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Abstract

Crystallization behavior during annealing of eutectic glass in the C12A7-CaYAIlO, system was investigated by SEM, STEM, XRD, and TG-DTA.
At 900 °C, phase separation of Y-poor and Y-rich phases appeared without crystallization. The phase separation might lead bulk crystallization of
C12A7 by subsequent crystallization. At 950 °C, crystallization of unknown metastable phase was observed together with C12A7 crystallization.
Above 1000 °C, crystallization of CaYAIO, and C12A7 was observed. Crystallization behavior was schematically explained and bulk crystallization

of C12A7 was explained by the phase separation.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium aluminate glasses have been of great interest due
to their high transparency of IR region, ~5 pm, which cannot
be obtained by the conventional glass systems based on silica
networks.! Despite the advantage, calcium aluminate glass is not
widely used as a glass material by itself because it is difficult
to fabricate them without crystallization; it is readily devitri-
fied during cooling. To our knowledge, inviscid melt spinning
is the only technique to fabricate calcium aluminate glass fibers
without mixing any other components.>> The other ways to fab-
ricate the calcium aluminate-based glass is mixing SiO,, BaO,
SrO, etc. into the calcium aluminate glass to obtain higher glass
formability than pure CaO-Al,O3 glasses. Recently, we have
reported a fabrication technique for a bulk of calcium aluminate-
based glass in the eutectic Y,03-CaO-Al,03 system,4 where
the glass phase were easily obtained by conventional mold-
ing technique and the glass showed high transparency up to
~5 pm. Our research has been based on a ternary eutectic sys-
tem rather than a binary eutectic. An advantage to using the
ternary eutectic is its low melting point and a high glass forma-
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bility which enables to fabricate bulk ceramics from melt. In the
ternary eutectic system of HfO,—Al,O3-GdAIO3, we have also
successfully fabricated an amorphous phase.>°

The calcium aluminate crystal, especially 12Ca0-7Al,03
(C12A7), is also recently of great interest. C12A7 has been
known as one component of alumina cement, but it has gathered
attention due to several remarkable properties,i.e. O™, 02—, and
H™ emission and clathration of electrons at room temperature
(so-called electride materials).”® Kim et al.'? improved fabrica-
tion techniques for the C12A7 material and showed possibilities
of a new route by melting in strong reduction atmosphere.'”
We have reported a fabrication route for the C12A7-based bulk
composites using the ternary eutectic Y203—CaO-Al,O3 sys-
tem, where the C12A7 bulk composite can be easily obtained
by merely annealing the molded glass.!! The shape and size of
the composite can be controlled by the glass because it does
not cause any cracking during annealing, although the C12A7
stoichiometry glass cracks during annealing. In that report, we
suggested a mechanism of cracking and of avoiding cracking.
However, our explanation was not based on enough data such
as cross-sectional observation of samples annealed at several
temperatures.

In the present paper, we focus on the precise crystallization
behavior in order to understand crystallization behavior of the
Y,03—-Ca0-Al;03 system. The crystallization behavior of the
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Fig. 1. XRD patterns for the sample A (900 °C-6 h annealing), B (950 °C-6 h annealing), C (1000 °C-6 h annealing), and D (1200 °C-6 h annealing). No particular
crystalline peaks appeared in the sample A. The sample B was composed of C12A7 and unknown phase. The sample C was composed of the three phases, C12A7,
the unknown phase, and CaYAIOy4. The sample D included only two phases of C12A7 and CaYAIlO4. The unknown phase peaks decreased with increasing annealing
temperature, whereas contrarily, CaYAlO4 peaks increased with increasing annealing temperature.

ternary system can also be meaningful to those who are inter-
ested in the other calcium aluminate-based glasses because there
are few reports related to crystallization behavior of the cal-
cium aluminate glasses except for ordinary calcium aluminate
compositions.'>13

2. Experimental

A eutectic composition between CI12A7  and
CaYAlO4  pseudo-binary  system  (Y203:Ca0:Al,0O3 =
2.50:61.92:35.58 mol%) were selected to investigate the
crystallization behavior. Mixed sample powder of Y;0O3
(99.999%, Shin-Etsu Chemical Co. Ltd., Tokyo, Japan), CaCO3
(99.5%, Cica-Reagent, Kanto Chemical Co. Inc., Tokyo, Japan)
and Al;O3 (99.99%, AKP-30, Sumitomo Chemical Co. Ltd.,
Tokyo, Japan) for the eutectic composition was uniformly
blended using an alumina mortar with adding ethanol. After
drying at 80 °C for 1 h in an electric oven under normal air, the
mixture was melted and solidified using an arc-imaging furnace.
Detailed procedures for the arc-image furnace (UF-10001,
Ushio Inc., Tokyo, Japan) are mentioned in our previous
papers.*>11:16 The sample after the solidification had globule
shape due to the surface tension of the melt and vitrified caused
by rapid cooling rate about 200-500 °C/s. The sample globules
were annealed at several temperatures and several time periods,
i.e. 900°C-6h (stated as sample A), 950 °C-6h (sample B),
1000 °C-6h (sample C) and 1200 °C—6 h (sample D).

Samples after annealing were ground using alumina mor-
tar for X-ray diffraction (XRD) (Cu Ka, MXP3VA, Bruker
AXS K.K., Kanagawa, Japan). The globule sample without
grinding was subjected to thermogravimetry and differen-

tial thermal analysis (TG-DTA) (Type 2020, Bruker AXS
K.K., Kanagawa, Japan) in order to ignore the mechanical
stress or increased surface effects by grinding. Sample mor-
phologies were observed by scanning electron microscopy
(SEM) (54500, Hitachi High-Technologies Corporation, Tokyo,
Japan) and scanning transmission electron microscopy (STEM)
(JEM-3100FEF, JEOL Ltd., Tokyo, Japan). The backscattered
electrons were used for the SEM imaging for the sample A, C,
and D, whereas the secondary electrons were used for the sam-
ple B. Elemental analyses were examined by energy dispersive
X-ray fluorescence spectrometer (EDS) attached with SEM and
STEM. SEM samples for cross-sectional observation were pre-
pared by mechanical polishing, whereas the STEM sample was
prepared by mechanical polishing and subsequent Ar gas milling
(EM-09100IS Ion Slicer, JEOL Ltd., Tokyo, Japan).

3. Results and discussion

Fig. 1 shows XRD patterns of the samples after annealing at
several temperatures. Sample A, annealed at 900 °C, showed
no crystalline peak, whereas the three samples B-D, which
were annealed above 950 °C, showed crystal phases. Sample
B showed C12A7 and unknown crystalline peaks at 11.47° and
26.21° (corresponding d-values were 0.771 nm, and 0.340 nm,
respectively). Sample C consisted of C12A7, the unknown crys-
talline, and CaYAlO4. Sample D consisted of only the end
members of the eutectic system, C12A7 and CaYAlO4. The
unknown crystalline can be considered as a metastable phase
because the unknown peaks decreased with increasing annealing
temperature. The unknown phase might be also complemen-
tary to the CaYAlO4 phase since the unknown peaks conversely
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Fig. 2. SEM cross-sectional images of the samples A(a), B(b—e), C(f), and D(g). Rectangle frame inserted to the image (b) indicates the observing area of the image
(c). Images (d) and (e) are enlarged views of bundles and granules in the sample B. The sample A showed phase separation into Y-poor and Y-rich phases. The sample
B was composed of two phases with different morphologies, bundles and granules. The samples C and D were composed of matrix and plate shape particles.

decreased with increasing annealing temperature. Therefore,
one can recognize that the unknown phase is composed of Y
as well as Ca, Al and O.

Fig. 2 shows cross-sectional SEM images of the samples
after annealing. The sample A was composed of two phases
of dark and light as shown in Fig. 2(a), where the dark phases
had non-uniform shapes of approximately hundreds of nanome-
ter to 10 wm in size. Generally in the SEM backscattered image,
the brightness of components should reflect the atomic number
rather than the surface morphology,'* i.e. particles consisted
of heavy elements looks brighter than that of light elements.
Therefore, the dark and light phases in Fig. 2(a) imply that
they are Y-poor and Y-rich phases, respectively. As shown in
Fig. 1, the sample A includes no crystal phases, therefore, the
two phases in the SEM image can be considered amorphous
phases of Y-poor and Y-rich. The sample B was composed of
two phases, bundles of 3—5 m in length and granules of several
tens to one hundred nm in diameter, as shown in Fig. 2(b)—(e).
EDS obtained from the bundle and the granules were shown in
Fig. 3(a) and (b), respectively. Both of the EDS peaks showed
Ca, Al, Y, and O, and no particular impurity was included.
Although Y was overlapping an escape peak of Ca, which was
caused by Si element composed of a window of EDS detector,

EDS from the bundle showed significantly high intensity of Y
element compared to that from the granules. By considering a
result from XRD and SEM, it can be recognized that the bundles
containing Y are the unknown crystalline and the granules are
C12A7.

As shown in Fig. 2(b) and (c), the sample B showed a ragged
cross-sectional surface even after mechanical polishing by the
same method as the other samples, and the granules area seemed
to be ground much more than the bundle area. This might be
caused by a significantly different mechanical strength between
these two phases against polishing/grinding, i.e. the bundles are
much stronger than the granules. Samples C and D showed
two phases of plate and matrix as shown in Fig. 2(f) and (g).
The plate was approximately 1-3 wm in length and isolated.
In the same logic as the sample A, the plates and the matrix
can be considered as CaYAlO4 and C12A7, respectively. The
CaYAIlOQ4 grains of sample D were thicker than the sample C
due to high crystal growth rate caused by high temperature
annealing. Fig. 4(a) shows STEM image of the sample D. The
microstructure observed by STEM was a reverse of SEM image,
where the CaYAIO4 plates looked dark compared to the C12A7
matrix. STEM-EDS mapping by Y (L) characteristic X-ray ele-
mentally confirmed these phases as shown in Fig. 4(b). Most
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Fig. 3. EDS peaks obtained from the bundle (a) and from the granules (b) of the
sample B. The bundle showed higher Y(L) peak than the granules, therefore,
the bundle can be considered as Y-rich phase, i.e. the unknown phase.

of the CaYAIO4 phases were rod shape but some of them were
plate shape of 1-3 pm in size, therefore, one can consider the
CaYAIOQy is plate shape rather than rod shape. The matrix phase
did not show any particular peak of Y element in it, therefore, it
can be considered as pure C12A7 matrix, which was confirmed
by the high-resolution lattice image (not shown).

Fig. 5 shows TG-DTA profile for the globule glass sam-
ple. The glass transition temperature appeared approximately
at 840°C and an exothermic peak corresponds to crystalliza-
tion appeared at approximately 1000 °C. The crystallization
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Fig. 5. TG-DTA of the globule glass sample. DTA curve showed a glass tran-
sition and a crystallization peak appeared at 840 °C and 1000 °C, respectively.
Weight increase indicated a nature of C12A7 crystal, which shows water uptake
at 1000 °C from air.

temperature was considerably high compared to our previous
measurement,? 890 °C, where the sample was ground before
measurement. It can be understood that reduced nucleation rate
caused by smaller surface area of globule (~3 mm in size) than
that of the ground powder (>10 wm in size) raised its crystalliza-
tion temperature. No peak corresponds to crystallization of the
metastable phase was found at around 950 °C in the present
DTA line obtained by globule sample, although the globule
sample B was annealed at 950°C in this study. This can be
explained by annealing time periods. The crystallization of the
metastable phase might not occur readily under a heating rate
of 10 °C/min. but the crystallization of CaYAlO4 occurs from
the metastable phase or directly from glass. Then, the annealing
at 1000 °C or 1200 °C under 10 °C/min heating rate crystallize
CaYAlO4 and C12A7 rather than the metastable phase, whereas
holding below CaYAlO4 crystallization temperature, approxi-
mately 1000 °C, e.g. 950 °C for 6 h, crystallize the metastable
phase. TG curve showed continuous weight increase starts from
approximately 1040 °C accompanied by the crystallization. The
weight increase, which was also observed for the powder sam-
ple, can be recognized as a unique nature of the C12A7, water
uptake from air.!”-18

Fig. 4. STEM image of the sample D (a) and corresponding EDS mapping by Y(L) X-ray. The EDS mapping obviously indicated the plate particles were composed
of Y elements, whereas the matrix was not composed of Y elements. It was confirmed that the plate particles and matrix were CaYAlO4 and C12A7, respectively.
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Fig. 6. Schematic representation of crystallization behavior of the C12A7-CaYAIO4 eutectic glass. At the first stage of annealing, phase separation into Y-poor and
Y-rich phases occurs without crystallization. At the second stage, the metastable phase crystallize from the Y-rich phase and the C12A7 crystallize from Y-poor
phase. At the third stage, CaYAlO4 and C12A7 phases are crystallized from the metastable phase.

Fig. 6 shows a schematic crystallization behavior of the sam-
ple at each time period during annealing. At the first stage of
annealing, phase separation occurs into two phases of Y-poor
and Y-rich without crystallization under a supercooled liquid
state. At the second stage, the metastable phase starts to crystal-
lize from the Y-rich phase and the C12A7 starts crystallize from
Y-poor phase. The phase separation should encourage crystal-
lization of these two phases because it increases a degree of
supersaturation for each crystal phase in the supercooled lig-
uid. At the third stage, the metastable phase are decomposed
into CaYAlO4 and C12A7. It should be indicated that the phase
separation leads bulk crystallization of C12A7.

As reported in our previous paper,!! glass of CI2A7
stoichiometry composition cracks during annealing due to
crystallization of C12A7, whereas the eutectic glass of
C12A7-CaYAlO4 system does not. We suggest the cracking
mechanism by volume expansion of C12A7 during annealing'®
and surface crystallization nature of the stoichiometric glass.?’
We also suggested the cracking avoiding mechanism of the
eutectic glass by complementary volume shrinkage of CaYA1O4.
However, as indicated in our present study, the bulk crystal-
lization of the eutectic glass caused by the phase separation is
to be one significant phenomenon which helps to avoid crack-
ing as well as the other reasons stated in the previous paper.
The crystallization behavior suggested here does not take into
account of any time periods during annealing. Therefore, in the
practical case with limited time, i.e. 10°C/min. heating rate,
the phase separation and the crystallization of metastable phase
does not accomplish and does not give large size phases as writ-
ten in Fig. 6. However, the phase separation will lead the bulk
crystallization of C12A7 which leads to avoid cracking during
annealing.

4. Conclusion

Crystallization behavior from C12A7-CaYAIO4 eutectic
glass was observed by SEM, TEM, XRD and TG-DTA. It
was observed that phase separation of Y-poor and Y-rich amor-
phous phases (at 900 °C), crystallization of metastable phase and
C12A7 from the separated amorphous (950 °C), and crystalliza-
tion of CaYAlIO4 and C12A7 from the metastable phase (above
1000 °C). Crystallization behavior was schematically explained
and bulk crystallization of C12A7 was explained by the phase
separation.
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