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Microstructure evolution of highly ordered BisSizO12 microcrystals
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Abstract

This study reports the preparation of dendritic bismuth silicon oxide (BisSizO12) microcrystals by using solid
state reaction stages and heating of Bi,O3-SiO, powder mixture at 800 °C for different holding times and
ambient conditions. X-ray diffractometer (XRD) and scanning electron microscopy (SEM) were used to
analyse the prepared microcrystals. XRD analysis revealed that microcrystals showed the eulytite structure,
with a gradual decrease in the proportion of Bi12SiO2 phase and a considerable increase in BisSisO12 phase
as the holding time increased during heating at 800 °C. This phenomenon is attributed to the occurrence of a
transformation in the system, change of crystal composition and generation of dendritic-structured
microcrystals by increasing the holding time. An ordered structure similar to typical preferential orientation
growth was formed with the growing epitaxial structure of BisSizO12 grains on the favourable microcrystal
surface. However, the domain structure gradually disappeared after a certain period.
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I. Introduction considerably influenced the structure of metastable

. . . . o materials in the Bi»03-SiO2 binary system at various
~ Crystalline bismuth silicon oxides (Bi12SiOz,  gxperimental conditions, including melt components
Bi,SiOs and BisSi3O12) have attracted greater scientific and melting temperatures [12]. The relationship
significant interest due to their excellent properties [1- between the heat treatment method and the product
3]. As a crucial scintillator and photorefractive composition of the Bix0s-SiO; binary melt was

material [4,5], Bi12SiOz is widely used in electro  eyamined theoretically and experimentally [2,12,13].
optics, acoustics and piezotechnics, whereas BisSisO12  The state of developing crystalline phases is

demonstrates outstanding optical and electrical extensively influenced by the initial cooling
properties [1,6,7]. Due to their fast response and cost- temperature. Bermeshev et al. [14,15] stated the
effectiveness [8], an eulytite-structured BisSisO12  jmpact of melt cooling conditions on the phase
crystal is a promising alternative to bismuth  composition of these crystalline phases. Furthermore,
germanium oxide (BisGesO1) in certain cases. The  he syrface condition and microstructure of the melt
growth of BisSisOr, crystals has so far been  gr¢ egsential to all melt components and melting
investigated using the Bridgman method [4,9]. In  temperatures-related applications, which are examined
addition to the accuracy of elastic and dielectric with melt cooling and solidification conditions

constants, the defects and relative stability of 16 17] Previous studies reported the relationship
Bi12Si020 and BisSisO1 are also demonstrated to have  petyeen melt cooling conditions and the morphology

great significance [2,10]. However, a comprehensive ¢ developing crystals [18-20].
analy3|§ of the phase relation apd th_e (_:rystallographlc Phase separation in the Bi,Os-SiO, binary melt
properties of the system remains limited due to the  takes place at high temperatures. The characteristics

complexity of the Bi:Os-SiOz binary melt [11].  ang jmpact of the metastable melt that developed
Previous studies demonstrated significant differences  folowing binary mixture melting are unclear

between metastable states compared to the uniqueé  according to the phase equilibrium. In a previous
stable equilibrium state [6, 11]. Melt cooling study, sintering was used to form highly ordered
BisSizO12 microcrystals at ambient conditions [21],
and to examine the link between highly organized
grain-like structure and the distribution of grain sizes
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in BisSi3012 microcrystals [21,22]. However, there are
few and insufficient investigations on various thermal
treatment techniques to examine the morphology of
the crystalline phases in the Bi»Os-SiO- binary system.
This study verified the influence of time on the
microstructure of highly ordered BisSizO12 grains and
explored their crystalline morphology. The effect of
heat treatment on the phase composition and
microstructure of the prepared crystalline phases of a
melt with 50 mol% Bi,O; and 50 mol% SiO, was
studied. The effect of time on the growth of highly
ordered BisSizO12 microcrystals was investigated at
800 °C under ambient conditions.

1. Experimental

Bi,O; and SiO; powders (99.99% purity) were
mixed on 1:1 mole ratio, thoroughly milled with an
agate mortar and homogenized with a pestle in ethanol
at room temperature for 3 h. After the infrared drying,
the obtained Bi»O3-SiO, were evenly classified into six
samples. The samples were placed in a corundum
crucible in the air and covered with a lid, followed by
calcination in a box furnace at 800 °C for 0.5, 1, 2, 4, 6
and 10 h at a heating rate of 10 °C/min. After cooling
to room temperature, the samples were removed from
the cooled furnace hearth, and the resulting samples
were designated as BSO-x where x = 0.5, 1, 2, 4, 6 and
10, respectively.

A powder X-ray diffractometer (XRD, Rigaku,
Japan, D/max 6100PC) was used to analyse the
crystalline phases of the heat-treated samples. The
effect of holding time on the microstructure at high
temperatures was evaluated using Cuka irradiation at
30 kV and 15 mA, with 26 ranging from 10° to 70° at
a scanning rate of 0.02 °/s. The surface morphological
analysis of samples was investigated using scanning
electron microscopy (SEM, Sigma500, Zeiss,
Germany).

I11. Results and discussion

XRD patterns of the BSO-x samples heat-treated
at 800 °C for 0.5, 1, 2, 4 and 6 h are presented in Fig.
1. All samples exhibited very intense diffraction peaks,
indicating highly crystalline phases, which are
consistent with the standard data of cubic BisSizO12
eulytite and Bi12SiOy sillenite structures. Compared to
the JCPDS cards, several diffraction peaks indicated
considerable changes in the relative intensity, which
can be attributed to the growth of crystals according to
their preferred orientation during heating.

XRD patterns of the BSO-0.5 sample (Fig.1)
indicates presence of crystalline BisSizO12 and
Bi12SiO2 phases with a significant proportion of
unreacted Bi»Os and SiO,, representing insufficient
time for the completion of solid reaction. XRD pattern
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of the BSO-1 sample (Fig. 1) shows a significant
increase in crystallinity with increasing annealing time
to 1 h, which suggested the formation of Bi12SiO and
BisSizO12 phases as the main products with a small
amount of the Bi,O3 and SiO,. Moreover, a significant
increase in the intensity of the diffraction peak of the
Bi12SiO2 and BisSisO12 phases was observed.
However, the diffraction peaks of Bi12SiO2 phase are
stronger, displaying the preferential formation of this
phase during the reaction at a high temperature. In the
BSO-2 sample, the diffraction peak intensity of
BisSizO12 phase increases while that of Bi2SiOz
phase decreases, indicating an increase and decrease in
the BisSiz012 and Bi12SiOy contents, respectively.
Furthermore, the BSO-4 and BSO-6 samples show
weak diffraction peaks of Bi12SiO2o phase, while those
corresponding to BisSizO12 phase are sharp and strong,
thus suggesting the oriented growth of BisSizO1
grains with increasing heating time.
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Figure 1. XRD patterns of the heated Bi2O3-SiO2 samples at
different holding times (i.e. 0.5, 1, 2, 4 and 6 h)

The increased proportion of BisSizO12 phase
considerably decreased the proportion of Bi12SiOz
phase, which can be attributed to its dissolution or
transformation into other compounds. Bi12SiOz did
not completely disappear, but rather declined in
comparison to the formation of BisSisO1, phase. The
gradual increase and decrease of the phases proposed
an active process in which a phase changed or evolved
into another under specific conditions.

SEM was also used to analyse the growth
mechanism of the crystals in the Bi»O3-SiO; binary
system. As illustrated in Fig. 2, the SEM image of the
BSO-0.5 sample heated at 800 °C demonstrated the
formation of fine equiaxed grains with a characteristic
solid-liquid interface mainly due to the rapid cooling over
the short period and the lack of thermal equilibrium at the
furnace wall. A few quadrangle grains observed in the
BSO-0.5 sample made contact with the unreacted melt to
prevent interspace formation. Bi,SiOz was formed as
the major phase in the previous study of heating analysis
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of Bi;,03-SiO; [6]. The solid state reaction was used to
form the BisSi3O;2 phase as the product with increasing
temperature to 743 °C. Due to the absence of voids
between the grains, the product showed the presence of a
few non-reactive melts as residues, suggesting the
suitability of a short time to form Bi12SiOx.

Figure 2. SEM image of the Bi2Os-SiO2 heated at 800 °C at a
holding time of 0.5 h

Figure 3. SEM image of the Bi2O3-SiO2 heated at 800 °C at a
holding time of 1 h

SEM image of the BSO-1 sample at 800 °C for 1 h
(Fig. 3) suggested a highly ordered, seaweed like growth
that is growing outward from the primary arms at an
angle of ~90°. The growing structure splits after bending
away from the primary arm to form seaweed-like
microcrystals. Dendritic crystals with several branches
were formed, followed by the development of a large
number of secondary dendrites on the primary branch.
The primary dendritic arms were short. The dendrites
progressively diminished as the branch grains of the
dendrite became smaller. The secondary dendritic arms
were longer, along with a short distance between the
adjacent dendrites, presenting fewer voids on the surface
of the BSO-1 sample. BisSisO:, grains are less
developed, but the grains remain close. The secondary
dendritic arms grew along the branch upwards due to the
limited space, forming incomplete branching patterns
with fully developed dendrites like seaweed on their left
and right. Each grain in one single line was adjacent to

XX

two close-packed grains that formed a periodic structure
in a line.

SEM image of the BSO-2 sample heated at 800 °C
for 2 h is shown in Fig. 4. Compared to the BSO-1
microstructure, the BisSisO12 crystals of the BSO-2
sample showed highly ordered columnar dendrites
growing epitaxially over the adjacent secondary dendrite
arms. The dendrite arms displayed an average length and
width of 5-20 and ~2-3 pm, respectively, with the
growth remaining parallel to one another and parallel to
the growth direction of the neighbouring columnar
dendrites. However, in the previous layer, the primary
dendrites exhibited growth direction perpendicular to that
of secondary dendrites. The primary dendrites developed
epitaxially from secondary dendrites. The supply of the
melt was effectively prevented by the contact of primary
and secondary dendrites, thus forming pores and
shrinkages.

Figure 4. SEM imageimage of Bi2Os-SiO2 heated at 800 °C
at a holding time of 2 h

SRR

Figure 5. SEM image of Bi2O3-SiOz heated at 800°C at a
holding time of 4 h

SEM image of the BSO-4 sample heated at 800 °C
for 4 h displayed the main products of seaweed-like
BisSiz0O12 crystals with a few BiSiO2 grains (Fig. 5).
Compared to the BSO-1 sample, the primary arms
showed the growth of a highly branched structure at an
angle <90°. The long and thick secondary dendrites were
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oriented perpendicularly to the primary dendrite branch.
The well-grown secondary dendrites existed over an
extended zone. As the neighbouring dendrites occupied
the growing space, the dendrite growth deviated from its
original direction due to the lack of space. The growing
arms grew in a zig-zag pattern by bending away from the
primary arm during the branch growth. The seaweed-like
structures may be disturbed throughout the solid-state
reaction because of the melt consumption by the adjacent
branched grains. The dendrite arms of the BSO-4 sample
did not grow at a 90° angle from each other, suggesting a
different growth direction compared to the BSO-1
sample.

Figure 6. SEM image of Bi20s-SiO2 heated at 800°C at a
holding time of 6 h

SEM image of the BSO-6 sample heated at 800 °C
for 6 h comprised dendrites compared to the structure of
the BSO-1 and BSO-2 samples, as illustrated in Fig. 6.
The highly ordered columnar dendrites grew epitaxially
over the neighbouring secondary dendrite arms. The
dendrite arms demonstrated an average length and width
of 10-20 and ~2-3 pm, respectively. In line with the
BSO-2 sample, the growth directions of the adjacent
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columnar dendrites were parallel to one another, while
those of the primary dendrites were perpendicular to the
secondary dendrites in the previous layer, indicating the
epitaxial growth of primary dendrites from secondary
dendrites. Dendrites were produced with the competitive
growth and continuously forming dendrites in the solid—
liquid phase during sufficiently stable holding time. The
melt phase was separated through the interaction of the
primary and secondary dendrite arms, resulting from
various primary dendrites. The system indicated the
existence of the slender dendrite arms due to the
complete reaction of the molten solid.

As presented in Fig. 7a, SEM image of the BSO-10
sample heated at 800 °C for 10 h displayed a surface free
of dendrites or seaweed-like structures comparable to
samples heated for a period of less than 10 h. It has a
dense, void-free architecture. Numerous crescent-row
stripes were formed on its surface, similar to the cleavage
plane of a single crystal at high reaction temperature. The
BSO-10 surfaces showed flake-like structures covered by
a cleavage plane, obtaining the eulytite structure with
large-sized, low nucleation grains, indicating the
significant influence of time on the growth orientation
and rate at high temperatures.

XRD pattern of the BSO-10 sample exhibited strong
intensity of the diffraction peaks of the eulytite structure
(JCPDS card No. 35-1007), displaying the high
crystallinity of the BisSisO12 phase in the BSO-10
sample, as presented in Fig. 7b. These diffraction peaks
can be correlated with the indices of the lattice plane of
the crystalline cubic phase of BisSizO12, comparable to
the findings shown in Fig. 1. The strong diffraction peaks
at 27.4° and 56.5°, corresponding to (310) and (620)
planes, unlike the conventional data of the eulytite
structure, demonstrate the growth of preferential
orientation growth of BisSi;O1, phase in the main plane
(310).
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Figure 7. SEM image (a) and XRD patterns (b) of Bi2O3-SiO2 heated at 800 °C at a holding time of 10 h

To further enhance the growth of a highly ordered
BisSiz01, structure, several factors must be considered,
including the following. The surface and interface areas,
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along with the strain energy of differently oriented
microcrystal grains, must be minimized by regulating the
thermodynamic conditions of the phase equilibrium that
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determine the driving force for the growth of an ordered
structure [23,24]. The microstructure of microcrystals
evolved depending on the velocity at the solid liquid
interface and the undercooling AT before the
solidification of individual phases in the Bi,O3-SiO;
system [25]. Undercooled melts constitute a significant
driving force for the formation of crystals generated by
the difference in the Gibbs free energy of the crystal
nucleus and metastable liquid states [26]. The formation
of a highly ordered structure is also influenced by the
grain spacing. During the growth of a highly ordered
structure, melt accumulation started early with closed
BisSi3O12 grains, which significantly increased the
growth rate and caused the formation of a branched
morphology [27]. Given the same conditions under
furnace cooling, the closely placed BisSisO12 grains
suggested that melt accumulation could start earlier in the
growth process of the highly ordered structure. The
close-packed BisSisO1, grains exhibited a higher
probability of melt accumulation earlier during the
growth process, which significantly slowed the growth
rate and eventually formed branched morphologies [28].
Therefore, preferential orientation growth was formed by
the development of the highly ordered, epitaxial structure
of eulytite along the favourable microcrystal surface, and
their growth can be promoted and controlled by
considering the optimization of the governing factors.

V. Conclusions

This study investigated the structure of BisSizO1. and
Bi1,SiOy crystals formed by solid-phase reaction under
normal pressure in the Bi»Os3-SiO, system at 800 °C for
various times. During the solid-state reaction, high
amount of Bi12SiOy crystals were successfully formed in
the Bi203-SiO, mixture at 800 °C and shorter holding
times. The BisSizO12 content in the system was
progressively increased as the time increased, while that
of Bi12SiO2 gradually decreased. A dendrite BisSizO12
structure was formed first, followed by the gradual
disappearance of the domain structure after a certain
period. During the heating period, the dendritic structure
was produced by the competitive growth and continuous
formation of dendrites in the solid-liquid phase. The
growth of the epitaxial structure of BisSizO1, grains along
the favourable microcrystal surface results in the
formation of a highly ordered structure of typical
preferential orientation growth.
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