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ARTICLE INFO ABSTRACT

Glasses with compositions of 21Gd;03-63M003-(16-x)B,03-xTeO, (mol%) (x = 0, 2, 4, 8) were prepared using a
conventional melt quenching technique, and the crystallization behavior of ferroelastic f’-Gd>(Mo0Q,);3 crystals
was examined to clarify the mechanism of self-powdering phenomenon and to design bulk crystallized glasses. It
was found that the self-powdering phenomenon appeared significantly during the crystallization at temperatures
near the crystallization peak temperature, but the phenomenon is suppressed in the crystallization at tem-
peratures much higher than the glass transition temperature. It was also found that the substitution of TeO, for
B,03 in the base glasses suppresses the self-powdering phenomenon and consequently bulk crystallized glasses
were obtained in the glass with x = 8 mol%. The densities at room temperature of the base glasses are
d = 4.755-4.906 g/cm?, being much higher than the value of d = 4.555 g/cm? for B’-Gd,(MoO,); crystal. It is
proposed that the stresses in the inside of crystals induced by large density differences (i.e., large molar volume
differences) between the glassy phase and crystals might be relaxed effectively in the glasses containing TeO,
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with weak Te—O bonds and fragile character.

1. Introduction

The controlled crystallization of glasses is a method for the fabri-
cation of transparent and dense condensed materials with desired
shapes and functions, and so far, various functional glass-ceramics have
been proposed through the design and control of glass composition,
nucleation and crystal growth [1-4]. One of the strong motivations for
the development of glass-ceramics is to improve mechanical properties
of glasses, e.g., improvements of hardness and fracture toughness due to
the design of the microstructure of crystal/glass composites. A good
example is the glass-ceramics based on the Li,O-Al,05-SiO, system,
which have excellent optical and mechanical functions with the
achievements of nano-crystallization and nearly zero thermal expansion
coefficients [1,2]. Another attractive motivation is to develop optical,
electrical, and magnetic active glass-ceramics in which active crystals
such as ferroelectric LiNbO3 and Sr,Ba; Nb,Og are included [3-7]. It
should be also emphasized that the crystallization processing of glasses
is becoming more and more important as an approach for a deep un-
derstanding of the nano-scale heterogeneous structure in glasses [4,8].
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The present authors' group has been trying to develop glass-cera-
mics consisting of ’-Gd>(MoQ,); crystals (designated here as ’-GMO
crystals) [9-17], because }’-GMO crystal exhibits ferroelastic and fer-
roelectric properties, i.e., the so-called multiferroic crystal [18-23] and
multiferroic f’-GMO has potential applications in piezoelectric, electro-
optic, electro-acoustic, frequency converting, and other fields [22,24].
Tsukada et al. [10] found an extremely unique and curious phenom-
enon in the formation of ’-GMO crystals in 21.25Gd03-63.75M003-
15B,05 glass (designated here as GM15B glass). That is, crystals formed
in the crystallization break into small pieces with triangular prism or
pyramidal shapes having a length of 50-150 um spontaneously during
the crystallization upon heating an electric furnace, not during the
cooling in air. They called this phenomenon “self-powdering phenom-
enon” [10]. To the best of our knowledge, such a self-powdering phe-
nomenon has not been observed in the crystallization of any other
glasses. Wang et al. [17] noticed the fact that the glasses based on the
system of Gd>03-Mo0O3-B,03 have larger densities at room temperature
compared with ’-GMO crystals and proposed that such differences in
the density might induce the accumulation of extremely large stresses
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in the inside of GMO crystals, eventually causing the breaking of
crystals. At this moment, however, the origin or mechanism of self-
powdering phenomenon observed experimentally has not been clarified
in detail. If we can inhibit the self-powdering phenomenon through the
design of glass composition and heat treatment conditions, it might be
possible to develop bulk glass-ceramics (not powders), and such bulk
glass-ceramics might be expected as new materials having extremely
large stresses in the inside without breaking.

The purpose of this study is to develop bulk glass-ceramics con-
sisting of ferroelastic f’-GMO crystals without inducing the self-pow-
dering phenomenon in Gd;03-MoO3-B203-TeO, glasses. We focused on
the host glass formers of the so-called strong glass-forming oxide of
B>O; and fragile glass-forming oxide of TeO,. It is known that the
binary system of (1-x)TeO,-xB,0O3 shows the glass-formation in the
range of x = 0.05-0.30 and also there is no chemical interaction be-
tween TeO, and B,Os, providing the crystallization of only a-TeO,
phase [25,26]. Even in Na,O-TeO,-B,03 glasses, there is no experi-
mental evidence for the possible formation of B-O-Te linkages [27].
Generally, B,O3-based glasses consist of tetrahedral BO,4 and trigonal
BO; units, and TeO,-based glasses include trigonal bi-pyramidal TeO,
and trigonal pyramidal TeOs units. Although the structure of Gd;Os-
Mo03-B,03-TeO, glasses has not been clarified as of this moment, the
presence of both B,O3 and TeO, might lead to complex speciation in the
glass structure, i.e., the formation of BO3, BO4, TeO,4, and TeO; struc-
tural units, and consequently to the change in connectivity and rigidity
of the network. Furthermore, it is known that the binary MoO3-B,03
system does not have any wide glass-forming region [28], but, the
binary MoOs3-TeO, system shows a wide glass-forming region [29]. It is,
therefore, expected that boro-tellurite glasses containing both B,O3 and
TeO, would have unique and complicated glass structures leading to
the different stress relaxation behaviors between the glassy phase and
B’-GMO crystals in the crystallization of ’-GMO in Gd;03-Mo0O3-B,03-
TeO, glasses. In this study, we found that the self-powdering phe-
nomenon is largely suppressed by the substitution of TeO, for B,Os,
leading to the synthesis of bulk glass-ceramics with B’-GMO.

2. Experimental

Glasses with the compositions of 21Gd»03-63M003-(16-x)B203-
xTeO, (mol%) (x = 0, 2, 4 and 8) were prepared using a conventional
melt quenching technique. Commercial powders of reagent grade
Gd,03, MoO3, B,03, and TeO, were used as starting materials, and their
mixtures were melted in an alumina crucible at 1100 °C for 30 min in
an electric furnace. The melts were poured onto an iron plate and
pressed to a thickness of ~1.5 mm by another iron plate. The glass
transition (Tg) and crystallization peak (T,) temperatures were de-
termined using differential thermal analysis (DTA) at heating rate of
10 K/min. The as-quenched glasses were annealed at ~ T, for 30 min to
release internal stresses and then polished mechanically to a mirror
finish with CeO, powders. Powdered glasses with the size of about
20 pm were prepared by using an agate motor in hand. Densities of the
glasses at room temperature (d) were determined with the Archimedes
method using distilled water as an immersion liquid. We cannot find
any problems with water resistance of the glasses.

The glasses were heat-treated at different temperatures in an elec-
tric furnace, and the crystalline phases present in the crystallized
samples were identified by X-ray diffraction (XRD) analysis (CuKa ra-
diation) and Raman scattering spectra (Tokyo Instruments Co.,
Nanofinder; Ar™ laser with a wavelength of A = 488 nm). Some glasses
with a plate shape were heated on the heat stage, and the change in the
morphology of crystals was observed with a polarized optical micro-
scope (POM).
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Fig. 1. DTA curves for the bulk and powdered samples of 21Gd;03-63M003-8B2,03-8TeO,
glass. Heating rate was 10 K/min. T, and T, are the glass transition and crystallization
peak temperatures, respectively. The optical photograph for the bulk glass is also shown.
(For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

3. Results and discussion
3.1. Self-powdering phenomenon in Gd;03-MoO3-B503-TeO, glasses

The glasses of 21Gd;03-63M003-(16-x)B203-xTeO, (mol%) (x = 0,
2, 4 and 8) prepared in this study are designated here as GdMo16B glass
for x = 0, GdMo014B2Te for x = 2, GdMo012B4Te for x = 4, and
GdMo8B8Te for x = 8. The DTA curves for the bulk and powder sam-
ples of GAMo8B8Te are shown in Fig. 1 as an example. This glass has a
brown color, and its optical photograph is shown in Fig. 1. The glass
shows endothermic dips due to the glass transition and exothermic
peaks due to the crystallization, providing the values of T, = 523 °C
and T, = 600 °C for the bulk sample and T; = 512°C and T, = 561 °C
for the powder sample. It is noted that the difference in crystallization
peak temperature is large, being typical for surface induced crystal-
lization. Similar DTA profiles are observed for other samples, and the
values of T, and T, for the bulk samples are summarized in Table 1. It is
seen that the value of T, tends to decrease with the substitution of TeO,
for B,0s3. Furthermore, it should be pointed that the value of
Ty = 523 °C for the bulk sample in the glass with x = 8 (8TeO,) is
different from the value of T; = 512 °C for the powder sample (see in
Fig. 1). A similar trend was observed in other 21Gd;03-63M003-(16-x)
B,03-xTeO, (mol%) glasses with 2 and 4, i.e., T, = 533 °C (bulk) and

Table 1

Chemical compositions, values of the glass transition T, (bulk sample), crystallization
peak T, (bulk sample) temperatures, density d, and molar volume Vi, for 21Gd;Os-
63M003-(16-x)B,03-xTe0, (mol%) (x = 0, 2, 4 and 8) glasses prepared in the study. The
glasses are designated here as GaMol6B glass for x = 0, GaMo14B2Te for x = 2,
GaMo12B4Te for x = 4, and GaMo8B8Te for x = 8. The values of d and V,, for B’-
Gdx(Mo0Oy)s crystal are also included.

Sample # T, (°C) T, (°C) d (g/cm?) Vin
(+£2°0C) (+2°C) (= 0.004) (em®/mol)
GdMo16B 537 584 4.755 37.42
GdMo14B2Te 533 605 4.742 37.90
GdMo12B4Te 530 608 4.806 37.77
GdMo8B8Te 523 600 4.906 37.74
B’-Gdy(Mo04)s - - 4.555 43.60
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Fig. 2. XRD patterns at room temperature for the powdered samples crystallized at peak
temperature T, for 3 h in 21Gd,03-63M00s-(16-x)B,03-xTeO, glasses with x = 0, 2, 4,
and 8. The peaks are assigned to the f’-Gdy(MoO,); crystalline phase.

Ty = 541 °C (powder) for the glass with x = 2 and T; = 530 °C (bulk)
and Ty = 524 °C (powder) for the glass with x = 4. The glass of
21Gd,03-63M003-16B,03 (mol%) with no TeO,, however, showed the
same value of T; = 537 °C for the bulk and powder samples. At this
moment, the origin of the difference in the glass transition temperature
for the bulk and powder samples in the glasses with both B,O3 and TeO,
is unclear. The values of density d measured are also shown in Table 1,
indicating an increase in d with increasing TeO, content.

The glasses of GdMol6B, GdMol4B2Te, GdMol2B4Te, and
GdMo8B8Te were heat-treated at T}, for 3 h in air, and the XRD patterns
for the crystallized samples (the samples were pulverized after heat
treatments) at room temperature are shown in Fig. 2. In these experi-
ments, the samples were cooled in an electric furnace after the heat
treatments. It is seen that all crystallized samples show the formation of
B’-Gd2(MoOy)3 crystals (ICDD: 01-071-0915), irrespective of the con-
tent ratio of TeO,/B,03. The Raman scattering spectra at room tem-
perature for the crystallized (at T, for 3 h) samples of GdMo16B and
GdMo8B8Te are shown in Fig. 3 together with the spectrum for the
sample obtained by a solid state reaction (sintered at 1000 °C for 24 h in
air). These Raman scattering spectra also demonstrate the formation of
B’-Gd2(MoOy4)3 crystals for the crystallized samples in 21Gd,Os-
63M003-(16-x)B,03-xTeO, glasses [10,12]. In the ferroelastic state of
B’-Gd2(MoOy4)3 crystal [18-22], spontaneous strains are present within
crystals. The Curie temperature of Gd,(MoO,)3 crystals in the phase
transition from the ferroelastic state (f’-Gd2(Mo0O,)3) with an optically
birefringence property (n, = n, = 1.85 and n. = 1.90) [19,23] to the
paraelastic state (3-Gd>(MoO,)3) with an optically uniaxial property is
T. = 163°C [20]. B-Gd>(MoO4); has a tetragonal structure with
a =b =1.0419 nm and ¢ = 1.0636 nm at 200 °C, and B’-Gd(MoO4)3
has an orthorhombic structure with a = 1.0388 nm, b = 1.0426 nm,
and ¢ = 1.0709 nm at room temperature. Thus, the difference in their
crystal structure parameters is small. It is, therefore, considered that
crystals formed in the crystallization (heat-treatment temperature:
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Fig. 3. Raman scattering spectra at room temperature for the crystallized (at T, for 3 h)
samples of GdMo16B and GdAMo8B8Te. The spectrum for the sample obtained by a solid
state reaction (sintered at 1000 °C for 24 h in air) is also shown.

~600 °C) of Gd;03-M003B,03-TeO, glasses would be paraelastic f3-
Gd»(MoOy)s crystals with no spontaneous strains and during the
cooling in an electric furnace after heat treatments, paraelastic [3-
Gd»(MoO,); crystals transform into ferroelastic f’-Gd>(MoQ,)5 crystals.
Abe et al. [30] also proposed that the initial crystalline phase formed in
the crystallization of 21.15Sm,03-63.75M003-15B,05 is paraelectric -
sz(MOO4)3.

The optical photographs at room temperature for the samples ob-
tained by heat treatments of the glasses at T, for 3h in an electric
furnace in air are shown in Fig. 4. As seen in Fig. 4, the original bulk
glasses with a plate shape of GdMo16B, GdM014B2Te break into small
pieces. That is, the self-powdering phenomenon is observed in the
crystallization of ’-Gd;(MoO4); crystals not only in GdMo16B but also
in GdMol4B2Te glasses. It should be again emphasized that the
breaking into small pieces is taking place spontaneously during the
heating stage of an electric furnace, not during the cooling after the
crystallization. On the other hand, the breaking into small pieces during
the crystallization was not observed in GdMo12B4Te and GAMo8B8Te
glasses, although the former glass plate has been deformed during
crystallization. However, observing more in detail, it was found that the
heat-treated sample for GdAMo12B4Te glass breaks into some pieces
easily after touching. In GdAMo8B8Te glass, a rigid bulk glass-ceramics
was obtained. It should be pointed out that a plate-shape glass breaks
into two plate-shape glass-ceramics after heat treatments and the
breaking is taking place almost at the center plane. These results in-
dicate that the self-powdering phenomenon observed in Gd;03-MoOs-
B,0;3 glasses is suppressed due to the substitution of TeO, for B,Os.

The polarization optical microscope (POM) photographs for crystal
grains (piece) obtained by heat treatment at T, for 3 h in an electric
furnace are shown in Fig. 5. It is found the grains have triangular prism
or pyramidal shapes. In GdMo16B glass, their color is not uniform over
the whole region of the grain, but the bright and dark regions indicate
periodic refractive index changes. The widths of the bright region (high
refractive index) and the dark region (low refractive index) are about
5.5 um and about 3.5 pm, respectively [10]. It has been proposed that
the orientation of (MoOg4)?~ tetrahedra in (’-Gda(MoOy)3 crystals
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changes gradually and periodically along the crystal growth direction
due to spontaneous strains in ’-Gd>(MoO,); crystals [10,16]. As seen
in Fig. 5, however, such a periodic refractive index change was not
observed in the crystal grains formed in the crystallization of
GdMo12B4Te and GdMo8B8Te glasses. The results shown in Figs. 4 and
5 suggest strongly that the self-powdering phenomenon and the ap-
pearance of periodic refractive index change are closely related each
other.

As reported in the previous papers [10,17] and as confirmed in the
present study, the self-powdering phenomenon in GdMo16B is observed
in the glasses heat-treated at around the crystallization peak tempera-
tures T, of ~600 °C. We examined the effect of heat treatment tem-
peratures on the self-powdering phenomenon, in particular about heat
treatments at high temperatures, using the following experiment; the

Journal of Non-Crystalline Solids 501 (2018) 85-92

Fig. 4. Optical photographs at room temperature for the sam-
ples obtained by heat treatments at peak temperature T, for 3 h
in 21Gd,03-63M003-(16-x)B,03-xTeO,, glasses with x = 0, 2, 4,
and 8.

GdMo16B glass was put in directly into an electric furnace heated to
800 °C, i.e., not a gradual heating. The optical photograph for the
sample heated at 800 °C for 15 min is shown in Fig. 6. It was confirmed
from XRD analysis at room temperature that 3’-Gd>(MoO,)5 crystals are
formed in this heat treatment. It is seen that the crystallized sample is
deformed, but does break into small pieces. However, this crystallized
sample also breaks into some pieces easily after touching. Furthermore,
it was found that any periodic refractive index change similar to the
pattern shown in Fig. 5 (a) was not induced in the grains as shown in
Fig. 6. It is, therefore, concluded that the self-powdering phenomenon
in GAMo16B glass is suppressed through crystallization at high tem-
peratures. We also examined whether the periodic refractive index
change appears or not in f’-Gd,(MoO,); crystal grains synthesized by a
conventional solid state reaction for the mixture of Gd,03 and MoOs. As

Fig. 5. Polarized optical photographs at room temperature
for the samples obtained by heat treatments at peak tem-
perature Tj, for 3 h in 21Gd;03-63M003-(16-x)B203-xTeO,
glasses. (a) for x = 0, (b) for x = 2, (c) for x = 4, and (d)
for x = 8.
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Fig. 6. Optical photograph (a) and polarized optical photograph (b) at room temperature
for the sample obtained by a heat treatment at 800 °C for 15 min in 21Gd;03-63Mo0O3-
16B,03 glass.

a result, it was confirmed that the periodic refractive index change did
not appear. These results including the results shown in Figs. 4 to 6
propose strongly that the self-powdering phenomenon and also the
appearance of periodic refractive index change in p’-Gdx(MoO4)3
crystals are unique features in the crystals formed through the proces-
sing of the crystallization of glasses.

3.2. Mechanism of self-powdering phenomenon

The results clarified in the present study (Figs. 1 to 6) provide us the
following four important points on the crystallization of ferroelastic -
Gd»(MoOy)3 crystals in 21Gd;03-63M003-(16-x)B,03-xTeO, (mol%)
(x = 0, 2, 4 and 8) glasses: 1) the initial crystalline phase formed in the
crystallization of the glasses is (-Gd(MoO,4)s crystals, and this crys-
talline phase transforms into ferroelastic (’-Gd,(MoO,); crystalline
phase during the cooling to room temperature, 2) the self-powdering
phenomenon appeared significantly during the crystallization at tem-
peratures near the crystallization peak temperature, but this phenom-
enon is suppressed in the crystallization at temperatures much higher
than the glass transition temperature, 3) the self-powdering phenom-
enon during crystallization is suppressed by the substitution of TeO, for
B,O3 in the base glasses, 4) the appearance of periodic refractive index
changes in the grains of 3’-Gd»(MoO,)3 crystals is closely related to the
self-powdering phenomenon.

It should be emphasized that the nucleation and crystal growth of 3-
Gdy(MoQ,)5 is taking place in Gdy03-Mo0O3-B,03-TeO, glasses con-
taining two different glass-forming oxides of BoO3; and TeOs. The self-
powdering phenomenon indicates clearly that extremely large stresses
causing the breaking of crystals are accumulated in the inside of [3-
Gd,(MoOy)3 crystals. In this point of view, Wang et al. [17] focused on
the difference in the density (d) between ’-RE;(MoO,); crystals (RE:
Sm. GD, Dy) and the base glasses of RE;03-M003-B,03 and found that
the base glasses have larger densities at room temperature compared
with (’-RE>(MoO,); crystals, which is a unique feature in the RE,O3-
Mo0O3-B,03 system compared with the crystallization of other glass
systems. They proposed that such differences in the density might in-
duce the accumulation of extremely large stresses in the inside of
RE»(MoOy)3 crystals, eventually causing the breaking of crystals into
small pieces [17].

The values of densities at room temperature for 21Gd;03-63Mo0O5-
(16-x)B203-xTe0, (mol%) (x = 0, 2, 4 and 8) glasses are shown in
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Fig. 7. Densities at room temperature for 21Gd,03-63M00;-(16-x)B,05-xTeO, glasses
obtained in the present study and (’-Gd»(MoO,)3 crystal [31].

Fig. 7. It is seen that the density increases with increasing the substation
of TeO, for B,03, e.g., d = 4.755 g/cm® for 21Gd,03-63M003-16B,05
glass (x = 0) and d = 4.906 g/cm?® for 21Gd,03-63M005-8B,05-8TeO,
glass with x = 8. The value of d = 4.555 g/cm® for B’-Gdy(MoO,)s
crystal [31] is also indicated in Fig. 7. Here, we used the densities of the
base glasses and B’-Gd»>(MoO,)3 crystal at room temperature, because
their densities at high temperatures such as 600 and 800 °C have not
been measured. It is found from Fig. 7 that all base glasses have large
density values compared with ’-Gd»(MoO,)3 crystal. Even in 21Gd,05-
63Mo003-(16-x)B,03-xTeO,, glasses and even at high temperatures, it is,
therefore, expected that large stresses would be accumulated in the
inside of Gdx(MoO,)s crystals formed in the glasses, as proposed by
Wang et al. [17]. As can be seen in Fig. 7, the difference in the densities
of the glass with x = 8 (d = 4.906 g/cmg) and (’-Gdx(MoOy,)3 crystal is
large compared with the case of the glass withx = 0 (d = 4.755 g/cm?®)
and (’-Gdy(MoO,)s crystal. The values of molar volume V,, (= M,,/d:
M,, is the molecular weight) for the glasses are summarized in Table 1,
together with the value for ’-Gd>(MoO,); crystal. It is seen that the
glasses have considerably small V,, values compared with f’-
Gdy(MoOy); crystal, e.g. Vi = 37.74 cm®/mol for GAMo8B8Te glass
and V,, = 43.60 cm®/mol for (’-Gda(Mo0Oy,)3 crystal. These large dif-
ferences in the molar volume also suggest that large stresses would be
induced at the interface between B’-Gd>(MoQO,)s crystals and the sur-
rounding glassy phase, as discussed from the viewpoint of density. As
found in this study (Fig. 4), however, the self-powdering phenomenon
is observed more clearly in the glass with x = 0, but not in the glass
with x = 8. It should be pointed out that the difference in the molar
volume between GdMol6B glass (x = 0) with V,,, = 37.42 cm®/mol
and GdMo8B8Te (x = 8) with V,, = 37.74 cm®/mol is not large. In
other words, in order to clarify the mechanism of the self-powdering
phenomenon, other factors must be considered besides the density (or
molar volume) difference in the based glasses and Gdy(MoO,)5 crystal.

The fact obtained in the present study, i.e., the self-powdering
phenomenon during crystallization is suppressed by the substitution of
TeO,, for B,03 in 21Gd;03-63M003-(16-x)B,03-xTeO, glasses, suggests
that the degree (value) of accumulated stresses in the inside of
Gd»(MoOy,); crystals, which is created from the density (or molar vo-
lume) difference in the glassy phase and the formed (-Gd;(MoO,)s
crystals, changes depending on the glassy phase. That is, the so-called
stress relaxation might be considered for the stresses created from the
density difference. It is well known that TeO,-based glasses are
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classified into the so-called fragile glasses, because their viscosities and
also Vickers hardness decrease sharply around the glass transition
temperature [32-34]. On the other hand, B,O3-based glasses have been
considered to be strong glasses [35], and it is well known that the single
bond strength of B—O bonds in B,Oj is extremely large compared with
that of Te—O bonds in TeO, [36,37]. Indeed, as seen in Table 1, the
glass transition temperature in 21Gd,03-63Mo003-(16-x)B;03-xTeO,
glasses decreases with the substitution of TeO, for B,O3. Considering
these structural and bonding features in B,Os-based and TeO,-based
glasses, the relaxation of stresses created from the density differences in
the glassy phase and -Gd;(MoO,)3 crystals would be more significant
in the glasses with high TeO, contents, decreasing the accumulation of
stresses in the inside of 3-Gd»(MoO,)s crystals and consequently sup-
pressing the self-powdering phenomenon. The stress relaxation at the
interface between the glassy phase and 3-Gd,(MoO,4)3 crystals would be
also large at high temperatures, because the viscosity of the glassy
phase decreases with increasing temperature and the stress at the in-
terface would dissipate effectively to the surrounding low viscous glassy
phase. Indeed, as shown in Fig. 6, the self-powdering phenomenon is
suppressed in the crystallization at a high temperature of 800 °C. It is
known that the Ba,TiGe,Og crystalline phase (designated as BTG) with
the so-called fresnoite (Ba,TiSi,Og)-type structure (non-centrosym-
metric tetragonal structure) exhibits ferroelastic behavior [38,39]. The
density of BTG crystal is 4.84 g/cm® and that of BTG glass is 4.74 g/
cm?®, indicating that the BTG crystalline phase has a larger density
compared with the corresponding BTG glass [38,39]. Indeed, in the
crystallization of BaO-TiO,-GeO, glasses, any self-powdering phenom-
enon has not been observed [40,41], being a complete contrast to the
case of the crystallization of ferroelastic B’-Gdy(MoQO,4); in Gd,Os-
Mo03-B,03 glasses.

In order to understand more deeply the suppression of self-pow-
dering phenomenon in 21Gd,03-63M003-(16-x)B,03-xTeO,, glasses, we
also need to light the structure of these glasses. Altering the proportions
of TeO,/B,03 in the glasses could change the ratio of BO3 and BO4, and
thus, it is expected the change in connectivity and rigidity of the net-
work in the glasses containing both TeO, and B,03, and consequently,
the change in stress relaxation behaviors. Halimah et al. [42] proposed
that the increasing of TeO, content in the binary TeO,-B,O3 glasses
results in an increase in the cross-link density due to the transformation
of BO3 into BO4 units and the transformation of TeO,4 to TeOs units. It
should be pointed out that 21Gd,03-63M003-(16-x)B,03-xTeO, glasses
contain only the total amount of 16 mol% in the glass-forming oxides of
B,O3 and TeO,. These glasses are, therefore, regarded as really unique
glasses from the viewpoint of chemical composition. It is desired to
study the structure of 21Gd,03-63M003-(16-x)B,03-xTeO, glasses by
using techniques such as !B MAS-NMR.

It is known that in the as-grown state, ferroelastic 3’-Gd>(MoO4)3
single crystal always contains twins with the a- and b-axes inter-
changed. Furthermore, there are also multiple domains of nearly par-
allel orientation with a small (~ 1°) rotation around the c-axis [20]. The
axis of domains in B’-Gdy(MoO,); is directed along [110] crystal-
lographic direction, and it is known that 3-Gd>(MoO,)3 crystals cleave
in [110] direction on (100) plane [43]. If a large mechanical stress is
applied to a paraelastic 3-Gd»(MoO,)3 crystal with a tetragonal struc-
ture (a = b = ¢), some distortion in the crystal structure would be ex-
pected and consequently, the B-Gd;(MoO,)3 crystal structure might be
close to the (’-Gd»(MoO,)s crystal structure. In other words, in p-
Gd»(MoQ4); crystals formed in the crystallization of 21Gd;03-63Mo00s-
(16-x)B,03-xTeO, glasses and also surrounded by other glassy phases
consisting of B,O3 and TeO,, twins and domains with a c-axis rotation
might be formed. However, in the case of a small mechanical strength
(stress) against (3-Gd,(MoO,)3 crystals, such twins and domains would
not be expected. This model might be applied to explain the fact that
the self-powdering phenomenon during crystallization is suppressed by
the substitution of TeO, for B,O3 in 21Gd;03-63M003-(16-x)B,03-
xTeO, glasses.
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Heat-treated  (a) 1
540°C, 5 h @

Fig. 8. Optical photograph (a) and polarized optical photograph (b) at room temperature
for the sample obtained by a heat treatment at 540 °C for 5 h in 21Gd;03-63M003-16B,03
glass.

The optical photograph at room temperature for the cross-section of
the sample heat-treated at 540 °C for 5 h in 21Gd;03-63M003-16B,05
glass and POM photograph for the grains obtained from the sample are
shown in Fig. 8 (a) and (b), respectively. It should be pointed out that
the crystalline phase at room temperature in this crystallized sample is
B’-Gd2(Mo004)3 and the grains show periodic refractive index changes as
similar to Fig. 5 (a). The widths of the bright region and the dark region
in Fig. 8 are about 5.3 pm and about 3 pm, respectively. Unique clea-
vage (cracks) and planes are observed, and these features might be si-
milar to the fracture behavior of ’-Gd,(MoO,)3 single crystal, although
the crystallographic cleavage direction and plane miller indices in the
crystallized sample have not been determined as of this moment. The
XRD patterns at room temperature for the samples heat-treated at
599 °C for 3h in 21Gd;03-63M003-8B>03-8TeO, glass are shown in
Fig. 9. A rigid bulk glass-ceramics was obtained. However, it was found
that the plate-shape crystallized sample breaks into two sheets and the
separation is taking place almost at the center plane of the original glass
sample. Their photographs are also included in Fig. 9. The XRD patterns
indicate that the crystalline phase at room temperature in the crystal-
lized sample is f’-Gdo(Mo0O,)s. Furthermore, it is found that highly c-
axis oriented 3’-Gd>(MoO,); crystals are present at the original surface
(outside: before breaking into two sheets) of the crystallized sample,
suggesting the surface crystallization mechanism. On the other hand,
such a high orientation is not confirmed at the new surface created after
breaking, i.e., in the center part of crystallized sample. It is obvious that
the growth of highly oriented 3-Gd>(MoO4); crystals starting from the
front surface stops at the center part of the base glass because of the
collision with other B-Gd;(MoO,); crystals growing from the back
surface. Such a collision would not form a strong chemical bonding
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Fig. 9. XRD patterns at room temperature for the bulk sample crystallized at 599 °C for
3 h in 21Gd,03-63M003-8B,03-8Te0, glass. The bulk crystallized sample was separated
into two plates, creating different two surfaces of the outside and the inside. The peaks are
assigned to the P’-Gdy(MoO,)s crystalline phase. The peaks marked by “x” are not
identified.

between B-Gdy(MoOy)s crystals growing from the different surfaces
(the front and back surfaces). Recently, Takahashi et al. [44] reported
the perfect surface crystallization of fresnoite Ba,TiSi,Og in 28BaO-
18Ti0,-54Si0, glass, in which highly c-axis oriented Ba,TiSi»,Og crys-
tals grow from the front and back surfaces and stop at the center part of
plate-shaped samples. It should be, however, pointed out that any
breaking into two sheets has not been reported in their crystallized
samples. In their study [44], the chemical composition of the base glass
is 28Ba0-18Ti0,-54Si0,, indicating a large deviation from the che-
mical composition of Ba,TiSi,Og. That is, it is expected that a large
amount of the glassy phase with chemical compositions such as 4TiO,-
26Si0, would be present even in the final stage (perfect surface crys-
tallization) of crystallization in their glass and such a residual glassy
phase would play the role of strong connections between Ba,TiSi,Og
crystals growing from the different surfaces. On the other hand, in our
present study, the chemical composition of 21Gd;03-63Mo003-8B,03-
8TeO, glass is very close to that of Gd;(Mo00O,)s, i.e., 21Gd»03-63Mo003,
and thus, the amount of the glassy phase is also small, i.e., 8B;053-
8TeO,. This would be one of the reasons for the appearance of the
breaking into two sheets after the sufficient crystallization (Fig. 9) in
our present study.

3.3. Origin of periodic refractive index changes

In the present study, it was clarified that the appearance of periodic
refractive index changes in the grains of (’-Gd;(MoO,); crystals is
closely related to the self-powdering phenomenon. Ferroelastic f’-
Gd»(MoQ4); crystal has an optical birefringence property, meaning that
the periodic refractive index change shown in Figs. 5 (a) and 8 (b) is not
induced by the mere formation of twins with the a- and b-axes inter-
changed, but the change in the c-axis direction is also required. In other
words, the appearance of periodic refractive index changes indicates
that the c-axis direction of B-Gd,(MoO,); crystals formed in the crys-
tallization of glasses changes periodically together with the crystal
growth.

It would be worth summarizing the important points on the periodic
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refractive index change observed in the grains and also laser patterned
lines of B’-Gd;(MoO,)s crystals, which were reported in the previous
papers [10,14,16]. Tsukada et al. [10] found from the azimuthal de-
pendence of second harmonic (SH) intensities and polarized micro-
Raman scattering spectra that ’-Gd;(MoQO,); crystal in each grain is
oriented and the orientation of (M00O,)?~ tetrahedral units changes
periodically, providing periodic refractive index changes in grains.
Suzuki et al. [16] demonstrated from transmission electron microscope
observations that a gradual rotation of crystallographic axes takes place
along the crystal growth direction (laser scanning direction) in f’-
(Sm,Gd)>(MoOy4)3 crystal lines patterned by laser irradiations, pro-
viding the gradual rotation of (MoQ,)? ~ tetrahedral units. Wang et al.
[14] found that the periodic degree of refractive index changes in the
laser pattering of B’-RE;(Mo0Q,)3 crystal lines (RE: Sm, Gd, Tb, and Dy)
depends on the kinds of RE®" ions and the periodicity of refractive
index changes, i.e., the distance between high and low refractive index
changes, varies with the laser scanning speed and thus with the growth
speed of (}-RE5(MoO,); crystals. The most important key point for the
appearance of periodic refractive index change in P’-RE;(Mo00O,);
crystals formed in the crystallization of RE;03-M005-B,05 glasses is a
rotation of the c-axis in ’-RE;(Mo0O,4)3 crystals.

As proposed in the Section 3.2, if a large mechanical stress is applied
to a paraelastic 3-Gd»(MoO,)s crystal with a tetragonal structure
(a = b = c), some distortion in the crystal structure would be expected.
Furthermore, if such a distortion results in the apparent rotation of the
c-axis, a periodic refractive index change would be observed in a grain
of ’-Gdy(MoO,)3 crystal.

4. Conclusions

The glasses with the compositions of 21Gd;03-63M003-(16-x)B,03-
xTeO, (mol%) (x = 0, 2, 4, 8) were prepared using a conventional melt
quenching technique, and the crystallization behavior of ferroelastic 3’
Gd»(MoO,)3 crystals was examined to clarify the mechanism of self-
powdering phenomenon and to design bulk crystallized glasses. It was
found that the self-powdering phenomenon appeared significantly
during the crystallization at temperatures near the crystallization peak
temperature, but the phenomenon is suppressed in the crystallization at
temperatures much higher than the glass transition temperature. It was
also found that the substitution of TeO, for B,O3 in the base glasses
suppresses the self-powdering phenomenon and consequently bulk
crystallized glasses were obtained in the glass with x = 8 mol%. The
periodic refractive index change observed in [(’-Gd»(MoO,)s crystal
particles also disappeared in the samples with TeO, contents of 4 and
8 mol%. The densities at room temperature of the base glasses are
d = 4.755-4.906 g/cm®, being much higher than the value of
d = 4.555 g/cm® for B’-Gd,(MoO,); crystal. It is proposed that the
stresses in the inside of crystals induced by large density (or molar
volume) differences between the glassy phase and crystals might be
relaxed effectively in the glasses containing TeO, with weak Te—O
bonds and fragile character.
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