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Abstract: Glass-ceramics containing pyroelectric SrpTiSipOg (STS) crystals are produced from parent
glasses of compositions STS + 0.8 SiO; + (0.2 — x) NayO + x CaO, with x = 0; 0.05; 0.10; and
0.15. The aim of this work is to investigate the effect of the additions to the stoichiometric STS
composition on the crystallization mechanisms and on the piezoelectric properties of the glass-
ceramic. The DSC analyses evidence that the glass transition temperatures Tg, the onset temperature
of the crystallization peak T, and the temperature T, of the maximum of this peak increase with the
CaO/NajO ratio. On the basis of the DSC data, the crystallization of the parent glass samples was
operated by thermal treatment. The observation of the cross-sections of the heat-treated samples
highlights that the competition between the surface and volume crystallization mechanisms is
influenced by the CaO/Na;O ratio and the temperature. For all the samples, the XRD analyses
performed on the surfaces as obtained after the crystallization treatment evidenced a preferential
orientation of the STS crystals with the plans (001) parallel to the surface. The XRD analyses performed
after grinding the surface show that only the surface crystallized layers are preferentially oriented.
Moreover, changes in preferential orientation to plans (202) or (201) are observed over the depth,
depending on the composition and the temperature of the thermal treatment. These changes influence
the polarization of the surface crystallized layer and, consequently, its piezoelectric charge coefficient
ds3. The highest values of d33 were measured on the glass-ceramic samples exhibiting mainly a (202)
preferential orientation over their thickness.

Keywords: glass-ceramics; fresnoite; piezoelectricity; crystallization; preferential orientation

1. Introduction

Piezoelectric ceramics are functional materials widely used for the design of sensors,
actuators, transducers, resonators, etc. [1]. In most cases, these ceramics are composed
of crystalline phases belonging to the pyroelectric ferroelectric group, such as barium
titanate BaTiO3 and lead zirconate titanate PZT [2,3]. Ferroelectric crystals are divided
into polar domains in which all the dipole moments show the same orientation. They
exhibit high piezoelectric performances due to the large contribution of the motion of the
wall domains to the electromechanical response. However, to be used in piezoelectric
devices, ferroelectrics are firstly poled by applying a strong external electric field, which
leads to a remanent polarization. The consequence is an out of equilibrium state, and,
subsequently, a slow depolarization over time leading to the degradation of the piezoelectric
characteristics [4]. The depolarization accelerates as the temperature comes close to the
Curie temperature so that the maximum service temperature of a ferroelectric is about
one-half of its Curie temperature [5]. A few pyroelectric compounds are not divided in
polar domains, and thus, are not ferroelectric. These can be used in a piezoelectric device
only in the form of single crystals or, alternatively, preferentially oriented polycrystalline
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materials. In addition, due to the absence of the contribution of the wall domains” motion,
the piezoelectric properties of these compounds are significantly lower than those of
ferroelectrics. On the other hand, their piezoelectric properties are highly stable over time
even at high temperatures.

In the early 1980s, Halliyal et al. studied the synthesis of polar materials by the glass-
ceramics route [6-9]. They showed that a preferential orientation of the crystal growth
can be obtained with non-ferroelectric pyroelectric crystals. Among the non-ferroelectric
pyroelectric compounds are the fresnoite type barium titanium silicate Ba; TiSi;Og (BTS)
and strontium titanium silicate Sr,TiSiyOg (STS). They both crystallize in the tetragonal
system (space group P4bm) and their lattice parameters are a = 852.91 pm, ¢ = 521.10 pm
and a = 832.18 pm, c = 502.92 pm, respectively [10-12]. The electric dipole of the unit
cell is parallel to the c-axis. Numerous works have been published on fresnoite glass-
ceramics and are detailed in the review of Wolfgang Wisniewski et al. [13]. This review
highlights a piezoelectric charge coefficient d33 within the range 10-15 pC/N, and a high
stability up to temperatures over 1000 °C. Therefore, fresnoite glass-ceramics must be
considered as promising materials for high-temperature piezoelectric devices. In their
paper, Davis et al. [14] highlight the potential of these glass-ceramics for applications such
as accelerometers for turbine engines or pressure sensors. In a previous paper [15], we
demonstrated the ability of an STS glass-ceramic to generate and propagate SAW up to a
temperature of 900 °C.

As pyroelectric but non-ferroelectric polycrystalline materials, fresnoite glass-ceramics
must possess a textured microstructure (i.e., preferential orientation of the polar crystal
direction) to show a macroscopic piezoelectric behavior [7,16]. With the glass-ceramics
process, the final microstructure is controlled by the crystallization treatment. Generally, a
preferential orientation of the crystal growth in glasses is observed when devitrification
occurs from the surfaces [17,18]. However, the competition between surface and volume
crystallization is a complex phenomenon depending on many parameters such as the glass
composition, surface state and thermal treatment parameters. As well as studies on the
influence of the composition of the parent glass on the crystallization mechanism, specific
crystallization conditions have also been tested to promote the preferential orientation of the
crystals” growth: thermal gradient [7,19]; electrochemical nucleation [20-22]; and ultrasonic
surface treatment with crystalline fresnoite particles [23]. The literature highlights that
polar STS glass-ceramics can be obtained from suitable parent glass compositions that
lead to a surface crystallization mechanism that favors a preferential orientation of the
crystal growth by kinetic selection. A silica excess with respect to the STS stoichiometry
is needed to successfully melt the parent glass and avoid a strong volume crystallization
during the devitrification treatment [22]. At the surface, a preferential orientation of the
STS (001) plans is usually observed but is rarely kept in the bulk [24]. N. Maury et al. [25]
investigated the synthesis STS glass-ceramics from parent glasses in the SrO-TiO,—5iO,—
K;0O-B,03 system. All the compositions tested showed a surface crystallization mechanism
during an isothermal heat treatment at 900 °C. This led to the preferential orientation of
the (002) plans at the surfaces. However, only glasses with a low content of K;O kept
this preferential orientation in the bulk. From a parent glass of composition 2 SrO 1 TiO,
2.75 5i0;, Patschger et al. [26] also highlighted the preferential orientation of the STS (002)
plans at the surfaces. However, the preferential orientation changes the benefit of the
(201) plans in depth. They also showed that the piezoelectric coefficient d3; of the (201)
oriented glass-ceramic is high and is dependent on the initial (002) orientation at the surface.
Wisniewski et al. explained the preferential orientation of the (001) plans at the surface
from the crystal structure and the diffusion rates of the atoms in the parent glass [27].
The lattice planes with the highest number of network formers per area are parallel to
the surfaces. The change in the preferential orientation occurring in the bulk is related
to the fastest growing crystallographic direction. M-S. Renoirt et al. [28,29] investigated
the crystallization of STS from parent glasses belonging to the SrO-TiO,-5i0,—Al,O3—
K,O system. The composition 2 SrO 1 TiO, 3.3 SiO, 0.2 KO 0.1 AL, O3, crystallized at
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900 °C, shows the best crystal orientation but reproducibility tests highlight that the (002)
preferential orientation observed at the surface most of the time changes to (201) after a
depth of about 300 um. Despite this, the charge coefficient d33 reaches 11 to 12 pC/N and
is not significantly influenced by the preferential orientation (002) or (201). In addition,
high-temperature XRD shows the stability of the STS phase in this glass-ceramic up to
1000 °C. This glass-ceramic was used by Dupla et al. to demonstrate the possibility to
realize and operate a SAW device at high temperature [15].

In the present paper, we investigate the synthesis of STS glass-ceramics from parent
glasses of compositions STS + 0.8 SiOy + (0.2 — x) NapO + x CaO, with x = 0; 0.05; 0.10; and
0.15 (i.e., CaO/Nay0O = 0; 0.33; 1; and 3). Our aim is to study the influence of the additions
to the stoichiometric STS composition on the surface or volume crystallization mechanisms
and the changes in the preferential orientation of STS crystals over depth. The piezoelectric
properties of these glass-ceramics are discussed with respect to the polarization induced by
the preferential orientation.

2. Materials and Methods

Four parent glass compositions (Table 1) were prepared according to the procedure
presented in reference [28]. Reagent grade SrCO3 (Alfa Aesar, Karlsruhe, Germany, 99.99%),
TiO2 (VWR, Fontenay sous Bois, France, 99.99%), SiO2 (Sigrano, Maastricht, The Nether-
lands, 97-99.98%), CaCO3 and Na2CO3 (VWR, Fontenay sous Bois, France, +99%) were
wet-mixed in isopropanol. After complete evaporation of the isopropanol, the melting
of the powder mix was realized in a Pt/ Au 95/5 crucible at 1500 °C for 2 h, thanks to a
furnace Nabertherm HT 16/18. The melt was cast in 70 x 70 X 6 mm? plates, in a steel
mold. To release internal stresses and avoid cracks, these plates were annealed for 2 h at
700 °C, before slow cooling inside the turned off furnace. Each glass plate was surface
polished (grade 220) and cut in parallelepipeds of 20 x 20 x 5 mm?.

Table 1. Compositions of the parent glasses.

STS Excess to STS
Ref CaO/Na,O
SrO TiO, SiO, SiO, Na,O CaO
C1 0.20 0 0
C2 0.15 0.05 1/3
- 2 1 2 0.8
C3 0.10 0.10 1
C4 0.05 0.15 3

Glass transition temperatures (Tg) of parent glasses are obtained from DSC analyses
performed on a NETZSCH STA 449 F3 Jupiter (Erich NETZSCH GmbH & Co. Holding KG,
Selb, Germany) with a heating rate of 10 °C/min. DSC is also used for the characterization
of the crystallization by the measurement of the onset temperature T, and the temperature
T, of the maximum of the crystallization. Analyses are realized on 30-40 mg of parent glass
powders (sieved at 40 pm).

A TOMMI optical dilatometer (Fraunhofer Institut Silicatforschung, Wertheim, Ger-
many) is also used to characterize the beginning of the crystallization on paralepidid
samples (about 20 x 20 x 5 mm?) of the parent glasses. The principle is to follow-up the
opacification of the glass by the measurement of the normalized transmitted intensity by
the analysis of images taken from the camera of the equipment as illustrated in Figure 1.

The crystallization treatments were performed in air in a furnace Nabertherm LT
40/12. The following temperature schedule was applied:

- 5°C/min from room temperature to targeted temperature;
- Dwell times from 0.5 of 20 h;
- Slow cooling in switch-off furnace.
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Assuming that after the crystallization treatment all the strontium and titanium atoms
are in the STS crystals, the theoretical weight fraction of STS in the final glass-ceramic is
about 87% for all the compositions.

Furace

09 T \ ‘
L} S
08 r ‘h‘ -@ll ,@\
“‘ Camera
A

‘ Sample Light
Y
L}
Y
\
.

¥
A e
880 900

Figure 1. Principle of measurement of opacification due to the crystallization of a parent glass during
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the temperature rise by means of an optical dilatometer.

Crystalline phase analyses were carried out by XRD with a Siemens D5000 6-26
diffractometer, in the Bragg—Brentano configuration, using a Co K radiation source and
an Fe filter. Possible preferential orientations of STS crystals were qualitatively evaluated
by comparing the relative intensities of the peaks with those of the reference card PDF #
00-39-0228 [30]. Considering that the absorption of X-rays by the analyzed sample follows
the Beer-Lambert law, in the case of a Bragg—Brentano configuration (Figure 2), the intensity
I (z) of the radiation emerging out of the sample after diffraction at a depth z is given by
the relation (1):

(z) = Besp (255 M

sinf

with 1 the linear absorption coefficient of the material and I9 the intensity of the incident radiation.

2z
Li(2) = Dexp(—p.x) = 1%exp (—y. @)

I I(2)

Figure 2. Absorption of the radiation in a Bragg—Brentano configuration.

The relative contribution R(z) of emerging radiation for depth > z to intensity diffracted
signal is given by (2):

R(z)

(e o 272
fz exp( [ slne) :exp(— 2z ) 2)

Jo~exp (=) sinf
Considering their composition and density, the linear absorption coefficient p of the
studied glass-ceramics for the Co k radiation is about 0.0430 pm~!. Figure 3 shows that

the contribution to the diffracted intensity mostly comes from the first 10 pm and becomes
negligible for depths above 20 um.
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Figure 3. Relative contribution R(z) of emerging radiation for depth > z to intensity diffracted signal
for the studied glass-ceramics.

The piezoelectric charge coefficients ds3 of the glass-ceramics are measured by means
of a PIEZOTESTER PM 300 (Piezotest Pte. Ltd., Singapore).

Optical microscope images of the polished cross-sections of the samples are realized
thanks to a digital microscope HIROX KH-8700 3D (Hirox Co.,Ltd., Tokyo, Japan).

Parent glasses and glass-ceramics densities are calculated by Archimedes method in
water with specimens of about 10 g and using a 0.001 accurate scale. Each measurement is
repeated three times on three specimens of the same type.

3. Results
3.1. Characterization of the Parent Glasses

The XRD patterns of the parent glasses are shown in Figure 4. For the four composi-
tions, the absence of diffraction peaks confirms the amorphous structure.
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Figure 4. XRD patterns of the parent glasses.

The densities of the parent glasses show only weak variations with the composition
(Table 2). The glass transition temperatures Ty determined from the DSC curves (Figure 5)
increase with the CaO/NayO ratio in the glass (i.e., from composition C1 to composition C4).
This is also the case for the onset temperature T, and the temperature T, of the maximum
of the crystallization peak. The temperature at the beginning of the crystallization is also
determined by observing the opacification of a monolithic sample of the parent glass with
the temperature rise (Figure 6). The interest in using this second unusual method is that the
analysis is performed on a large sample and in conditions that are close to that of a glass
sheet heat treated in the crystallization furnace. This analysis confirms that a minimum
temperature of 850 °C is required to initiate the crystallization of the four compositions.
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Table 2. Properties of the parent glasses C1, C2, C3 and C4.

Density Tg To T, Delta Cp
Ref 3 o o ° -1.x-1
g/em C C C Jg 1K
C1 3.53 +0.01 701 805 824 0.359
2 3.54 +0.01 721 828 859 0.257
C3 3.55+0.01 738 835 874 0.290
C4 3.58 +0.01 758 845 884 0.346
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Figure 5. DSC curves of the parent glasses.
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Figure 6. Follow-up of the opacification of the parent glasses with the rise in temperature by mean of
the optical dilatometer. Curves show the variation in the normalized transmitted intensity.

3.2. Characterization of the Heat-Treated Glasses

On the basis of the crystallization temperatures determined from the DSC analyses
and the optical dilatometer images, samples of the parent glasses were heat treated at
850 °C, 900 °C and 950 °C for various holding times and with a heating ramp of 5 °C/min.
Cross-sections of the samples were realized to characterize the crystallization mechanism
(surface or volume). Figure 7 shows these cross-sections: the light parts correspond
to the crystallized parts; the dark parts correspond to the parent glass. Some of the
samples, such as those of glass C4, clearly show a surface crystallization mechanism for all
tested temperatures. This surface mechanism leads to a crystalized layer surrounding the
uncrystallized parent glass. The thickness of this layer increases with the holding time. For
some other samples, all of the cross-section is crystalized, which can be the result either of
a very fast crystallization from the surface or a volume crystallization. Optical microscope
observations were performed for a closer investigation.
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Figure 7. Cross-sections of the samples of parent glasses C1, C2, C3 and C4 heat treated at 850 °C,
900 °C and 950 °C for various holding times.

3.2.1. Parent Glass C1

The optical microscope image of the samples treated at 850 °C for 1 h shows a surface
crystalized layer about 370 um thick and also a strong volume crystallization (Figure 8a).
For a holding time of 5 h, the surface crystalized layer is not significantly thicker and is
irregular, which indicates that the volume crystallization stopped the surface mechanism
(Figure 8b). The cross-sections of the sample heat treated for 0.5 h at 900 °C give a similar
image (Figure 8c). XRD analyses of the surfaces of the glasses heat treated at 850 °C and
900 °C evidence the crystallization of Sr,TiSiyOg (Figure 9). For the two temperatures, the
relative intensity of the (002) peak is stronger than expected for a randomly orientated
structure, which is explained by a preferential orientation of the (002) plans parallel to the
analyzed surfaces.

Figure 8. Optical microscope images of samples of parent glass C1 heat treated at 850 °C for 1 h
(a) and 5 h (b) and at 900 °C for 0.5 h (c).
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Figure 9. XRD patterns of samples of parent glass C1 heat treated at 850 °C for 5 h (black pattern)
and 900 °C for 1 h (red pattern).
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3.2.2. Parent Glass C2

The cross-section image of the sample heat treated for 1 h at 850 °C shows a 250-300 pum
thick surface crystallization layer and also some spots of volume crystallization (Figure 10a).
When the holding time is raised to 5 h, a strong volume crystallization is observed and stops
the growth of the surface crystallized layer to an irregular thickness of about 750-1000 pm
(Figure 10b). When the crystallization temperature is 900 °C, the growth of the surface
crystallization layer is faster, but the volume crystallization occurs earlier so that the surface
crystallized layer is not significantly thicker (about 1200 um) as shown in Figure 10c for a
holding time of 2 h. As for the parent glass C1, XRD analyses of the surfaces of the glasses
heat treated at 850 °C and 900 °C evidence the crystallization of Sr,TiS;20g (Figure 11) with
a preferential orientation of the (002) plans parallel to the analyzed surfaces.

Figure 10. Optical microscope images of samples of parent glass C2 heat treated at 850 °C for 1 h
(a) and 5 h (b) and 900 °C for 2 h (c).

(002)

2-Theta - Scale

Figure 11. XRD patterns of samples of parent glass C2 heat treated at 850 °C for 5 h (black pattern)
and 900 °C for 1 h (red pattern).

3.2.3. Parent Glass C3

For most thermal treatments, the cross-section images (Figure 7) show a surface
crystallization and the not yet crystallized parent glass in the bulk, although one notices
a few spots of volume crystallization, probably initiated on defects. Figure 12 shows the
optical microscope image of the sample heat treated for 20 h at 850 °C, 2 h at 900 °C and
0.5 h at 950 °C. Only the sample heat treated at 850 °C shows that volume crystallization
finally occurred and stopped the surface crystallized layer. As for the parent glasses C1 and
C2, the XRD analyses evidence a preferential orientation of the (002) plans of Sr,TiSi,Og
parallel to the analyzed surfaces (Figure 13).
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Figure 12. Optical microscope images of samples of parent glass C3 heat treated at 850 °C for 20 h (a),
900 °C for 2 h (b) and 950 °C for 0.5 h (c).
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Figure 13. XRD patterns of samples of parent glass C3 heat treated at 850 °C for 5 h (black pattern),
900 °C for 1 h (red pattern) and 950 °C for 0.5 h (blue pattern).

3.2.4. Parent Glass C4

All the thermal treatments led to a surface crystallization (Figure 7). However, the
durations of the temperature plateau were too short to achieve the meeting of the crystal-
lization fronts at the middle of the sample. The optical microscope images of the samples
heat treated for 20 h at 850 °C, 2 h at 900 °C and 0.5 h at 950 °C evidence the absence
of volume crystallization (Figure 14). Once again, the XRD analyses show a preferential
orientation of the (002) plans of Sr,TiSi,Og parallel to the analyzed surfaces (Figure 15).

Figure 14. Optical microscope images of samples of parent glass C4 heat-treated at 850 °C for 20 h
(a), 900 °C for 2 h (b) and 950 °C for 0.5 h (c).
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Figure 15. XRD patterns of samples of parent glass C4 heat treated at 850 °C for 5 h (black pattern),
900 °C for 1 h (red pattern) and 950 °C for 0.5 h (blue pattern).

This analysis of the cross-sections of the heat-treated samples highlights that the parent
glass composition and the temperature of the plateau strongly influence the competition
between the surface and volume crystallization mechanisms (Table 3). The early occurrence
of volume crystallization cannot be avoided with compositions C1 and C2. For compo-
sition C3, it occurs later at 850 °C and is avoided if the temperature plateau is increased
to 900 °C. For the three temperatures tested, volume crystallization never occurred for
composition C4.

Table 3. Summary of the results of the thermal treatments for the four compositions from the point of
view of the competition between surface and volume crystallization.

Temperature of

Crystallization ¢ 2 s c4
Volume crystallization Volume crystallization Volume crystallization
850 °C occurs before 1 h occurs between 1 and 5 h between 5 and 20 h Only surface
Surface crystalized Surface crystalized layer: Surface crystalized crystallization
layer: 300-400 pm 500-1000 pm layer: 800-1200 um
Volume crystallization Volume crystallization
900 °C occurs before 0.5 h occurs between 1 and 2 h Only surface Only surface
Surface crystalized Surface crystalized layer: crystallization crystallization
layer: 300-1000 um 900-1300 pm
950 °C } ) Only surface Only surface

crystallization

crystallization

From the measurement of the thickness of the surface crystallized layer, one can

calculate the speed of the progress of the crystallization front from the surface (Table 4).
This measurement is less accurate when volume crystallization occurs.

Table 4. Surface crystallization speed in um/h.

Temperature
Composition
850 °C 900 °C 950 °C
C1 300400
c2 250-300 1400-1500
C3 200-250 1400-1500 5800-6000
C4 100-125 700-800 3400-3500
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3.3. Synthesis and Characterization of Glass-Ceramics from Parent Glass Compositions C3 and C4

From the information resulting in the characterization of the heat-treated glasses, four
glass-ceramics were prepared from the parent glass compositions C3 and C4 (Table 5). The
conditions for the thermal treatments were chosen to favor the surface crystallization, and
to obtain a crystallization over the whole thickness (about 5 mm). For each glass-ceramic,
two samples of 20 mm x 20 mm x 5 mm?> were prepared

Table 5. Conditions of synthesis of the glass-ceramic samples.

Reference of the Parent Glass Temperatul:e Tr.nax Holding Time Number of Size of the Density
. . of Crystallization Samples 3
Glass-Ceramic Composition o at Tmax (h) Samples 3 (g/cm?)
Q) (mm?)
C3-850 C3 850 20 2 20 x 20 x 5 3.59 £0.01
C4-850 C4 850 40 2 20 x 20 x 5 3.61 £0.01
C3-900 C3 900 3 2 20 x 20 x 5 3.59 £0.01
C4-900 C4 900 6 2 20 x 20 x 5 3.61 £0.01

The densities of the glass-ceramic samples were measured by Archimedes’ method.
For a given composition, no difference with temperature is evidenced (Table 5). The change
in density with respect to the parent glasses (Table 2) is very low and leads to a volume
shrinkage of about 1% (i.e., linear shrinkage of about 0.03%).

All the samples were cut into two halves along their median plan (Figure 16). Each
half corresponds to the part of the sample that crystallized from one of the two main outer
surfaces. The inner faces were grinded until reaching a similar thickness of 1.6 mm for all
the half samples.

Half sample | Outer face

' — Inner face

Half sample II ~— Outer face

Figure 16. Preparation of the samples.

3.3.1. Characterization of the Evolution of the Crystallization over the Depth

After preparation, four half samples were available for each glass-ceramic. One of
these was used to follow the evolution of the crystallization over the depth. To do so, XRD
analyses were first realized on the outer and inner faces (the inner surface corresponds to
a surface taken at a depth of 1600 um). Next, additional XRD analyses were performed
after grinding steps of the outer face to obtain information at depths of —200 pm, —400 pm,
—600 um, —800 um and —1000 pm. Figure 17 show all the diffraction patterns obtained for
the four glass-ceramics.

For all of the X-ray patterns, the diffraction peaks correspond to the STS crystals.
However, significant differences in the relative intensities are observed. For convenience,
Table 6 gives, for each pattern, the main diffraction peak showing a stronger relative
intensity with respect to the reference.
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Table 6. Summary of the STS diffraction peaks showing a stronger relative intensity with respect to
the reference file PDF 00-39-0228 [30].

Depth (um) C3-850 C4-850 C3-900 C4-900
0 (002) (002) (002) (002)
200 (201) (201) (201) (201)
400 (202) (202) (201) (201)
600 (202) (202) (201) (201)
800 (202) (202) (201) (201)
1000 none (201) (202) (201) (201)
1600 none (201) (202) (201) (201)
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Figure 17. X-ray diffraction patterns of the glass-ceramics. Analyses of the surfaces and over depths
by successive grinding steps.

At the surface of the glass-ceramics, as obtained with the thermal treatments described
in Section 3.2, a stronger intensity of the diffraction peak (002) is observed for all the
glass-ceramics. This highlights the preferential orientation of the (002) plans parallel to
the surface.

In depth, in the case of the two glass-ceramics obtained by thermal treatment at
900 °C (C3-900 and C4-900), a very strong intensity of the peaks corresponding to the plans
(201) is observed for all the depths. The evolution is more complex for the glass-ceramic
resulting from thermal treatment at 850 °C (C3-850 and C4-850). A preferential orientation
of the (201) plans is first observed for a depth of 200 um. For depths between 400 and
800 um, new changes in the relative intensities highlights preferential orientation of the
plans (202). Finally, for a depth of 1000 pm and 1600 pm, no orientation is observed for
the glass-ceramic C3-850, whereas both (202) and (201) diffraction peaks are strong for the
glass-ceramic C4-850.

3.3.2. Piezoelectric Charge Coefficient d33

For correlating crystallization to piezoelectric properties, the piezoelectric charge
coefficient was measured on samples corresponding to four different thickness ranges
obtained by grinding the outer and/or inner sides of the samples (Table 7).
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Table 7. Piezoelectric charge coefficient.

Thickness Range ds3 (pC/N)
Ref Measurement Thickness (um)
Top Bottom C3-850 C4-850 C3-900 C4-900
D1 1600 Surface —1600 um 4.8 75 -15 —4.8
D2 1000 Surface —1000 pum 7.5 7.7 —-1.7 —-5.0
D3 600 —200 pm —800 um 8.8 7.5 —2.8 —5.3
D4 600 —400 um —1000 um 8.5 7.2 -2.0 —5.3

4. Discussion

The characterization of the parent glasses shows that the glass transition temperature
and crystallization temperature increase with the CaO/NayO ratio (Table 2); the temper-
ature difference is about + 50 °C between the compositions C1 (CaO/NaO = 0) and C4
(CaO/NayO = 3). Consequently, the viscosity of the glass at a given temperature increases
with the CaO/NayO ratio. This is explained by the strong action of the fluxing agent Na,O
by comparison to CaO that behaves as a stabilizer for its part. This effect on the viscosity
influences the diffusion rate and thereby the respective rates of the surface and volume
crystallization mechanisms. The speed at which the surface crystallization front propagates
into the sample increases with the decrease in viscosity (Table 4) but, simultaneously, the
occurrence of the volume crystallization comes earlier (Table 3). This competition means
that surface crystallization is rapidly stopped by the volume crystallization for the glass
compositions C1 and C2 (i.e., for CaO/NayO = 0 and 0.33). Conversely, only the surface
mechanism is observed with the compositions C3 and C4 (i.e., for CaO/Na,O =1 and
3) heat treated at 900 °C and 950 °C. In the case of the glass composition C3, it is clearly
shown that an increase in temperature favors a rapid surface mechanism.

The XRD analyses performed on the glass-ceramics produced from the parent glass
compositions C3 and C4 heat treated at 850 °C or 900 °C shows that the surface crystal-
lization mechanism induces preferential orientation of the STS crystals. This orientation
is not significantly influenced by the parent glass composition. Conversely, it strongly
depends on the temperature. The change in preferential orientation from the STS plans
(002) to the plans (201) mentioned in the literature [24,26,28] is clearly observed when the
crystallization treatment is operated at 900 °C. For the two glass compositions, the relative
intensity of the (201) diffraction peak is very high for all the depths above 200 pm (Table 6).
This shows a strong level of preferential orientation of these plans. When the crystallization
is operated at 850 °C, several changes in preferential orientation are observed over depth
(Table 6). Moreover, the relative intensities of the preferentially orientated plans are much
lower than for the glass-ceramics obtained by thermal treatment at 900 °C (Figure 17).
These differences might be related to the speed of the surface crystallization (Table 4). For
the two compositions C3 and C4, the propagation of the surface crystallization front is
much faster when crystallization is operated at 900 °C (> 700 um/h) compared with 850 °C
(<250 um/h). This seems to favor the constant and strong (201) preferential orientation.

Despite a low level of preferential orientation of the STS crystals, the glass-ceramics
C3-850 and C4-850 exhibit the highest values for the piezoelectric charge coefficient d33
(Table 7). It reaches about 7 pC/N for composition C3 and 8 pC/N for composition C4
when the samples are machined in a way to measure the d33 over a thickness corresponding
to a stable preferential orientation of the plans (202) (i.e., for depths between 200 um and
1000 pm. However, the ds3 values obtained are not as high as the 10-15 pC/N given in the
review of Wolfgang Wisniewski et al. [13]. One can also compare these values to our own
results on STS glass-ceramics synthesized from parent glasses belonging to the SrO-TiO;-
5i0,-K,0-Al, 03 system [15,28,29]. In this latter case, piezoelectric charge coefficients d33
of 11-12 pC/N were obtained with a strong preferential orientation of plans (002) or (201)
of the STS crystals.

Surprisingly, the strong crystal texture of the glass-ceramics crystallized at 900 °C does
not lead to high piezoelectric charge coefficients d33. We might indeed expect that a strong
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preferential orientation favors the alignment of the electric dipoles, and, consequently, the
polarization. However, in the present case, the dz3 values are lower than those of the two
less orientated glass-ceramics obtained by thermal treatment at 850 °C (Table 7). We also
notice an opposite sign for the piezoelectric charge coefficient. All the measurements were
realized by taking care of always placing the outer side of the sample up and the inner
side down. The opposite sign indicates that polarization points out in a reverse direction.
We have then to consider not only the relation between the orientation of the STS crystals
and the alignment of the c-axis polar direction, but also the two possible random 180 °C
rotations of the polarization of the crystals. For preferential orientation of the (201) STS
crystal plans parallel to the surface of the sample, the possible directions of the c-axis
form a cone open at about 50° around the normal to the surface (Figure 18). However, the
polarization can point out in two opposite ways along this axis. We can assume that the low
d33 values obtained for the glass-ceramics C3-900 and C4-900 are due to a more random
direction of the polar direction.
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Figure 18. Schematic representation of possible directions of the c-axis with respect to the (201) plans
of STS.
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It is concluded that the temperature at which the crystallization is operated influences
the orientation of the polarization with respect to the propagation direction of crystallization.
Moreover, for a given temperature, the polarization of the crystals can show opposite
directions, which lowers the global polarization of the glass-ceramic and, consequently, its
piezoelectric properties.
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