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1. Introduction

Phase separation in glass represents a phenomenon in
which a single glass phase separates into two or more glass
phases with different compositions during heat-treatment.
Previous experimental studies had revealed the occurrence
of phase separation in various oxide systems.1–7) To create
functional glass materials using silicate slag discharged
from metallurgical processes or ash melting processes, the
authors have investigated the phase separation in multi-
component oxide glass which contains fundamental compo-
nents in waste slag.8) Spinodal decomposition is, for exam-
ple, formed as a phenomenon of phase separation. Intercon-
nected microstructures of two phases are formed, and
porous glass is produced by dissolving one of the separated
glass phases with acid solution. Since the porous glass has
three-dimensionally interconnected porous structures, the
glass is expected to have widespread applications, for ex-
ample as filters to remove impurities in water or air. Thus,
slag can be transformed into value-added functional glass
materials using phase separation in oxide glass.

To generate phase separation in glass from waste slag,
the composition ranges for metastable immiscibility and
spinodal decomposition must be evaluated for multi-com-
ponent slag systems. It is, however, difficult to predict the
metastable immiscibility empirically 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-component oxide systems.

In a previous paper,8) the authors attempted to predict the
composition ranges for metastable phase separation and
spinodal decomposition in the SiO2–CaO–MgO–5mol%Na2O

system by calculating the composition dependence of the
Gibbs energy curves in the super-cooled liquid phase. In
addition, the occurrence of spinodal decomposition was
confirmed in heat-treated glass at a given composition in
the predicted miscibility gap.

In this study, the authors have experimentally investi-
gated the occurrence of phase separation in glass with sev-
eral molar ratios of CaO to MgO in the SiO2–CaO–MgO–
5mol%Na2O system. The occurrence of phase separation
by not only spinodal decomposition but also “binodal 
decomposition,” which forms particle microstructures of
two glass phases, is observed by transmission electron 
microscopy for heat-treated glass. The experimental results
are compared with the thermodynamic evaluation of the
metastable miscibility gap for the quaternary system.

2. Calculation of the Metastable Miscibility Gap and
Composition Range for Spinodal Decomposition8)

In this paper the possibility of phase separation including
spinodal decomposition was evaluated by calculating Gibbs
energies and activities of SiO2 in the metastable liquid
phase, where glass in slag systems can be regarded as
super-cooled liquid phase. The Gibbs energies and activi-
ties of SiO2 are calculated with the FactSage thermody-
namic computing system including the F*A*C*T oxide
databases for molten oxide systems.9)

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

It has been found that many binary silicate systems have
metastable miscibility gaps at high concentrations of SiO2.

3)

The Gibbs energy curves of the liquid phases were calcu-
lated for several binary silicate systems in a previous
paper.8) The calculated results in the previous paper showed
that the Gibbs energies for these systems changes linearly
in SiO2-rich composition ranges. Therefore, it may be 
difficult to definitively determine the spinodal region from
the inflexion points in the Gibbs energy curve for silicate
systems.

Here the activity of SiO2 in the super-cooled liquid phase
is calculated with concentration of SiO2 to definitively 
determine the spinodal region. In an A–B binary system,
the composition range for spinodal decomposition is deter-
mined by calculating differentiation of the activity with 
respect to composition calculated by the following Eq. (1):

...........................................(1)

where XB is the mole fraction of component B and GMix

represents the Gibbs energy for mixing in the liquid phase.
mB aB and denote the chemical potential and activity, re-
spectively, of component B, and are expressed by Eq. (2)
with respect to the pure liquid standard state:

..........(2)

Equation (1) indicates that the spinodal region is deter-
mined from the maximum and minimum points on the ac-
tivity curve since the second composition derivative of the
Gibbs energy becomes zero at its inflexion points.

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 composed of a pure
component. On the condition that pure component A con-
stitutes one of the separated phases, the spinodal region in
an A–B–C ternary system is evaluated by calculating activ-
ity of component A across straight lines with constant com-
position ratio of components B to C that correspond to tie-
lines of the miscibility gap. For quaternary or multi-compo-
nent systems, the spinodal region is evaluated similarly by
calculating the activities of A in A–B1�xCx–D quasi-ternary
systems (here x is 0 to 1).

In this paper, the metastable miscibility gap in the SiO2–
CaO–MgO–5mol%Na2O system was calculated using the
FactSage thermodynamic computing program.9) The spin-
odal region in the system described above was obtained by
calculating the activities of SiO2 in SiO2–(CaO)1�x(MgO)x–
Na2O (x is 0 to 1) quasi-ternary systems, because the 
calculated results of activities of SiO2 in the super-cooled
liquid phase indicated that one of the separated phases 
in the metastable immiscibility is regarded as pure SiO2

metastable liquid phase.8)

Figure 1 shows the calculated results for the metastable
miscibility gap and the spinodal region of the SiO2–CaO–

MgO–5mol%Na2O system at 948 K, where the sum of the
molar concentrations of all components except Na2O is
converted to unity. Figure 1 shows that spinodal decompo-
sition occurs in the composition range surrounded by the
dotted line, and that binodal decomposition occurs in the
range surrounded by the solid line.

3. Experimental Procedure

3.1. Preparation of Glass Materials

In this paper, the occurrence of phase separation is inves-
tigated for the glasses A–J, having compositions indicated
by circle marks in Fig. 1, by producing two-phase glasses
and observing microstructures in those glasses. The chemi-
cal compositions of glasses A–J are shown in Table 1. Sili-
con dioxide, magnesium oxide, sodium carbonate and cal-
cium carbonate (all provided by Waco Corp. as special
grade chemicals) were used to make these glass materials.

First, 70SiO2–30mass%Na2O glass was prepared as a
mother glass to prevent the evaporation of Na2O at high
temperatures. Silicon dioxide and sodium carbonate were
mixed in a mortar and melted in a Pt–10%Rh crucible in air
for 3 h at 1 373 K. The mother glass was made by quench-
ing the melt in water. X-ray diffraction analysis was carried
out on the glass using Rigaku RINT 2500V with CuKa ra-
diation at 40 kV, 200 mA, to examine whether the sample
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Fig. 1. Calculated composition range for phase separation in the
SiO2–CaO–MgO–5mol%Na2O system at 948 K (dashed
line: composition range for spinodal decomposition, solid
line: composition range for “binodal decomposition”,
Z�mol%(SiO2�CaO�MgO)).

Table 1. Compositions of glass samples used in the experi-
ment.



was glassy.
SiO2–CaO–MgO–Na2O glasses were prepared from sil-

ica, magnesia, calcium carbonate and the 70SiO2–30mass%-
Na2O mother glass. These materials were mixed in a mortar
and melted in Pt–10%Rh crucibles in air for 5 h at 1 873 K.
Glass samples were obtained by quenching the melts in
water and examined by X-ray diffraction analysis to deter-
mine whether they were glassy or not. The glasses were
then heat-treated in air for 192 h at 948 K, and then cooled
to room temperature. X-ray diffraction analysis was again
performed on the heat-treated glasses to confirm that they
retained their glass state.

3.2. Observation of Microstructures in Heat-treated
Glasses

To investigate the occurrence of phase separation, mi-
crostructures in the heat-treated glasses were observed
using a transmission electron microscope HITACHI H800
with an excitation voltage of 200 kV 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 4.0–4.5 kV. Some glass samples
were additionally covered with carbon to prevent electro-
static charging.

4. Results and Discussion

4.1. Microstructures in Glasses with a Molar Ratio of
CaO/MgO�2/1 (Glasses A–D)

Table 2 shows the change in the appearance of glasses
A–D against holding time at 948 K. Glasses A and B turned
bluish transparent with holding time. With additional time,

glass A turned opalescent. On the other hand, glasses C and
D remained transparent after heat-treatment for 192 h.

X-ray diffraction patterns for glasses A–D heated for
192 h at 948 K are shown in Fig. 2. Since crystalline peaks
were not detected in the X-ray diffraction patterns, the
opaqueness that appeared in glasses A and B was not attrib-
uted to crystallization of the glasses.

Figure 3 shows electron micrographs of glasses A–D
heated for 192 h at 948 K, and depicts the microstructure
formed by phase separation. In glass A, interconnected mi-
crostructures were observed. This structure corresponds to
spinodal decomposition. The cross-section of the intercon-
nected structure is estimated to be 80 to 100 nm in diame-
ter. In glasses B and C, particle structures corresponding to
phase separation by binodal decomposition were observed.
As the composition of glass D was outside the miscibility
gap, no specific microstructure was observed after heat-
treatment for 192 h. Since the electron diffraction patterns
for each specimen in Fig. 3 showed no evidence for the
presence of crystalline phases, it was suggested that the an-
nealed specimens were glassy in microscopic observation
area.

These experimental results indicate that the microstruc-
tures observed in the heat-treated glasses can be attributed
to the phase separation of glass, and that metastable liquid–
liquid immiscibility occurs in glasses A–D in accordance
with the thermodynamic prediction of the miscibility gap
shown in Fig. 1.
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Table 2. Change in appearance of glasses A, B, C and D by
heat treatment duration.

Fig. 2. XRD patterns of glasses A, B, C and D heat-treated for
192 h at 948 K.

Fig. 3. Electron micrographs of glasses A, B, C and D heat-treated for 192 h at 948 K.



4.2. Microstructures in Glasses with a Molar Ratio of
CaO/MgO�9/1 (Glasses E–G)

The change in the appearance of glasses E, F and G
against holding time at 948 K is indicated in Table 3. As
the holding time increased, glass E turned opaque. Glass F
also turned bluish transparent and then opaque with holding
time. On the other hand, glass G remained transparent after
heat-treatment for 192 h.

X-ray diffraction patterns for glasses E, F and G heated
for 192 h at 948 K are shown in Fig. 4. Since crystalline
peaks are not detected in the X-ray diffraction patterns, the
opaqueness that appeared in glasses E and F was not attrib-
uted to crystallization.

Electron micrographs of glasses E, F and G heated for
192 h at 948 K are presented in Fig. 5. Since no evidence
for the presence of crystalline phases was detected in the
electron diffraction patterns for each specimen in Fig. 5, it
was indicated that the annealed specimens were glassy in
microscopic observation area. In glass E, interconnected
microstructure was observed, and the cross-section of this

structure is estimated to be 100 nm. In glass F, particle
structures 50 nm in diameter were observed. This structure
corresponds to phase separation by binodal decomposition.
As the composition of glass G is outside the miscibility
gap, no specific microstructure was observed after the heat-
treatment for 192 h.

These experimental results indicate that phase separation
occurs in glasses E, F and G in accordance with the ther-
modynamic prediction of the miscibility gap shown in 
Fig. 1.

4.3. Microstructures in Glasses with a Molar Ratio of
CaO/MgO�1/3 (Glasses H–J)

Table 4 summarizes the change in the appearance of
glasses H, I and J against holding time at 948 K. Glass H
turned slightly bluish transparent as holding time increased.
Glasses I and J, however, remained transparent after heat-
treatment for 192 h.

Figure 6 shows X-ray diffraction patterns for glasses H, I
and J heated for 192 h at 948 K. Since crystalline peaks
were not detected in the X-ray diffraction patterns, the
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Table 3. Change in appearance of glasses E, F and G by heat
treatment duration.

Table 4. Change in appearance of glasses H, I and J by heat
treatment duration.

Fig. 4. XRD patterns of glasses E, F and G heat-treated for 192 h
at 948 K.

Fig. 5. Electron micrographs of glasses E, F and G heat-treated for 192 h at 948 K.

Fig. 6. XRD patterns of glasses H, I and J heat-treated for 192 h
at 948 K.



opaqueness that appeared in glass I was not attributed to
crystallization.

Electron micrographs of glasses H, I and J heated for
192 h at 948 K are shown in Fig. 7. Since the electron 
diffraction patterns for each specimen in Fig. 7 showed no
evidence for the presence of crystalline phases, it was 
indicated that the annealed specimens were glassy in 
microscopic observation area. In glass H, interconnected
microstructures corresponding to spinodal decomposition
were observed. The cross-section of this modulated struc-
ture is estimated to be 40 nm. Although the composition of
glass I was in the predicted miscibility gap, no specific 
microstructure was observed in glasses I and J after 
heat-treatment for 192 h.

4.4. Composition Dependence of Phase Separation in
SiO2–CaO–MgO–Na2O Oxide Glass

Table 5 summarizes the above experimental results for
microstructures formed by the glass–glass immiscibility. In
this table, the solid circles denote the glass compositions in
which spinodal decomposition was confirmed, the double
circles denote the binodal decomposition, and the open 
circles show where the occurrence of phase separation was
not observed in the heated glasses with the relevant compo-
sition. The cross-section or size of these microstructures in
the glass samples heated for 192 h at 948 K is also given in
this table. Table 5 shows that the size of the decomposed
microstructures in glasses decreases as concentration of
SiO2 decreases where the molar ratio of CaO/MgO is 
constant. It also shows that the spinodal decomposition
forms larger microstructures than those for binodal decom-
position. It should be noted that spinodal decomposition is
yielded immediately by infinitesimal composition fluctua-
tion, although binodal decomposition is developed through
nucleation of another glass phase. Therefore, the decom-
posed microstructure in the spinodal decomposition is 
expected to be developed more rapidly than that in the 
binodal decomposition.

In addition, Table 5 suggests that the size of the mi-
crostructures in the glasses decreases as the molar ratio of

CaO/MgO decreases under a given heat-treatment condi-
tions (948 K, 192 h). Consequently, it has been found that
the size of microstructures produced by phase separation
can be controlled by manipulating the initial compositions
of glasses, as well as the thermal conditions of heat-treat-
ments. Although phase separation is expected in annealed
glass I, the microstructures in this glass are considered to
be too small to be detected in the electron microscopic 
observation.

In the case of the spinodal decomposition, the reason
why the size of decomposed microstructure depends on the
molar ratio of CaO/MgO in initial glass composition is 
discussed below. According to the theory proposed by Cahn
et al.,10) the development of microstructure by spinodal 
decomposition is analyzed by the summation of sinusoidal
waves of mass transfer with fixed wavelength and random
direction or amplification, and then the wavelength of the
composition fluctuation is expressed by the following equa-
tion:

.....................(3)

where k represents the composition gradient energy coeffi-
cient and corresponds to the interfacial excess energy at 
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Table 5. Composition dependence of microstructures formed
by phase separation in glasses (heat-treatment condi-
tions: 948 K, 192 h).

Fig. 7. Electron micrographs of glasses H, I and J heat-treated for 192 h at 948 K.



the phase boundary of decomposed microstructures. The
second composition derivative of the Gibbs energy in Eq.
(3) represents the driving force of the spinodal decomposi-
tion. Therefore, the size of decomposed microstructure is
expected be determined from the driving force of the spin-
odal decomposition and the interfacial excess energy of 
decomposed phases.

As expressed in Eq. (1), the second composition deriva-
tive of the Gibbs energy is proportional to the first differen-
tiation of the activity with respect to composition. To inves-
tigate the effect of the driving force of the spinodal decom-
position on the size of microstructure, the composition 
dependence of activities of SiO2 in the super-cooled liquid
phase were evaluated for the SiO2–CaO–MgO system and
presented in Fig. 8. In this figure, the activities of SiO2

were calculated with concentrations of SiO2 for constant
molar ratio of CaO/MgO. On the condition that one of 
decomposed phases is regarded as pure SiO2 metastable 
liquid phase, the spinodal region is determined from the
composition range where the gradient of the activity with
respect to composition is negative. Then, the driving force
of the spinodal decomposition is estimated from the gradi-
ent of the activity of SiO2 with respect to composition.
Since the gradients of the activities of SiO2 in the spinodal
region are comparable for any molar ratios of CaO/MgO as

shown in Fig. 8, the driving force of spinodal decomposi-
tion is not considered to be dominant for the dependence of
the molar ratio of CaO/MgO on the size of the microstruc-
ture.

On the other hand, Eq. (3) suggests that the spinodal
wavelength lm can change with the interfacial excess 
energy k when k has composition dependence in silicate
glass. For example, lm increases with increasing k , and
consequently the size of the microstructure is expected to
increase in order to minimize integral interfacial area.
Thus, the effect of the molar ratio of CaO/MgO on the 
size of the microstructure might be determined from the 
composition dependence of k in the silicate glass investi-
gated in this paper. However, since the exact information
has not been accumulated on the composition dependence
of k in silicate glass materials, we can not explain the detail
correlation of the size of the microstructure in the spinodal
decomposition with the composition dependence of k at 
the present stage. The primary factor to dominate the size
of the decomposed microstructure should be investigated 
continuously.

4.5. Development of Microstructures during Observa-
tion with a Transmission Electron Microscope

In several annealed glasses investigated in this study, 
a dynamic development of microstructures was observed
with a transmission electron microscope. Figure 9 repre-
sents electron micrographs of glass I heat-treated for 192 h
at 948 K, showing the effect of observation time under 
electron microscopy. As shown in Figs. 9(1)–9(4), particle
microstructure was generated and each particle expanded in
the glass matrix during 25 min of electron microscopy, even
though no specific microstructure was observed in the glass
after heat-treatment. Consequently, it was concluded that
the microstructure of heat-treated glasses can expand dur-
ing electron microscopic observation. The dynamic devel-
opment of microstructure during microscopic observation
was also indicated for heated glass J, as shown in Fig. 10.
Stereo microphotography of the microstructure in glass I
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Fig. 8. Calculated results of activities of SiO2 in the SiO2–CaO–
MgO system at 948 K.

Fig. 9. Electron micrographs of heat-treated glass I showing the effect of observation time on the microstructure of the
glass: (1) initial structure, (2) structure after 10, (3) 20, (4) 25 min of observation by electron microscopy. (heat-
treatment conditions: 948 K, 192 h).



revealed that the particle structures in the observation area
expanded three-dimensionally.

Since crystalline spots or rings were not detected in the
result of electron diffraction patterns for the glasses I and J
after microscopic observation, the dynamic development of
the particle microstructures was not attributed to the forma-
tion of a nano-crystalline phase. It is considered that the
particle structure described above develops due to the phase
separation by binodal decomposition which is accelerated
by electron beam irradiation and local defect formation at
the observation area. It should be noted that the decom-
posed microstructures observed in heated glasses A, B, C,
E, F, and H were not attributed to the dynamic development
of microstructures under electron microscopy, because
those microstructures were found throughout the observa-
tion area in the glasses after heat-treatment.

5. Conclusions

The occurrence of phase separation in the SiO2–CaO–
MgO–Na2O system was investigated by observing mi-
crostructures in heat-treated glasses with transmission 
electron microscopy. The composition dependence of the
change in microstructures of two-phase glass was compared
with the metastable miscibility gap and spinodal region.
These were evaluated from thermodynamic analyses on the
assumption that glass in the oxide system described above
can be regarded as a super-cooled liquid phase.

Experimental studies in this paper indicate that the 
morphology of the glass microstructures changes from in-
terconnected structures by spinodal decomposition, to a
particle structure by binodal decomposition, as concentra-
tion of SiO2 decreases under a fixed molar ratio of CaO to
MgO. This correlation, between the occurrence of phase
separation and initial glass compositions, corresponds to
the calculated metastable miscibility gap and spinodal 
region. Consequently it was found that the possibility of
glass–glass immiscibility can be evaluated from thermody-
namic analyses on Gibbs energy for the metastable liquid

phase for multi-component silicate systems.
The size of the microstructures formed by the phase 

separation depends on the molar ratio of CaO to MgO in
initial glass compositions. In particular, fine microstruc-
tures are observed in glasses with low molar ratios of CaO
to MgO.
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Fig. 10. Electron micrographs of heat-treated glass J showing the effect of observation time to change microstructure in
glass: (1) initial structure, (2) structure after 10, (3) 20, (4) 25 min of observation by electron microscopy. (heat-
treatment conditions: 948 K, 192 h).


