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Thermal treatment of a glass with the composition 8 BaO-8 SrO-34 ZnO-50 SiO, has led to the
crystallization of a Ba;_,SrZn,Si>O; solid solution. This solid solution has a very low or even negative
thermal expansion. The glass system possesses a strong tendency towards surface crystallization, while
bulk nucleation is negligible. The surface crystallization behavior was characterized using differential
scanning calorimetry, X-ray diffraction, optical microscopy, and scanning electron microscopy including
electron backscatter diffraction. The observed morphology strongly depends on the type of surface
pretreatment. Two different surface qualities were compared: a polished surface and a surface obtained

by cutting. The as-cut surface shows a significantly enhanced nucleation rate, which leads to smaller
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Accepted 5th September 2017 crystals caused by a growth selection near to the surface. The crystal orientation related to the inward
growth starting from the surface was successfully investigated by EBSD, for the first time, using

DOI: 10.1039/c7ra085879 a recently reported crystal structure. The crystals show a preferred orientation of the c-axis
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Introduction

The most common characteristic of thermal expansion is that
materials tend to expand with heating. By contrast, materials
possessing zero-thermal expansion (ZTE) or even a negative-
thermal expansion (NTE) behavior are scarce.” Representatives
of this latter type of material, such as beta quartz, spodumene
or beta-eucryptite are all non-cubic. Due to crystal symmetry,
coefficients of thermal expansion depend on crystallographic
direction and typically have positive values along two directions,
and only negative values along one specific crystallographic
direction. The advantage, however, is that these phases could be
crystallized from glasses based on lithium alumosilicate in the
former cases. These materials are of great economic impor-
tance® and consequently also provoke major scientific interest,
particularly on considering the intrinsic reasons for unusual
thermal expansion processes. There are also cubic phases such
as ZrwW,0g that show advantageous, isotropic NTE behavior.*
Unfortunately, from these cubic phases, materials with zero
thermal expansion are difficult to prepare, and the usual
method of glass crystallization is not suitable since these phases
are not glass forming.
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perpendicular to the surface; this has a significant effect on the crack formation.

Recently, a new oxidic crystal phase corresponding to a solid
solution containing Ba, Sr, Zn, and Si was reported.® This solid-
solution with the composition Ba; ,Sr,Zn,Si,0, (BSZS) also
shows negative thermal expansion behavior, although the same
phase without Sr is rather well known for very high thermal
expansion coefficients.® The Sr-free BaZn,Si,O, shows a phase
transition to a high temperature phase (HT phase), which
already shows negative thermal expansion, at 280 °C.° A
substitution of more than 10% of Ba by Sr leads to the stabili-
zation of a crystal structure, comparable to the as mentioned
HT-phase, down to room temperature;® hence, the negative
thermal expansion behavior could also be observed at room
temperature. Unfortunately, this crystalline phase shows an
unfavorable and large anisotropy, thus the CTE in different
crystallographic directions varies between around —30 x 10~ °
K (for the crystallographic b axes) and +20 x 10~ K" (for the
crystallographic ¢ axes) in a temperature range from 30 to
600 °C.” However, in this case, not only are the thermal prop-
erties decisive but also the manufacturing process of the glass-
ceramic. A powder with the expected properties could be
prepared by a common solid state reaction, but in contrast, the
preparation of a ceramic body leads to problems caused by the
large anisotropy of the crystal phase.® Therefore, in order to
avoid mechanical stresses, the crystals should be small.®** It has
already been shown that the preparation of single phase BSZS
materials is possible using sol-gel derived powders.® An alter-
native synthesis route involves precipitating the expected phase
from a glass; however, the respective glasses show a high
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tendency to surface crystallization, which makes the prepara-
tion of bulk materials challenging.™ A detailed characterization
and understanding of the mechanisms of phase formation and
crystal growth at the surface will help to improve the material
properties of BSZS glass-ceramics.

The present glass system containing 8 mol% BaO, 8 mol%
SrO, 34 mol% ZnO, and 50 mol% SiO, tends, in comparison to
many glasses without nucleating agents, toward surface crys-
tallization caused by the preferred formation of nuclei at the
surface.”

For this purpose, the growth behavior of the negative and
strongly anisotropic crystal phase at the surface of a glass has to
be examined. Crystal orientation, growth morphology, the effect
of the large anisotropy as well as the nucleation behavior will be
described, also with respect to future volume crystallization
experiments, because the growth behavior is also decisive in
this case.

Experimental procedure

The glass was melted from reagent grade raw materials without
further purification. The used raw materials were ZnO, BaCOs,
SrCO;, ZnO, and SiO,. The calculated batch with the composi-
tion 8 BaO-8 SrO-34 ZnO-50 SiO, (mol%) was heated in an
induction furnace in a Pt crucible up to 1420 °C and kept for 2 h
while stirring. The glass was cast in an Inconel mold coated with
a boron nitride film and subsequently heated to 700 °C. The
solidified glass was transferred to a muffle furnace also pre-
heated to 700 °C. The furnace was immediately switched off to
allow the glass block to cool down slowly.

A proper amount of the cooled glass block was crushed and
separated into different particle size fractions to investigate the
thermal properties as well as the crystallization behavior. For
this purpose, differential scanning calorimetry (DSC) was con-
ducted with a Linseis DSC Pt 1600. Glass powders (60 + 0.1 mg)
with different grain size fractions were placed into Pt crucibles,
and heated to 1000 °C at 10 K min~".
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In order to investigate the crystallization behavior, the
samples were cut into small discs with a diameter of 10 mm and
a thickness of 3 mm. One side of the obtained samples was
polished using a cerium oxide containing lapping abrasive with
a mean grain size of 1 pm. The other side of the sample
remained unpolished. The surface properties were determined
with a Zeiss Axio Imager Z1m equipped with a LSM 700 laser-
scanning module. The image processing was performed using
the Confomap software.

According to the results from the DSC measurements, crys-
tallization was carried out in a muffle furnace at temperatures
of 750, 770, and 790 °C for several hours.

To perform microstructure analyses of the volume, the
crystallized samples were embedded in a polymer matrix and
subsequently cut perpendicular to the former sample surface
and then polished. A Jeol JSM 6510 LV equipped with a semi-
conductor backscattered electron detector was used to study the
crystals grown from the surface into the bulk.

In order to investigate the phase composition, an X-ray
diffractometer, Rigaku MiniFlex 300, with Ni-filtered CuKa
radiation was used. The polished and subsequently heat treated
surfaces of bulk samples were measured in Bragg-Brentano-
geometry.

Density measurements were performed with a Micromeritics
AccuPyc 1330 helium pycnometer. The ultrasound technique
was used for the determination of elastic constants, ie., the
Young's Modulus and the Poisson's ratio. The respective
samples had a cylindrical shape with a diameter of 15 mm and
a length of 30 mm; front faces were made parallel. From the
ultrasound velocities of a longitudinal (5 MHz) and a transversal
(4 MHz) probe, the elastic constants could be calculated as
described in ref. 13.

For the thermal expansion behavior, a Netzsch Dil 402 PC
dilatometer equipped with a fused silica sample holder was
used by applying a heating rate of 5 K min~". A glass cylinder
with a diameter of 5 mm and a length of 10 mm was used as the
sample.

Table 1 Basic properties of the base glass: Young's modulus, density, glass transition temperature, Tg, Tonser Of surface crystallization, the peak
maximum of the exothermic peak, Tmax, CTE, dilatometric softening temperature

Property Value Error Method
Young's modulus [GPa] 84.0 +1.5 Ultrasonic technique
Density [g cm™] 3.832 +0.01 He pycnometer
T, [°C] 677 +5 DSC
674 +5 Dilatometry
Tonset Of surface crystallization [°C] for various 801 (< 25 um) +5 DSC
grain size fractions 874 (bulk)
Tmax Of surface crystallization [°C] for various 826 (< 25 um) +5 DSC
grain size fractions 939 (bulk)
CTE [10° K] for different temperature intervals 6.76 (30-600 °C) +0.1 Dilatometry
6.69 (100-400 °C)
7.54 (400-600 °C)
Dilatometric softening temperature [°C] 723 +5 Dilatometry
Viscosity A= -2967 dPas +0.070 Beam bending and
B = 4074 °C +75 rotation viscometer
Ty = 417 °C +4.00
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The viscosities were measured by a beam bending viscom-
eter Bihr VIS 401 (10%° to 10'*® dPa s), supplying a heating rate
of 10 K min~" and using glass bars with the dimensions 5 x 5 x
50 and 5 x 4 x 50 mm?®. In order to increase the temperature
range in which the beam bending viscosities could be deter-
mined, three different loads (10, 50, and 250 g) were used.
Moreover, measurements in the low viscosity range 10" to 10>
dPa s were performed using a rotation viscometer Bahr VIS 403.
For this purpose, different rotation rates (10 and 250 rpm) were
used and a cooling rate of 5 K min~" was applied. The deter-
mined viscosities were fitted using the Vogel-Fulcher-Tam-
mann equation (VFT-equation).

The crystal morphology was studied on carbon coated
samples using a Scanning Electron Microscope (SEM) JEOL
7001 F. The crystal orientation studies were performed by the
electron backscatter diffraction (EBSD) technique as a module
of the SEM. A Digiview 3 EBSD-camera was used to collect the
diffraction patterns, which were interpreted using the software
packages TSL OIM Data Collection and Data Analysis 5.31. The
patterns were obtained at an acceleration voltage of 20 kV with
a working distance of 15 mm. The scan step size was set to 0.25
pm. In order to increase the fraction of reliably indexed data
points, Confidence Index (CI) standardization and fit stan-
dardization clean-up procedures were applied to the dataset
with grain angle tolerance = 5 and minimum CI = 0.1 as
parameters. Following this, only points with a CI = 0.1 were
used for visualization. The Image Quality (IQ) was used as gray
scale in the background, where the gray value increases with
crystal perfection from black to white (grain boundaries appear
dark, homogeneous monocrystalline regions appear bright).
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The reference direction of the inverse pole figure (IPF) color
code is [001], i.e. the normal of the sample surface.

Results

The basic properties of the glass are summarized in Table 1.
DSC analyses of glass powders with different grain sizes (see
Fig. 1a and b) show the crystallization behavior. The glass
transition temperature, which could hardly be seen in Fig. 1, is
at 677 °C. The bulk sample shows an exothermal peak at 939 °C
(onset at 874 °C); the exothermic peak shifts to lower temper-
atures and becomes sharper with decreasing grain size. The
upper right graph of Fig. 1 shows this behavior in more detail.
The bulk values as well as the values for grain sizes below 25 pm
are not included in the upper right graph, as the values could
not be quantified. For particle sizes below 25 pm, the crystalli-
zation peak occurred at 826 °C (onset at 801 °C), which was the
lowest observed value. The glass samples were thermally treated
at temperatures of 750 °C, 770 °C, and 790 °C, which is some-
what below the lowest crystallization onset of 801 °C. The
viscosities determined by beam bending and rotation viscom-
etry were fitted in the entire temperature range using the Vogel-
Fulcher-Tammann (VFT)-equation. The rotation viscometry
data obtained by the measurement using a rotation rate of
10 rpm were not included in this fit. The results of the beam
bending viscometry measurements are shown in Fig. 1 along
with the VFT-fit (black solid line). The viscosities were extrap-
olated for higher temperatures marked by the black dashed
line. It is apparent that the choice of the load is decisive for the
measurable temperature range. In the inset, the results of the
rotation viscometry are displayed. Here, it is obvious that the
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Fig. 1 Results from thermal analyses. (a) DSC profiles of glass samples
indicate the selected experimental conditions for the crystallization step.
circles) and peak maximum temperature (blue triangle), both plotted over
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with different particle sizes and of a compact glass sample. Red dots
s in the present study. (b) Analysis of the DSC curves; peak height (red
the particle size. (c) Results from viscometry. The main graph shows the

beam bending viscosities dependent on the temperature and fitted with VFT-equation. In the inset, the results from rotation viscometry are also

displayed as a function of temperature. (d) Results from dilatometry.
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viscosities determined by a measurement using 10 rpm are
about 1.5 orders of magnitude higher than those derived from
the 250 rpm measurement. Normally, the curves should overlap
and solely the measurable temperature range should be
different. Moreover, there are several kinks in the viscosity
curves. The deviations in the viscosity as well as the kinks were
reproduced by repeated measurements using different rates.

The surface morphology of an untreated as-cut surface
(directly after the cutting) is presented in Fig. 2. At the top,
a reconstructed 3D model calculated from an LSM image stack
is shown. After cutting, areas with a high number density of
sharp edges and almost smooth shell-like areas are observed.
The height scale was established regarding the lowest point in
the measured area and is in a range up to 16 um. The two gray
lines (line 1 and line 2 in the upper panel) represent the
extracted profiles shown at the lower right side. Additionally, an
SEM micrograph of the sample surface is shown at the lower
part.

The resulting thickness of the crystal layer was determined
using SEM micrographs of cross sections. Fig. 3 shows the
resulting thickness of the crystalline layer as an effect of the
surface pretreatment, temperature, and treatment time. As ex-
pected, the thickness and the growth rate of the crystal layer
increase with time and temperature. The thickness of the
crystallized layer is also higher for the as-cut surfaces. It must be
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'
IS

)

20 40 60 80
distance [pm]

Fig. 2 Surface morphology of a thermally untreated rough surface
after cutting, and after use in further experiments. (a) Reconstructed
3D surface model calculated from an LSM image stack. (b) Corre-
sponding SEM micrograph of the same sample. (c) Extracted surface
profiles from the indicated gray lines at the upper panel.
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Fig. 3 Crystal growth velocities at different annealing temperatures
parallel to (a) a polished surface, (b) a rough surface.

noted that crystalline layers below approx. 30 um are not fully
closed. At the latter depth, small isolated crystals appear. The
largest distance of these crystals perpendicular to the surface is
considered as layer thickness. In the case of samples with pol-
ished surfaces, subsequently crystallized at 790 and 770 °C,
induction times for the crystallization process are observed as
indicated by the linear regressions. By contrast, for as-cut
surfaces, at an annealing time of 0 h (the heating program is
just finished), crystals are present and the layer thickness is
above zero.

The XRD pattern at the bottom of Fig. 4 illustrates the
theoretical peak positions and the relative intensities of
a crystal with the composition Bay ¢Sty.4Zn,Si,O,. For all bulk
samples, the former polished surface was measured by XRD.
The untreated and polished surfaces show one broad maximum
at a diffraction angle of around 30°. After heat treatment at
750 °C for 4 h, additional peaks according to the theoretical
positions are observed, but the broad peak at 30° persists. After
treatment at an elevated temperature of 790 °C for 2 h, the
relative peak intensities increase, the shape of the pattern
becomes sharper, and additional peaks are observed for both
the powdered and bulk samples. However, the broad maximum
is no longer visible for the bulk sample heat treated at 790 °C for
2 h. All apparent peaks could be attributed to the theoretical
peak positions displayed in the lower part of Fig. 4.

The crystallization behavior of the glass was further studied
by SEM using a backscatter electron detector. In order to
compare the crystallization in different directions, plane-view
samples were considered as well as the growth behavior

RSC Adv., 2017, 7, 44834-44842 | 44837
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Fig. 4 XRD patterns of surface crystallized bulk and powdered
samples at different stages of thermal treatment. The investigated
surface was polished before thermal treatment. The lower diffracto-
gram shows the peak positions of a phase with the crystal structure of
the HT-phase of BaZn,Si,O; and the exact composition Bag ¢Sro 4-
Zn,Si,O according to ICSD 429938.

perpendicular to the surface by inspection of cross sections. In
Fig. 5, a comparison of plane views heat treated at different
temperatures and different surface pretreatments are shown. In
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Fig. 5a, after a heat treatment at 750 °C for 4 h, isolated crystals
with sizes of approximately 10 pm are observed. Some of these
crystals appear sharp with a clear ray-like morphology and others
have a bright rim and generally appear blurred. However, in
Fig. 5b, a fully crystallized surface consisting of grains with sizes
above 100 pm is observed after heat treatment of 790 °C for 2 h.
Also, some cracks at the assumed center of the crystals are seen.
Additionally, two different morphologies are present. Sharp, ray-
like structures and a blurred area in the upper part of the
micrograph were observed. Near the blurred morphology a deep-
ening and/or cavity is located. This impression is enhanced using
a superimposed topography mode available in the microscope
acquisition software. The lower images Fig. 5c and d are recorded
from samples thermally treated at 770 °C for 4 h using different
surface roughness. At the initially polished surface, just a few
partly isolated crystals with size of around 50 pm were formed. In
contrast, more crystals were formed at the as-cut surface. Crystal
sizes observed were comparable to those of the polished surface.
Some small areas at the surface were not covered with crystals.
As already mentioned above, the crystallization was also
studied in samples cut perpendicular to the surface. Fig. 6
compares the surface crystals at an early stage of growth. Both SEM
micrographs are presented with the same magnification. The left
image shows a plane view of a glass surface after heat treatment at
750 °C for 4 h. Isolated crystals with a morphology comparable to
that in Fig. 5 could be identified. In contrast, a cross-section of an
equally treated sample is shown on the right panel. Only one
crystal could be seen in the whole cross section area. The black
area in the upper part of the micrograph belongs to the embedding
polymer matrix related to the cross-section preparation method.

750 °C 4 h Polished surface
|C 74

1770 °C 4 h Polished surface £

A

- / \ ‘;,7
0 °C 2 h Polished surface / | '

2%

770 °C 4 h As-cut Surface

Fig.5 SEM micrographs of samples heat-treated at different temperatures, and with surfaces having different pretreatments. (a) Polished surface
heat treated at 750 °C for 4 h; (b) polished surface heat treated at 790 °C for 2 h; (c) polished surface heat treated at 770 °C for 4 h; (d) as-cut

surface (compare with Fig. 2) heat treated at 770 °C for 4 h.
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HEC 4

Fig. 6 Microstructures of a polished surface after a heat treatment at
750 °C for 4 h. Comparison of crystals observed in plane view (a) and
corresponding cross section (b) at the same magnification.

Fig. 7 provides an overview of the crystal morphologies of
cross sections dependent on the heat treatment and the initial
surface conditions. Fig. 7a shows the cross section of a polished
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sample surface, annealed at 750 °C for 6 h. Some isolated
crystals with sizes between 2 and 6 um are shown. In Fig. 7b, an
SEM micrograph of the same sample but with an as-cut surface
is depicted. A closed crystalline layer with an average thickness
of 15 um has formed. The resulting morphologies after thermal
treatment at higher temperatures (790 °C for 1.5 h) are illus-
trated in Fig. 7c and d for a polished and an as-cut surface,
respectively. The crystals grow from a former polished surface
(c) to form a closed layer; however, the thickness varies between
20 and 40 um. In the case of the as-cut surface (see Fig. 7d),
many more crystals were formed at the surface and the crystals
were longer and thinner. In contrast to Fig. 7b and c, the overall
thickness of the crystalline layer varied by only a few microns.

In order to investigate how crystals formed at the surface
were oriented, and to what extent the cracks correlated with
crystal orientation, combined EBSD-EDXS measurements were
performed at the cross section on a sample crystallized from
a polished surface at 790 °C for 1.5 h. Fig. 8 shows an SEM
micrograph superimposed with a combined IQ and IPF-map, as
well as the elemental analysis, containing the signals of Ba, Si
and Zn. The collected EBSD-patterns and EDX-Spectra originate
from positions within the black frame. The patterns of this
sample were indexed using the ICSD data file no. 429939 of
Bay ¢S10.4Z1n,Si,05. The colors of the IPF map represent the
crystal direction normal to the plane of image. Within the three
large ray-like domains, the orientation is similar and changes
only gradually. The color changes indicate stresses in the crys-
tals. Due to the small structures in combination with the
stresses, the general IQ-value is quite low and not all patterns
from the crystalline regions could be indexed reliably. Orien-
tations of some single structures were visualized by white unit
cells, where the orientations of the c-axes are highlighted by
labeled white arrows. Red dots in the center of the unit cells
mark the corresponding data points. In the three ray-like

790 °C 1.5 h Polished surface

790 °C 1.5 h As-cut surface

Fig. 7 SEM micrographs of cross sections of glass samples heat treated at different temperatures, times and surface pretreatments. (a) Polished
surface, 750 °C for 6 h; (b) as-cut surface, 750 °C for 6 h; (c) polished surface, 790 °C for 1.5 h; (d) as-cut surface, 790 °C for 1.5 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 SEM micrograph and combined EBSD-EDXS measurement of
a cross section after crystallization for 1.5 h at 790 °C, stemming from
an as-cut surface. The combined IQ and IPF map of the EBSD scan are
superimposed onto the SEM micrograph to illustrate orientations
relative to the image plane. Crystal orientation and c-axes are addi-
tionally marked. The black frame represents the scanned area. Lower
part: simultaneously measured elemental analysis of the combined
EBSD-EDXS scan.

domains, the c-axis is oriented parallel to the length axis of the
thin sub crystals and perpendicular to the cracks at the same
time. The elemental analysis shows only small differences in the
chemical composition of the glass and the crystal. The contrast
and brightness of the elemental distribution map was adapted
for a suitable recognizability. The ray-like structure was also
reflected in the distribution maps of Ba and Si and it seems that
the needles were enriched with Ba, whereas Si was enriched
beyond the needles, and the distribution of Zn is homogenous.

Discussion

The crystallization behavior was studied first by thermal anal-
ysis (DSC). A change in the surface to volume ratio of the glass
powder by using smaller grain sizes while keeping the mass
constant, leads to a shift in the crystallization peak and the
crystallization onset temperature towards lower tempera-
tures."*"® Furthermore, smaller particle sizes also lead to
a higher and sharper exothermic peak. With decreasing grain
size, the crystallization starts at lower temperatures because the
ratio surface to volume increases. A higher surface area leads to
more nucleation processes and thus to a more pronounced
exothermic reaction. These results prove that this glass system
crystallizes from the surface.

The DSC results from the powder fraction smaller than 25
pm and the bulk sample are not included in Fig. 1b because the

44840 | RSC Adv., 2017, 7, 44834-44842
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mean particle size could not be quantified. Nevertheless, it
should be noted that the onset for the grains smaller than 25
um reveals a strong additional shift towards lower tempera-
tures. These are the lowest crystallization temperatures found
in all DSC profiles. The temperature attributed to the onset of
the exothermic peak is 801 °C and therefore temperatures
slightly below this value were chosen for the static crystalliza-
tion experiments. This was done in order to study the initial
stages of crystallization, to get a better insight into the under-
lying processes and also to describe an easy to handle procedure
with respect to a further technical application.

The results from the viscosity measurements are also shown
in Fig. 1. The fact that a higher rotation rate leads to viscosities
drastically lower than those of the measurements using the
lower speed indicates the non-Newtonian behavior of the glass
melt. Strictly speaking, the viscosity does not follow the VFT-
equation and therefore the viscosities were only extrapolated
up to 820 °C. The kinks in the rotation viscometry curves could
be related to crystallization during cooling of the melt. This
behavior was previously reported for glass ceramic melts of
lithium disilicate'” and fluoroapatite.*®**

Two different surface pretreatments were used to describe the
effect of surface roughness. The samples were cut by a diamond
saw and subsequently polished. In order to compare the crys-
tallization behavior, one side of the sample retained the typical
rough structure of an as-cut surface. Fig. 2 shows such a surface
morphology measured by LSM. The surface shows areas with
a high number of edges, and almost smooth areas. This is
a typical structure of a brittle fracture due to the glass cutting step
because if the formed stresses in the glass matrix are too high
during the cutting process, cracks are formed that propagate into
the material. These cracks create new surfaces that are then very
smooth and reveal a shell-like structure, called a conchoidal
fracture.” The cutting step creates two different types of surfaces,
one with a high number density of edges, tips and striae caused
by the diamond saw, as well as the described smooth clamshell
marked fractures. Both types have a different effect on the crys-
tallization properties™ as discussed below.

Most glass systems described in literature tend to nucleate
and crystallize at their surfaces. In many systems, the formation
of nuclei is strongly preferred at the surface. The reason for this
behavior is frequently considered to be due to the smaller
energy required for elastic deformations.* In this sense, it is not
surprising that an as-cut surface leads to a higher crystal
number density than a polished surface. Such behavior has
been discussed in detail in glasses such as stoichiometric
cordierite.”»** At a rough surface, more sites exist where the
required energy for material displacement is further reduced,
i.e., at an edge or at a tip (compare with Fig. 2). Furthermore,
Fig. 3 exactly represents this behavior. Therefore, nucleation
and crystal growth start earlier and the total number of crystals
is higher than at a polished surface (see also Fig. 7). Also, the
possibility of a smaller interfacial energy being required if the
interfacial energy crystal/glass is replaced by the interfacial
energy crystal/gas atmospheres should not be disregarded.

A higher number density of nuclei leads to a higher number
of growing crystals and consequently, the crystals should

This journal is © The Royal Society of Chemistry 2017
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preferably grow with their fastest growing axis perpendicular to
the surface because otherwise, the crystals, which have another
orientation hinder each other during growth. Thus, at the same
growth velocity, a somewhat thicker crystal layer should be
formed.

Finally, since crystal growth is usually controlled by diffu-
sion, higher temperatures should result in higher crystal growth
velocities.

The theoretical peak positions of the desired crystal phase,
which possess a negative thermal expansion, are shown in the
pattern at the bottom of Fig. 4. Before thermal treatment, the
sample shows just a broad halo at around 30°, which corre-
sponds to the glass structure. Discrete peaks at other 26 values
are not observed and there are therefore no indications of
residual raw materials or spontaneous crystallization during
cooling of the glass melt. A heat treatment at 750 °C for 4 h
results in numerous sharp diffraction peaks, which all are
attributable to the desired BSZS crystal phase. Nevertheless, the
halo at 30° is still visible. The crystalline layer is therefore just
not thick enough to fully absorb the diffracted signals for the
underlying glass. In contrast, the amorphous background
signal completely disappears after heat treatment at 790 °C for
2 h. This agrees with the observation that the glassy structure
could also be seen again if the same sample is powdered and
examined. This is due to the fact that the crystals grown at the
surface are mixed with the residual glass between the layers.

Since the structures in the powdered samples are compa-
rable to those recorded from the sample surface, it could be
concluded that the crystal phase growing into the glass matrix is
the same as that grown at the glass surface.

Furthermore, additional peaks that could be attributed to
other phases than the BSZS solid solutions are not observed.

The growth morphology at the top of the surface is shown in
Fig. 5. After crystallization at a temperature of 750 °C main-
tained for 4 h, small isolated crystals were grown. In contrast,
after crystallization at 790 °C, a few huge crystals were observed
and a residual glassy phase in between the crystals could no
longer be observed; the different numbers of the crystals at
different treatment temperatures is striking. Obviously, at
a crystallization temperature of 750 °C, the nuclei have more
time to form, whereas at 790 °C, the crystal growth velocity is
much higher and the complete surface is crystallized before
numerous new nuclei may have formed. Supposedly, the
nucleation rate does not increase with temperature in the same
manner as the crystal growth velocity increases. Thus, the
number of formed crystals is much higher after thermal treat-
ment at 750 °C. This behavior was expected, following the
nucleation and crystallization theory of glasses, where the
temperature attributed to the maximum nucleation rate is lower
than the temperature where a maximum crystal growth velocity
is observed.”®** The effect of the increased nucleation rate at
a rough surface is shown in Fig. 5c and d. The numbers of the
formed crystals are much higher for a surface that was rough.
Caused by the cutting procedure, surface areas with high
densities of edges, tips and fine glass grains are formed. These
sites are known to result in a high nucleation rate because of the
high number density of energetically favorable places.*** In
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contrast, a cutting morphology also reveals areas where crack
propagation into the bulk occurs. These places are very smooth
and lead to a very low nucleation rate. This could be a possible
explanation for the inhomogeneous surface coverage shown in
Fig. 5d.

A further special aspect of the crystallization is presented in
Fig. 6. While a micrograph of the surface shows a fairly large
number of crystals, in the cross section only one crystal is
observed. This might be explained as follows: after a nucleus is
formed, it grows along the surface with a depth of only a few
nanometers. These crystals could not therefore be observed in
the micrograph of a cross section, since the immediate surface
layer could hardly be characterized by SEM, due to the super-
imposed edge effect. Hence, it could be assumed that the first
formed crystals are aligned with their fastest growing axes
parallel to the surface.

Fig. 7 shows the resulting morphology as an effect of the
surface treatment for two different temperatures. The polished
surface of the sample crystallized at 750 °C shows some isolated
crystals. In comparison, at the as-cut surface, the number of
grown crystals is much higher and consequently, due to the lack
of space, the crystals are smaller. The surface roughness initi-
ates nucleation caused by numerous, energetically more favor-
able positions at the edges and tips of the glass/atmosphere
interface."”” However, the roughly cut surface also has very
smooth areas caused by the conchoidal fracture of the glass.
These areas do not contribute to the increased nucleation rate.
Hence, the enhanced nucleating behavior does not result in
a homogeneous distribution of the crystals at the surface (see
Fig. 2).

The effect of as-cut and polished surfaces at a higher
temperature (790 °C) is shown in Fig. 7c and d. If the crystalli-
zation temperature is increased to 790 °C, crystals grown from
a polished surface become very large and reveal a ray-like
morphology. Because of the large size of these structures, the
formed crystal layer is uneven in thickness and the crystallized
regions show a high number of cracks. In the case of the as-cut
surface, the fine granular growth continues as already shown in
Fig. 7b. However, the crystal size of the whole structure
increases during growth into the bulk. It follows that in the
regions near the surface, a growth selection takes place due to
the large number of crystals; thus, at some distance from the
surface, only a few crystals remain. Nevertheless, the resulting
morphology is still narrower than that grown from the polished
surface.

It has already been mentioned that the formed crystal phase
has a large anisotropy concerning the thermal expansion along
individual crystallographic axes. The thermal expansion is very
large in the direction of the crystallographic c-axis, while it is
strongly negative in the direction of the b-axis.

According to the EDXS map, the difference in chemical
composition is low; hence, the grown crystals have a similar
chemical composition. For this reason and in agreement with
the XRD-patterns (see Fig. 4), ICSD file no. 429939 (Bay ¢Sro.4-
Zn,Si,0) is used for the EBSD indexing process. Furthermore,
only this ICSD file results in the reliable indexing of the EBSD-
patterns. As shown by EBSD, the orientation of the crystals is
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not statistical, but oriented. During growth of the crystals into
the bulk, they become more and more oriented with their c-axes
perpendicular to the surface, which is a strong hint at growth
selection.

During the formation of crystals at the surface at temper-
atures well above the glass transition temperature of the glass,
the glass-ceramic material should be free of stress because the
glassy matrix is able to relax stress. During cooling, the
contraction of the crystals is largest perpendicular to the
surface, which is caused by the highest CTE in the direction of
the crystallographic c-axis. It is therefore not surprising that
the direction of the cracks is correlated to the strongly con-
tracting crystallographic axis; hence, the crack is oriented
according to the ray-like growing morphology, as seen in
Fig. 7c. For this purpose, an EBSD analysis was carried out to
determine the orientation of the grown crystals. Fig. 8 shows
a superimposed SEM micrograph containing the information
on the crystal orientation. Confirming this approach, the ray-
like domains show the discrete correlation between c-axis and
morphology.

Conclusions

The surface crystallization behavior in a system with the
composition 8 BaO-8 SrO-34 ZnO-50 SiO, has been studied
using DSC, XRD, SEM, and LSM. Two different surface condi-
tions where compared. On the one hand, a well-polished surface
and on the other hand a surface as obtained after cutting. The
influence of the surface pretreatment is correlated to size,
morphology, frequency, and crystal growth rate. It has been
found that not only does the number density of nuclei increase,
but also the growth morphology is decisively changed if the
surface remains unpolished. The growth rate is apparently
higher, but this could be attributed to growth selection and the
resulting more homogeneous layer thickness within the first
microns. Also at the as-cut surfaces, differences in the number
density of nucleation sites were found and explained by the
presence of conchoidal fracture morphologies. In contrast to
the polished surface, the crystals become larger and spread out
simultaneously. Thus, a non-uniform layer thickness and
surface coverage was obtained.

A special growth mechanism was found where in the early
stages of growth, crystals were spread parallel to the surface and
afterwards they started growing into the volume of the glass;
hence, the growth along the surface might initially be preferred.

Due to the strong anisotropy of the thermal expansion of the
crystallized phase, the obtained glass ceramic is interspersed
with cracks. The present study is the first where EBSD is
successfully applied on glass ceramics with the crystal structure
of Ba ¢Sr¢.4Zn,Si,0,. It has been shown that the propagation
direction of the cracks is correlated to the grown c-axes and their
thermal expansion. Hence, the cracks are perpendicular to the
c-axis, which is the crystallographic direction with the highest
coefficient of thermal expansion. As oriented surface crystalli-
zation is found along the ¢ axis of BSZS, cracks are mainly
aligned parallel to the surface.
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