypseudo-binary eutectic fresnoite-silica solidifies lamel-
afewdegreesintheir respective orientation perpendicuarly. The growth direction is opposite to the direction
lar to the growth direction. Particularly at lower growth of heat removal. Therefore, the lamellae are always
rates, the implementation of large-angle grain boundperpendicular to the surface of the primary fresnoite
aries seems to be energetically unfavorable. crystals.
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2 um

Figure 10 TEM micrograph recorded from the sample solidified at 1350Although the circular shape of the fresnoite dendrite in the middle is less
typical, the lamellae (0.20 to 0.26m spaced) together with their backbone show what is generally observed in this sample.

The third step of the solidification process is depen-snent of silicon in these pockets might indicate the
dent on the temperature and the possibilities of locapresence of Ti-enriched fresnoite as reported by Coats
heat removal, respectively. At temperatures of 1Z2D0 et al. [21].
and 1350C, in the middle of the eutectic lamellae fill-  In conjunction with this, the question arises as to
ing the interspaces of the dendritic branches, a lackvhere the T+ formed at the cathode is to be found
of titanium builds up and therefore crystalline bariumin the microstructure. Some features in the EELS data
silicate, BaSigO,;, and glassy silica are formed. An (particularly a pre-peak of 80O K edge) acquired near
estimation of the volume fraction of the barium sili- the cathode indicate the presence of unoccupied hole
cate phase showed that it is very unlikely that the abstates, which in turn are closely connected to oxygen
sence of titanium in this remainder phase is a constoichiometry. This is at least consistent with the as-
sequence of adding incorrect amounts of titania. Insumption of T#+ incorporation in fresnoite (possibly
fact, the depletion of titanium along with the enrich- preferred incorporation at Si positions?).
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Figure 11 High resolution TEM (HRTEM) micrograph of the boundary between dendritic fresnoite (extending to the right) and one of the fresnoite
lamellae (running to the left) in [00 1] projection. The continuation of lattice planes indicates that upon reaching the eutectic composition small
protuberances in the fresnoite growth front initiate the growth of lamellar fresnoite. In the top and the bottom glassy silica (GS) is visibbatéd indi

by the lattice plane indices, also here the direction of lamellar growth fol{ai<)}.

In the sample crystallized at 1150, the lamellae ature of the melt in the inner part of the sample). The
structure of the eutectic is not as well-developed as irsomewhat decreased temperature in superficial regions
the other samples and frequently in the middle of the in-of the melt results in smaller critical nuclei. Once nuclei
terspaces, a glassy phase occurs containing all elemeragsupercritical radii are formed, crystals grow rapidly
necessary to form fresnoite. Due to the lower tem-into the melt resulting in a microstructure with almost
perature, and hence decreasing diffusion coefficientsll crystals originating from nucleation sites near the
the formation of a crystalline phase is hampered sincsurface (the growth velocity at 138C is almost at
atoms are no longer able to reach their respective latticés optimum). Therefore, dendritic domains are much
sites. larger than in samples crystallized at lower tempera-

The temperature of maximum crystal growth is muchtures. Halliyalet al. [8] took advantage of this effect by
closer to the melting temperature than the temperaturapplying a steep temperature gradient to surface nucle-
of maximum nucleation rate. This can be concludedated samples resulting in a closely neighboring region
from the shapes of the crystallized samples. On crystalef seed formation and crystal growth, respectively.
lizing at 1350°C, seed formation predominantly takes Inthe other extreme, the sample solidified at 1160
place in the vicinity of the cathode near the surface (thehe temperature promotes the formation of seeds rather
temperature of which is slightly less than the temperthan being favorable for crystal growth. Therefore, the

206



microstructure consists of many small dendritic do- In this study, the dependence of the microstructure
mains. Each domain originates from one of many nuclebn the temperature of solidification was investigated.
formed along the cathode wire. Due to the decreased vé&samples were prepared at 180 1200°C as well as
locity of crystal growth, seeds also formed in the lower1350°C.
part of the sample can grow because growth fronts from The solidification is a three-stage process. First,
the upper part (also here the temperature gradient willendritic fresnoite—being arranged in domain-like
promote seed formation and subsequent growth in sustructures—is formed leaving a quasi-binary eutectic
perficial regions) advance much more slowly than affresnoite-silica. The diameter of the dendritic branches
1350°C. This effect was utilized by Dingt al. [16] is almostindependent of the temperature of crystalliza-
who generated (by ultrasonic treatment with an aquetion. Fresnoite-silica eutectic in the interspaces solidi-
ous solution of about 3.6m sized fresnoite particles) fieslamellarly with alternating crystalline fresnoite and
many seeds on the surface of the quenched glasses agldissy silica. Depending on the temperature of solidi-
subsequently heated the samples at temperatures Heation (and hence the growth rates), the lamellae are
tween 760 and 90TC. well developed (1350C and 1200C) or only indicated
In samples crystallized at different temperatures, th€1150°C). Surrounded by lamellar eutectic, in the in-
growth rate of the eutectic lamellae is different. Thisterspace between fresnoite dendrites a third phase is
effect manifests itself in the lamellae spacingf al-  formed. At 1150C, this phase is glassy and possesses
ternating layers of fresnoite and silica. At 118D, a  the composition of the initial melt. By contrast, in the
lamellae spacing of approximatelyudn is observed, samples solidified at 120@ and 1350C, this phase
whereas already at 1200 A has about one third of consists of glassy silica and crystallinesB&0,;.
this value. Since\ is inversely proportional to the root  Specimens prepared at 133D, due to the depen-
ofthe growth rate, the temperature difference of 50 K al-dence of nucleation and growth rate on the temperature
ready results in a growth rate which is ten times higherof solidification exhibit a microstructure consisting of
The growth rate at 1350 is—due to aA of about 0.2  coarse dendritic domains and consequently a lower de-
to 0.25um—about 25 times higher than at 115D gree of radial texturing whereas samples crystallized
Summarizing the above-mentioned influence of theat 1150°C distinguish themselves by a high number of
solidification temperature on the microstructure, it ap-radially well oriented dendritic domains.
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