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Porous glass was fabricated using spinodal decomposition in multi-component oxide glass and leaching
out one of the decomposed phases with acid solution. Multi-component borosilicate glass compositions
were designed for the porous glass by partially replacing SiO, by B,0; in silicate glass compositions where
the occurrence of spinodal decomposition was confirmed. One of separated phases formed by the spinodal
decomposition in the borosilicate glass was leached out with acid solution and then porous glass was ob-
tained. The microstructure in porous glass was observed by field emission scanning electron microscopy,
and the development of an interconnected porous structure was indicated. Prediction of the phase separa-
tion was attempted for multi-component borosilicate glass compositions investigated in this study by calcu-
lating the Gibbs energy of super-cooled liquid phase. It was revealed the calculated metastable liquid-liquid
immiscibility boundaries in these borosilicate systems do not coincide with experimental results for the oc-
currence of phase separation. For the precise estimation of the miscibility gap in the multi-component oxide
glasses containing B,0;, the temperature and composition dependence of Gibbs energy of liquid phase, in-
cluding the super-cooled liquid state, should be optimized.

KEY WORDS: porous glass; spinodal decomposition; borosilicate glass; Gibbs energy; super-cooled liquid

phase.

1. Introduction

Fabrication of porous glass using phase separation in
glass has been performed for several oxide glasses.™ In
the preparation of porous glass, spinodal decomposition is
important as a phenomenon of phase separation, because it
forms three-dimensionally interconnected microstructures
consisting of two different glass phases. The porous glass
can be obtained by leaching out one of those phases with
acid solution. Since its pore size can be easily changed at a
nano-scale level, porous glass is expected to have wide-
spread application; for instance, as filters to remove impuri-
ties from polluted water or air.

To create functional porous glass materials using waste
slag discharged from metallurgical or waste melting proc-
esses, the authors have investigated the phase separation in
multi-component oxide glass containing fundamental com-
ponents in waste slag.>® To generate phase separation in
glass from waste slag, the composition ranges for
metastable immiscibility and spinodal decomposition must
be evaluated for multi-component slag systems. It is, how-
ever, difficult to predict the metastable immiscibility empir-
ically for multi-component oxide systems such as waste
slag. Therefore, it is necessary to perform a thermodynamic
evaluation to determine the phase separation in multi-com-
ponent oxide systems.

In previous studies,™® the authors attempted to predict
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the composition ranges for metastable immiscibility and
spinodal decomposition in the multi-component system
Si0,-Ca0-MgO—Na,O by calculating the composition de-
pendence of the Gibbs energy in the super-cooled liquid
phase. The occurrence of phase separation including spin-
odal decomposition was observed in heat-treated glasses,
and the experimental results for phase separation corre-
sponded to the calculated miscibility gap. One study® also
revealed that the size of the microstructure formed by the
metastable immiscibility depends on the initial glass com-
positions as well as the thermal conditions of heat-treat-
ments.

The present study investigated materials design for creat-
ing porous glass using phase separation in multi-compo-
nent oxide glass. Si0,—~Ca0O-Al,0,—Na,O and SiO,—CaO—
MgO—Na,O quaternary systems were selected for the pro-
duction of porous glass, because it was found that composi-
tion ranges for phase separation in these quaternary sys-
tems can be evaluated by thermodynamic analyses. To re-
move one of separated phases with acid leaching, glass
compositions in multi-component borosilicate systems were
designed by partially substituting SiO, with B,Oj; in the sil-
icate glass compositions where the spinodal decomposition
had been observed.

Since the morphology in porous glass depends on that in
the two-phase decomposed glass before leaching, it is nec-
essary to evaluate the possibility of metastable phase sepa-
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ration for materials design relating to the fabrication of
porous glass. In this paper, thermodynamic analyses were
carried out to predict composition boundaries of the phase
separation in multi-component oxide systems containing
B,0; using the Gibbs energy of the super-cooled liquid
phase.

2. Estimation of the Metastable Miscibility Gap and
Composition Range for Spinodal Decomposition®

Liquid-liquid immiscibility can generally be evaluated
from the Gibbs energy curve of the liquid phase. For in-
stance, the miscibility gap in a binary system is determined
from two points on the Gibbs energy curve with a common
tangent. The composition range for spinodal decomposi-
tion, referred to as the “spinodal region” in the present
work, is obtained from two inflexion points in the Gibbs en-
ergy curve.

In the present study, the possibility of phase separation
including spinodal decomposition in glass was evaluated by
calculating Gibbs energies and activities of SiO, in the
metastable liquid phase, where glass in silicate systems is
regarded as super-cooled metastable liquid phase. The
Gibbs energies and activities of SiO, were calculated with
the FactSage thermodynamic computing program with the
F*A*C*T oxide databases for molten oxide systems.” It
has been found the use of these thermodynamic databases
is valid for evaluating equilibrium phase relationships in-
cluding those of liquid phases in several multi-component
oxide systems.>”

It has been found that many binary silicate systems have
metastable miscibility gaps at high concentrations of
Si0,.'"” In our previous study,” the Gibbs energy curves of
the liquid phases were calculated for several binary silicate
systems. The calculated results showed the Gibbs energies
change almost linearly in SiO,-rich composition ranges
with the concentration of SiO,. Therefore, it may be diffi-
cult to definitively determine the spinodal region from the
inflexion points in the Gibbs energy curve for silicate sys-
tems.

Here the activity of SiO, in the super-cooled liquid phase
is calculated using the concentration of SiO, to definitively
determine the spinodal region. The composition range for
spinodal decomposition is determined by differentiating the
activity with respect to composition:

day _ exp(ug/RT) o
00Xy RT 0Xy

ag a2GMix

RT  3x2

=(1-Xp)

where X is the mole fraction of component B and GM*
represents the Gibbs energy for mixing in the liquid phase.
Uy and ag denote the chemical potential and activity of
component B respectively, and are expressed with respect
to the pure liquid standard state as

) aGMix
Ly=RTInay=GM*+ (1= Xp) o o @)
B B B BXB

Equation (1) indicates the first differential of the activity
with respect to the concentration of B is directly propor-

tional to the second differential of the Gibbs energy with
respect to composition. Since the second composition de-
rivative of the Gibbs energy becomes zero at its inflexion
points, the spinodal region is determined from extrema of
the activity curve.

The above estimation procedure for the spinodal region
can easily be extended to ternary or multi-component sys-
tems if one of the separated phases is a pure component. On
the condition that pure component A constitutes one of the
separated phases, the spinodal region in an A—B—C ternary
system is evaluated by calculating the activity of compo-
nent A across straight lines with a constant composition
ratio of components B to C that correspond to tie-lines of
the miscibility gap. For quaternary or multi-component sys-
tems, the spinodal region is evaluated similarly by calculat-
ing the activities of A in A-B,_C-D quasi-ternary sys-
tems (here x is 0 to 1).

In this study, metastable miscibility gaps in Si0,—CaO-
AlL,O;—5mol%Na,0 and SiO,-CaO-MgO-5mol%Na,O
quasi-ternary systems were calculated using the FactSage
thermodynamic computing program. Spinodal regions in
these systems were estimated by calculating the activities
of SiO, in SiO,~(Ca0),_,(AlL,05;),~Na,0 and SiO,-
(Ca0),_,(Mg0),—Na,O (x is 0 to 1) quasi-ternary systems.

3. Experimental Procedure

3.1. Preparation of Two-phase Silicate Glass Materials

The occurrence of phase separation including spinodal
decomposition was investigated experimentally to verify
the calculated results for the metastable miscibility gaps.
Silica, alumina, magnesia, sodium carbonate and calcium
carbonate (all provided by Waco Corp. as special grade
chemicals) were used to make glass materials.

First, 70Si0,-30mass%Na,O glass was prepared as a
mother glass to prevent the evaporation of Na,O at high
temperature. Silica and sodium carbonate were mixed in a
mortar and melted in a Pt-10%Rh crucible in air for 3 h at
1373 K. The mother glass was made by quenching the melt
in water. X-ray diffraction analysis was carried out on the
glass using a Rigaku RINT 2 500 V with CuK ¢ radiation at
40kV and 200 mA to examine whether a glass phase was
obtained.

Si0,-Ca0-AL,O;—Na,0 and SiO,-CaO-MgO-Na,O
glasses were prepared using silica, alumina, magnesia, cal-
cium carbonate and the 70SiO,—30mass%Na,O mother
glass. These materials were mixed in a mortar and melted
in Pt=10%Rh crucibles in air for Sh at 1873 K. Glass sam-
ples were obtained by quenching the melts in water and
they were examined by X-ray diffraction analysis to deter-
mine whether they were glassy. The glasses were then heat-
treated in air at a given temperature between 948 K and
993 K, and then cooled to room temperature. X-ray diffrac-
tion analysis was again performed on the heat-treated
glasses to determine whether they retained their glass state.
Microstructures in these glasses were observed by a HI-
TACHI HS800 transmission electron microscope using an
excitation voltage of 200kV and a camera length of 1.2 m.
Preparation of the samples for electron microscopy was
performed by an Ar-ion milling Gatan Model 691 with an
ion-beam voltage of 4.0-4.5kV.
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3.2. Preparation of Two-phase Borosilicate Glass Ma-
terials

Two-phase multi-component borosilicate glasses were
prepared to remove selectively one of the decomposed
phases with acid solution and to produce porous glasses.
The chemical compositions of the borosilicate glasses were
designed by partially replacing the SiO, with B,0O; in sili-
cate glass compositions in the spinodal regions of SiO,—
Ca0-MgO—Na,O and Si0,-Ca0O-Al,0,—Na,O systems.

B,0,-S10,-Na,O glasses were made as a mother glass to
prevent the evaporation of Na,O and B,0O; at high tempera-
ture. Silica, boric acid and sodium carbonate were mixed in
a mortar and melted in a Pt—-10%Rh crucible in air for 1 h at
1373 K. The mother glass was obtained by quenching the
melt in water and used as a mother glass for the multi-com-
ponent borosilicate glasses.

Si0,-Ca0-MgO-Na,0-B,0; and SiO,~CaO-Al,0;—
Na,O-B,0;, glasses were produced by mixing calcium car-
bonate, magnesia, alumina and the B,0,-Si0,~Na,O
mother glass, holding the samples in air for 5h at 1 773K,
and then quenching the melts in water. After examining
whether they were glassy with X-ray diffraction analysis,
the glasses were annealed in air at a given temperature be-
tween 948 K and 993 K and then cooled to room tempera-
ture. X-ray diffraction analysis was again performed on the
annealed glasses to determine whether they retained their
glass state. Microstructures in these glasses were observed
by transmission electron microscopy.

3.3. Fabrication of Porous Glass Materials using Phase
Separation in Glass

Porous glass was produced from the two-phase glasses
obtained from spinodal decomposition by leaching out one
of decomposed phases with acid solution. 100 mg quantities
of two-phase glass samples were used, the bulk sizes of
which were adjusted to be less than 2 mm in diameter. The
leaching process was performed by immersing the glasses
in 100ml of 1M HCI solution at 353K for 14h in total,
where acid solution was refreshed after immersing the
glasses for 7h. Microstructures on the surfaces of the
glasses after leaching were observed using a Hitachi S-
5200 field emission scanning electron microscope using an
excitation voltage of 15 kV. Glass compositions dissolved in
the acid solutions were analyzed with a Seiko SPS7800 in-
ductively coupled plasma emission spectrometer.

4. Results and Discussion

4.1. Prediction of Phase Separation in the Glass
Si0,-Ca0-AL0,-Na,0

Figure 1 shows the calculated activities of SiO, at 973 K
in the super-cooled liquid phase of the SiO,—-CaO-Al,O,—
Na,O quaternary system. The activities of SiO, in the figure
are calculated by varying the concentrations of SiO, while
keeping the molar composition ratios of CaO to Al,O,
constant as 7/3. For any composition ratio of Na,O to
7Ca0-3AlL,0,, the activity of SiO, has a minimum for a
high concentration of silica, and these results suggest
metastable immiscibility where one of the separated phases
can be regarded as pure SiO, metastable liquid phase.
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Fig. 1. Calculated activities of SiO, for the SiO,~(7CaO-
3Al1,05)-Na,O system at 973 K.

(Ca0)Y M(ALO,)

Fig. 2. Calculated composition ranges for phase separation
and spinodal decomposition in the SiO,-CaO-Al,O;—
5mol%Na,O system at 973 K (dashed line: composition
range for spinodal decomposition; solid line: composition
range for phase separation, Z=mol%(SiO,+CaO+
ALOy).

Figure 2 represents the calculated metastable miscibility
gap and the spinodal region of the SiO,~CaO-Al,0;5—
5mol%Na,O system, where molar concentration of each
component is divided by the sum of the molar concentra-
tions of all components except Na,O, i.e.:

(mol%8Si0,)/Z (%)=(mol%Si0,)/(mol%SiO,
+mol%CaO+mol%Al,0,)X 100

(mol%Ca0)/Z (%)= (mol%Ca0)/(mol%SiO,
+mol%CaO+mol%Al,05) X100

(mol%Al,05)/Z (%)= (mol%Al,0,)/(mol%SiO,
+mol%CaO-+mol%Al,0,) X100

The spinodal region in the system was determined by
calculating the activities of SiO, in SiO,—~(CaO),_,-
(Al,05),—Na,O (here x is 0 to 0.5) quasi-ternary systems,
because the calculated activities of SiO, indicated a phase
separation where one of the decomposed phases is regarded
as pure SiO, metastable liquid phase, on the condition that
molar ratios of CaO to Al,O; were kept larger than unity. It
is found from Fig. 2 that the width of the spinodal region
increases as the molar composition ratio of CaO to Al,O,
increases.

The occurrence of phase separation by spinodal decom-
position was investigated for glass A, which has a composi-
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tion indicated by a white circle in Fig. 2. The chemical
composition of glass A is shown in Table 1.

Table 2 shows the change in the appearance of glass A
with holding time at 993 K. With increasing holding time,
the glasses gradually turned adularescent. Figure 3 shows
X-ray diffraction patterns for glass A as quenched and after
heat-treatment for 96h at 993 K. Since crystalline peaks
were not detected in the X-ray diffraction patterns for the
annealed glass, the opaqueness was not attributed to the
crystallization of glass.

Electron micrographs of glass A as quenched and after
annealing are represented in Fig. 4. Development of mor-
phology with interconnectivity was observed in the heat-
treated glass. This interconnected microstructure indicates
the occurrence of spinodal decomposition in the glass.
Since no evidence of crystalline phases was detected in the
electron diffraction pattern for each specimen in Fig. 4, it is
revealed the annealed specimens were glassy in the micro-
scopic observation area. Thus, the experimental result de-
scribed above indicates spinodal decomposition occurs in
the Si0,-CaO-Al,0,—Na,O glass according to the thermo-
dynamic prediction of the metastable miscibility gap shown
in Fig. 2.

Table 1. Composition of SiO,-CaO-Al,0,-Na,O glass sam-

ple.

Composition [mol%)]
CaO A1203
11.7 2.5

SiO,
80.8

NaZO
5.0

Table 2. Change in appearance of glass A during heat treat-

ment.

Heating time [h] (Temperature: 993 K)
24 48 96

adularescent — adularescent

transparent —

Heart-treated (993 K , 96 h)

Intensity (arb.unit)

Untreated

20

30

10

40
2 0 (deg.)

50 60 70 80

Fig. 3. XRD patterns of glass A heat-treated for 96 h at 993 K.

100nm

gl

4.2. Prediction of Phase Separation in the Glass SiO,—
Ca0-MgO-Na, 0>

The calculated results of the metastable miscibility
gap and the spinodal region of the SiO,-CaO-MgO-
5mol%Na,O system at 948 K are shown in Fig. 5, where
molar concentration of each component is divided by the
sum of the molar concentrations of all components except
Na,O. The spinodal region in the system was obtained by
calculating the activities of SiO, in SiO,~(Ca0O),_ (MgO),—
Na,O (here x is 0 to 1) quasi-ternary systems, because the
calculated results of activities of SiO, in the super-cooled
liquid phase indicated one of the separated phases in the
metastable immiscibility is regarded as pure SiO, meta-
stable liquid phase.” Figure 5 shows that spinodal decom-
position occurs in the composition range indicated by the
dotted line and that binodal decomposition occurs in the
range indicated by the solid line.

The occurrence of phase separation was investigated for
the glasses B-E, having compositions indicated by square
marks in Fig. 5, by producing two-phase glasses and ob-
serving microstructures in those glasses. The chemical
compositions of glasses B-E are shown in Table 3.

Figure 6 shows electron micrographs of glasses B-E
heated for 192 h at 948 K, and indicates the microstructure
formed by phase separation. In glass B, interconnected mi-
crostructure was observed, and this structure corresponds to

YAVAY \VAVAVAVA

WWAVAYA VaVAVAVAVA
FAVAVAVAVAVAVAVAVA
\VAVAY \VAVAVAVAVAV

100, , , , , >0
(CaOY 20 33 40 60 80 100 (MgO)
(mol%MgO) /Z (%)
Fig. 5. Calculated composition ranges for phase separation in the

Si0,—-Ca0-MgO—5mol%Na,O system at 948 K (dashed
line: composition range for spinodal decomposition; solid
line: composition range for binodal decomposition, Z=
mol%(SiO,+Ca0+MgO)).

100nm

Fig. 4. Electron micrographs of glass A; (a) untreated, (b) heat-treated for 96 h at 993 K.

1527
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spinodal decomposition. The cross-section of the intercon-
nected microstructure is estimated to be 80 to 100 nm in di-
ameter. In glasses C and D, particle structures correspon-
ding to phase separation by binodal decomposition were
observed. As the composition of glass E was outside the
miscibility gap, no specific microstructure was observed
after heat-treatment for 192 h. Since the electron diffraction
pattern for each specimen in Fig. 6 showed no evidence of
crystalline phases, it is suggested the annealed specimens
were glassy in the microscopic observation area.

The above experimental results indicate the microstruc-
tures observed in the heat-treated glasses can be attributed
to the phase separation in glass and that phase separation
including spinodal decomposition occurs in the SiO,~CaO—
MgO—Na,O glasses in accordance with the thermodynamic
prediction of the metastable miscibility gap shown in Fig. 5.

4.3. Fabrication of Porous Glass Materials Using Spin-
odal Decomposition in Glass

In the present study, creation of porous glass was at-
tempted using two-phase glasses obtained from spinodal
decomposition by removing one of decomposed phases
with acid solutions.

Frst, the leaching process was performed for glass B in
the Si0,—~CaO-MgO—-Na,O system because the occurrence

Table 3. Composition of SiO,-CaO-MgO-Na,O glass sam-

of spinodal decomposition was observed in the annealed
glass B. Table 4 presents the proportion of weight composi-
tion in glass B dissolved in the acid solution. The table in-
dicates the concentrations of SiO,, CaO, MgO and Na,O
dissolved in the acid solution are quite low. Since the
phases decomposed by spinodal decomposition in glass B
contain high concentrations of SiO,, it may be difficult to
remove one of the phases selectively by acid leaching.
Previous experimental studies'™ have revealed that in
the spinodal decomposition in glasses containing B,0,, one
of the separated phases includes much B,O; and can be
leached out with acid solutions. In this study, multi-compo-
nent borosilicate glass compositions A-2 and B-2 were de-
signed by partially substituting SiO, with B,O; in glasses A
and B, for which compositions were included in the spin-
odal regions of SiO,-CaO-Al,0,—Na,O and SiO,—CaO-
MgO-Na,O systems. The chemical compositions of the
borosilicate glasses are presented in Table 5. Glass compo-
sitions A-2 and B-2 were determined by replacing 30 mol%
of SiO, in glasses A and B with BO, 5, while keeping the
sum of the molar concentrations of all components includ-
ing B,0; as 100mol%. These compositions have been
selected to let the mass composition ratios of B,0O;:
Si0, : Na,O exist in the immiscibility region of the B,O,—
Si0,—Na,O system found in many previous experimental
studies” as shown in Fig. 7. Thus, the composition ratios of
B,0,:8Si0,: Na,O in glasses A-2 and B-2 are equal to each

ples. other.
Composition [mol%)]
Si0, Ca0 MgO NayO Table 4. Loss 'of components in two-phase glass B by acid
B 80.8 95 4.7 5.0 leaching.
C 71.3 15.8 7.9 5.0 Weight of dissolved components / Weight of components in initial glass (%)
D 66.5 19.0 9.5 5.0 SiO; CaO MgO Na,O
E 47.5 31.7 15.8 5.0 B 0.19 2.95 0.26 0.025

|

fi

100nm

i 100nm

100nm

Fig. 6. Electron micrographs for glasses B, C, D and E heat-treated for 192 h at 948 K.

Table 5. Composition of borosilicate glass samples.

Composition [mol%]
SiOz CaO A1203 MgO Nazo B203
A-2 59.7 13.8 2.9 — 59 17.7
B-2 59.7 11.2 — 5.6 5.9 17.7
© 2008 ISIJ 1528
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Tables 6 and 7 show the change in appearance of glasses
A-2 and B-2 during the heat-treatment and leaching. With
an increasing holding time in the heat-treatment, glass A-2
gradually turned a transparent bluish color and then
opaque. Glass B-2 was already opaque before heat-treat-
ment and retained its appearance during annealing. After
leaching, the appearances of both the glasses did not
change. Figures 8 and 9 present X-ray diffraction patterns

Molar ratio B,Os: SiO,:Na,O
in Glasses A-2, B-2

o~ (,0/ \}\ \/40 'Sg
°\£§{v N\/\/\/W\/\ ?‘P%
‘(éu 80\/\ W\/\, 20 30

for glasses A-2 and B-2 after heat-treatment and leaching.
Since crystalline peaks were not detected in the X-ray dif-
fraction patterns, the opaqueness was not attributed to the
crystallization of glass.

The microstructures in glass A-2 after heat-treatment and
leaching are shown in Fig. 10. Morphology with intercon-
nectivity was observed after heat-treatment, and the mi-
crostructure indicates the occurrence of spinodal decompo-
sition in glass. As shown in Fig. 10(b), the interconnected
porous structure was present in glass A-2 after leaching and
corresponded to the microstructure in the annealed glass in
Fig. 10(a). The cross-section of the remaining phase in the
porous glass was estimated to be 500 nm in diameter. Thus,
porous glass material was obtained from spinodal decom-
position in the SiO,—-CaO-Al,0,—Na,0-B,0; multi-com-
ponent glass, and one of the decomposed phases was
leached out with acid solution.

Figure 11 shows the microstructures in the Si0,—CaO-
MgO-Na,0-B,0; multi-component glass B-2 after heat-

0 20 40 60 80 100 . . . o
mass%SiO, treatment and leaching. Particle microstructure indicating
o . . binodal decomposition was observed after heat-treatment.
Fig. 7. Miscibility gap in B,0,—SiO,—Na,O system at 973K re- hi . p s diff f he i d
ported by Haller et al.,l) showing materials design for the This mlcrostructu.re 1s different from the mterconnecte.
phase separation in multi-component borosilicate sys- structure present in the annealed glaSS A-2. The three-di-
tems. mensional particle structure was obtained in glass B-2 after
Table 6. Change in appearance of glass A-2 during heat treatment and acid leaching.
Holding time [h] (Temperature: 993 K) Acid
24 48 96 leaching
A-2 bluish transparent - opalescent —  opalescent
Table 7. Change in appearance of glass B-2 during heat treatment and acid leaching.
Holding time [h] (Temperature: 948 K) Acid
24 48 96 leaching
B-2 opalescent - opalescent —  opalescent
T T T T T T T
T T T T T T T T T T T T
—_ ) = After leaching process
= After leaching process =
£
i g
= Heat-treated (993 K, 96 h) 2
Z &
G e T TII————— .. 8
2 S
- Untreated Untreated
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2 0 (deg.) 2 0 (deg.)

Fig. 8. XRD patterns for glass sample A-2 after heat-treatment
and acid leaching.

500 nm

Fig. 9. XRD patterns for glass sample B-2 after heat-treatment
and acid leaching.

500 nm

S

Fig. 10. Scanning electron micrographs of the surfaces of glass A-2: (a) after heat- treatment, (b) after leaching.

1529
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500 nm

Fig. 11.

500 nm

Scanning electron micrographs of the surfaces of glass B-2: (a) after heat- treatment, (b) after leaching.

Table 8. Loss of components in two-phase glasses A-2 and B-2 by acid leaching.

Weight of dissolved components / Weight of components in initial glass (%)
SiO; CaO ALO; MgO Na,O B,0s
A-2 224 100.0 28.1 — 1.0 80.0
B-2 28.1 100.0 - 100.0 3.2 74.2

Table 9. Compositions of dissolved phase and remaining phase in glasses A-2 and B-2.

Compositions [mass%]
SiO, CaO ALO; MgO Na,O B,0;
A Dissolved phase 32.8 334 3.8 — 0.1 29.9
Remaining phase 81.8 0.0 6.9 - 59 5.4
B2 Dissolved phase 38.8 25.8 - 10.2 0.2 25.0
Remaining phase 87.5 0.0 - 0.0 4.8 7.7

Table 10. Morphology of microstructures formed by phase separation in multi-component silicate and borosilicate glass samples.

Silicate Glasses Borosilicate Glasses
A B A-2 B-2
Morphology of | Interconnected | Interconnected | Interconnected Particle
microstructure structure structure structure structure
leaching, as shown in Fig. 11(b). Since this particle struc- porous glass is obtained by leaching one of the decomposed
ture corresponds to the microstructure in the two-phase phases with acid solutions, the morphology in the porous
glass B-2, the matrix glass phase is considered to have been glass is dependent on the morphology in the two-phase
removed with acid solution. glass before leaching. Therefore, to design glass composi-
Table 8 represents the ratios of compositions in the two- tions for the fabrication of porous glass using phase separa-
phase glasses A-2 and B-2 dissolved in acid solutions to tion, the possibility of the metastable immiscibility should
those in the initial glass phases. The chemical compositions be predicted for multi-component oxide systems containing
of dissolved phases and remaining phases in the glasses A- B,0,.
2 and B-2 were also analyzed and summarized in Table 9. In this study, the prediction of the phase separation in
Tables 8 and 9 indicate that much CaO, MgO and B,O; in borosilicate glasses A-2 and B-2 was attempted by calculat-
these glasses were dissolved in acid solutions, and that re- ing the composition dependence of the Gibbs energy of the
maining phases include a high concentration of SiO,. super-cooled liquid phase because the calculated metastable
miscibility gaps corresponded to the experimental results
4.4. Prediction of Phase Separation in Multi-compo- for the occurrence of phase separation in multi-component
nent Oxide Glasses Containing B,0; to Design silicate glasses.>® The calculated results are presented in
Glass Compositions for the Porous Glass Materi- Table 11. Although the occurrence of phase separation was
als confirmed experimentally in glass A-2, the calculated result
Table 10 summarizes the morphology of microstructures suggested phase separation would not occur for the glass
formed by phase separation in multi-component silicate composition. Thus, the calculated results of the possibility
glasses A and B, and borosilicate glasses A-2 and B-2, the of metastable immiscibility do not correspond to the experi-
compositions of which were selected by partially replacing mental results in multi-component oxide glasses containing
Si0, with B,O; in glasses A and B. Although intercon- B,0;. To precisely evaluate the metastable miscibility gap,
nected microstructures are obtained in glasses A and B, the the temperature and composition dependence of the Gibbs
two-phase morphology in glass A-2 is different from that in energy function of the liquid phase should be optimized in
glass B-2; i.e., an interconnected structure forms in glass multi-component borosilicate systems.
A-2 and particle structure is present in glass B-2. When It should be noted that, in the thermodynamic oxide data-
© 2008 ISIJ 1530
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Table 11. Calculated results of the possibility of phase separation in multi-component borosilicate glasses (holding temperature:
973 K).
Composition [mass%]
Sio: CaO A1203 MgO Nazo B203
A Initial glass 57.3 12.4 4.8 - 5.8 19.7
Phase separation does not occur
Initial glass 59.4 10.4 — 3.8 6.0 20.4
B-2 Separated phase 1 27.8 12.5 - 12.1 7.6 40.0
Separated phase 2 72.5 9.5 - 0.4 5.3 12.3
(a) (b)
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Fig. 12. Calculated liquid—liquid immiscibility boundaries in (a) B,0,—CaO and (b) B,0;—MgO systems (dashed line:

calculated; solid line: experimental'V).

bases used in this study,” the Gibbs energy function of lig-
uid phase in multi-component borosilicate systems is ex-
pressed by the summation of those functions in binary bo-
rate systems, ternary borate systems and multi-component
silicate systems except for B,O;, as shown in the following

equation.

GMix (

Multi-component Binary systems

borosilicate systems

including B,0;
+ Z GMix(

+ EGM“( )

Our previous studies revealed the metastable miscibility
gaps calculated by the Gibbs energy of the liquid phase cor-
responds to the experimental results for phase separation in
multi-component  silicate systems except for B,0;.>"
Therefore, thermodynamic analyses must be performed to
examine whether the phase relationships in fundamental bi-
nary and ternary borate systems are estimated precisely
using the current Gibbs energy functions, for the further
evaluation of phase relations in multi-component borosili-
cate systems.

Figure 12 shows the calculated stable miscibility gaps in
B,0,—Ca0O and B,0,—MgO binary systems, as compared
with experimental results on the liquid-liquid phase separa-
tion.'” In these binary borate systems, it is suggested the
calculated immiscibility boundaries correspond to the pre-
vious experimental results.

The metastable miscibility gaps were calculated in
B,0,-Si0, and B,0,—Na,O systems using the Gibbs en-

)z

)

Multi-component silicate
systems except B,0O,

Ternary systems
including B,O,
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ergy of super-cooled liquid phase and are presented in
Fig. 13. The calculated immiscibility boundary in the
B,0,-Si0, system coincides with experimental values for
critical temperatures for phase separation.' Although the
occurrence of phase separation is reported in the B,0,—
Na,O system for a high concentration of B,0,,'” the calcu-
lated result using the Gibbs energy of super-cooled liquid
phase does not suggest the possibility of phase separation
in this composition range.

The estimation of the metastable immiscibility boundary
was carried out in the ternary system B,0,-SiO,—Na,O,
and the calculated result is shown in Fig. 14. The figure in-
dicates there is obvious disagreement between the calcu-
lated and experimental results” for the immiscibility
boundaries.

The above calculated results indicate that if previous ex-
perimental results on phase separation are correct, the tem-
perature or composition dependence of the Gibbs energies
of the liquid phase in the binary system B,0,—Na,O and
ternary system B,0,-SiO,-Na,O should be modified for
the evaluation of metastable immiscibility in multi-compo-
nent borosilicate systems. The Gibbs energy coefficients in
B,0,-Si0, system might also be optimized because the cal-
culated miscibility gap in the B,0,—SiO, system is not in
the silica-rich composition range, in spite of experimental
results for the occurrence of phase separation at a high con-
centration of SiO, in the B,0,-Si0,—Na,O system.

5. Conclusions

Materials design was attempted for the fabrication of
porous glass using spinodal decomposition in multi-com-
ponent oxide glass. In the experimental study, multi-com-
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sults of the metastable miscibility gap in B,0;—SiO,—
Na,O system at 973K (dashed line: calculated; solid
line: experimental).

ponent borosilicate glasses were produced by partially re-
placing SiO, with B,O; in the Si0,—Ca0O-Al,0,—Na,O and
Si0,-Ca0-MgO-Na,O glass compositions where the oc-
currence of spinodal decomposition was confirmed. One of
phases separated by spinodal decomposition in these
borosilicate glasses were removed by acid leaching and a
porous glass having three-dimensional interconnected
structure was obtained from SiO,-CaO-Al,0;—Na,0-B,0,
multi-component glass. On the other hand, a three-dimen-
sional particle structure formed in SiO,~CaO-MgO-Na,O-
B,0; glass after the leaching. This particle structure is due
to the binodal decomposition in the multi-component glass.

Thermodynamic analyses were carried out to predict the
composition range for phase separation in multi-component
borosilicate glasses, using the composition dependence of
the Gibbs energy of the super-cooled liquid phase. Al-
though the occurrence of phase separation was confirmed
experimentally in the borosilicate glasses described above,
the calculated results for the possibility of metastable im-
miscibility do not coincide with the experimental results.
To precisely estimate the metastable miscibility gap in the
multi-component oxide glasses containing B,0,, the tem-
perature and composition dependence of Gibbs energy of

© 2008 ISIJ

liquid phase, including the super-cooled liquid state, should
be modified.
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