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Sintering and crystallization of off-stoichiometric
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Glass-ceramics with off-stoichiometric celsian composition of 50 wt% BaO·2SiO2− 50 wt%
BaO·Al2O3·2SiO2, (B2S-BA2S) were fabricated and investigated for their sintering and
crystallization characteristics. (B2S-BA2S) glass powder showed a melting temperature
much lowered compared to that of stoichiometric BaO·Al2O3·2SiO2 (BA2S) glass powder
and high sintering ability. (B2S-BA2S) glass powder containing B2O3, (B2S-BA2S)B and that
containing B2O3 and TiO2, (B2S-BA2S)BT revealed much lowered crystallization peak
temperatures, but rather low sintered density. By applying Kissiger analysis to differential
thermal analysis (DTA) data activation energy values for crystallization were determined as
265, 195 and 242 kJ/mol, respectively for (B2S-BA2S), (B2S-BA2S)B and (B2S-BA2S)BT
glasses. X-ray diffraction (XRD) patterns from all the glass-ceramics crystallized at 1100◦C
for 4 h revealed formation of crystalline phases of β-BaO·2SiO2, monocelsian and
hexacelsian. (B2S-BA2S) glass-ceramics crystallized at 1400◦C for 4 h showed formation of
β-BaO·2SiO2 and monocelsian phases with only trace of metastable hexacelsian phase.
C© 2000 Kluwer Academic Publishers

1. Introduction
Glass-ceramics have been used for various purposes
including high-temperature structural applications and
electronic packaging due to their unique properties such
as high strength, low density, chemical stability, low
thermal expansion and low dielectric properties [1].
Sintering of glass powder followed by crystallization
of the glass body can give huge benefit to glass-ceramic
fabrication since this method can reduce processing
temperature and make the fabrication of complex-shape
components possible using variety of conventional ce-
ramic forming techniques [2–11].

Barium aluminosilicate composition of BaO·Al2O3·
2SiO2 (BA2S) forming monoclinic celsian (monocel-
sian) as a primary crystalline phase, has been studied
mainly for the use as matrix materials for high-
temperature ceramic composites [12, 13]. Major rea-
sons of this include its high melting point of∼1760◦C,
low thermal coefficient expansion (TCE) of∼2.29×
10−6/◦C, oxidation resistance and phase stability up
to ∼1590◦C [14, 15]. Another high-temperature form
in BA2S system is hexacelsian phase which is stable
above 1590◦C, metastably existing down to room tem-
perature. Hexacelsian shows relatively high thermal ex-
pansion (∼8.0 × 10−6/◦C) and undergoes reversible
displacive transformation to an orthorhombic form, fol-
lowed by large volume change (∼3%). Thus, formation
of hexacelsian phase in BA2S system is undesirable in
structural applications.

∗ Author to whom all correspondence should be addressed.

According to Hyatt and Bansal [15] metastable hex-
acelsian always crystallizes first during heating the
BA2S glass and transformation from hexacelsian to
monocelsian is very sluggish. They prepared BA2S
glass powder by melting at 2000◦C and attrition milling,
and reported that BA2S glass powder heated at 1000◦C
for 1 h wascompletely crystallized to pure hexacelsian
phase and those heated at 1100◦C for 10 h began to
transform to monocelsian. BA2S glass powder heated
even at 1400◦C for 10 h showed formation of both hex-
acelsian and monocelsian phases although the amount
of monocelsian phase was increased relative to hexac-
elsian.

Sung et al. [8–10] prepared off-stoichiometric
strontium-celsian glass-ceramics, (SrO·SiO2)-(SrO·
Al2O3·2SiO2) and (SrO·Al2O3·2SiO2)-(Al2O3) with
and without additives of B2O3, P2O5 and/or TiO2. The
former showed formation of equilibrium SrO·SiO2 and
monocelsian phases while the latter with B2O3 showed
formation of only monocelsian phase. They showed
high sintering ability and mechanical properties suit-
able for applications in composite matrices [11] and
heat exchnager parts as well as reduced processing tem-
peratures and time periods.

In this study, off-stoichiometric BA2S composition
was selected for glass-ceramic fabrication since the
melting temperature of 2000◦C is too high for real appli-
cations. Glass-ceramics with off-stoichiometric binary
join composition of 50 wt%(BaO·2SiO2) −50 wt%
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(BaO·Al2O3·2SiO2) (B2S-BA2S), were produced by
cold pressing and sintering of glass powder followed
by crystallization heat treatments. Their sintering and
crystallization behavior was compared with that of sto-
ichiometric BA2S glass-ceramics studied by previous
researchers. Also, the effect of sintering aid (B2O3) and
nucleation agent (TiO2) on sintering and crystalliza-
tion behavior of off-stoichiometric (B2S-BA2S) glass-
ceramics was studied in detail.

2. Experimental procedures
High purity oxides of BaCO3, Al2O3, SiO2, B2O3 and
TiO2 from Aldrich Chemical (Milwaukee, WI, USA)
were used as starting materials. Table I lists the compo-
sition of each glass prepared for the present study. (B2S-
BA2S) composition indicating 50 wt% BaO·2SiO2−
50 wt% BaO·Al2O3·2SiO2 corresponds to 48.45 wt%
BaO, 13.58 wt% Al2O3 and 37.97 wt% SiO2. Each
powder was well mixed using zirconia-ball milling.
Powder mixture was loaded in a platinum crucible and
placed inside a resistance furnace with super Kanthal®

heating elements for glass melting. The weight of glass
batch was 20 g. The powder mixture was heated to
1000◦C for 1 h for calcination and further heated to
1600◦C for 1 h for complete glass melting. The plat-
inum crucible containing glass melt was quenched into
distilled water and clear glass fragments were obtained.
Glass fragments were dried and hand ground using
a high-purity alumina mortar and pestle. The hand-
ground glass powder was zirconia-ball milled to the
average particle size of 3–5µm. Each of the glass pow-
der was analyzed for various temperatures such as glass
transition (Tg), crystallization onset (To) and crystal-
lization peak (Tp) using differential thermal analyses
(DTA: SETARAM TGDTA-92, France). DTA results
were further analyzed for activation energy for crystal-
lization using Kissinger analysis.

Fine glass powder was pelletized using a steel die
and a hydraulic press under 3000 psi at room temper-
ature. Glass pellets were 4 mm in diameter and 2 mm
in thickness. The cold-pressed pellets loaded in a plat-
inum cup were brought to the DTA for sintering and
rate-heated (20◦C/min) to 850◦C for (B2S-BA2S) and
800◦C for (B2S-BA2S)B and (B2S-BA2S)BT glasses
which temperatures are betweenTg andTo. The sintered
glass pellets were further heated for crystallization at
1100◦C which is aboveTp’s. Duration at each of the sin-
tering and crystallization temperatures was 2 and 4 h, re-
spectively and was performed in air. The glass-ceramic
pellets were analyzed for density using the Archimedes
principle. The glass-ceramic pellets were cut in the mid-
dle by using a low-speed diamond saw and mounted in

TABLE I Compositions of the glasses prepared for the present study

Components (wt%)

Glasses BaO Al2O3 SiO2 B2O3 TiO2

(B2S-BA2S) 48.45 13.58 37.97 — —
(B2S-BA2S)B 47.00 13.17 36.83 3.00 —
(B2S-BA2S)BT 45.54 12.77 35.69 3.00 3.00

epoxy resin. The cross sections of the glass-ceramic pel-
lets were polished and gold coated. Scanning electron
microscopy (SEM: JSM-6100, Jeol, Japan) was per-
formed on the samples to examine microstructure of the
glass-ceramics. X-ray diffraction (XRD: Nicolet Stoe
Transmission/Bragg-Brentano, Stoe Co., Germany)
was also performed on the powdered glass-ceramics
with a Cu-Kα source, a 2-s time constant, a 10–60◦
scan, and 0.02◦ step size. Phase identification was done
by comparison of peak locations and intensities with the
data listed in JCPDS cards (#38-1450 for monocelsian,
#26-137 for hexacelsian and #26-176 for BaO·2SiO2).

3. Results
(B2S-BA2S), (B2S-BA2S)B and (B2S-BA2S)BT com-
positions were completely melted to form homoge-
nious glass melts at 1600◦C. By using XRD analy-
ses clear non-crystallinity was identified for the three
glasses. Glass transition and crystallization trends of
the glasses were investigated using DTA. DTA scan
curves from the three glasses at the heating rates of 10,
15, 20, 30 and 40◦C/min are shown in Figs 1–3. All
of the three off-stoichiometric glasses showed double

Figure 1 Differential thermal analysis (DTA) scan curves of (B2S-
BA2S) glass. Each of the scan curves corresponds to scan rates of (a) 10,
(b) 15, (c) 20, (d) 30 and (e) 40◦C/min, respectively.

Figure 2 Differential thermal analysis (DTA) scan curves of (B2S-
BA2S)B glass. Each of the scan curves corresponds to scan rates of
(a) 10, (b) 15, (c) 20, (d) 30 and (e) 40◦C/min, respectively.
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Figure 3 Differential thermal analysis (DTA) scan curves of (B2S-
BA2S)BT glass. Each of the scan curves corresponds to scan rates of
(a) 10, (b) 15, (c) 20, (d) 30 and (e) 40◦C/min, respectively.

crystallization peaks. To identify each of the two
peaks, glass powder was DTA rate heated (20◦C/min)
just above crystallization onset temperature (To) and
cooled to room temperature at the highest cooling rate
(∼90◦C/min). XRD analyses on the heated samples
revealed distinct crystalline peaks fromβ-BaO·2SiO2
crystals with the broad hill from remaining glass phase.
Other crystalline phases were not observed in the XRD
patterns. Thus, the first peak in the DTA curves was
identified to correspond to crystallization of glass to
β-BaO·2SiO2 phase and the second one glass to hexac-
elsian phase. Table II listsTg andTp values of different
glasses at various scan rates. For non-stoichiometric
glassesTp values correspond to crystallization temper-
atures of hexacelsian phase. The temperature values
for stoichiometric BA2S glass were taken from Hyatt
and Bansal’s data [15]. Off-stoichiometric (B2S-BA2S)
glass shows aTp value higher than that of stoichiomet-
ric BA2S glass. The other off-stoichiometric glasses,
(B2S-BA2S)B and (B2S-BA2S)BT, showTp values
lower than that of (B2S-BA2S) glass. Unexpectedly,
(B2S-BA2S)B glass showed lowerTp value than (B2S-
BA2S)BT glass.

For the DTA scan curves, the faster the heating rates,
the higher the peak temperatures and the larger the peak
heights become [6, 7]. The variation inTp with DTA
scan rates can be used to estimate activation energy
for crystallization [16] by using following Kissinger
analysis [17].

ln

(
φ

T2
p

)
= − Eck

RTp
+ const. (1)

TABLE I I Summary of glass transition (Tg) and crystallization peak (Tp) temperatures of glasses prepared for the present study

Glass transition temp. (◦C) Crystallization peak temp. (◦C)

DTA scan rates (◦C/min) DTA scan rates (◦C/min)

Glasses 10 15 20 30 40 10 15 20 30 40

BA2S∗ 879 — 892 895 907 1053 — 1071 1086 1098
(B2S-BA2S) 733 756 766 774 774 1063 1085 1098 1126 1135
(B2S-BA2S)B 695 704 705 708 723 938 942 959 961 1002
(B2S-BA2S)BT 687 707 700 716 720 935 953 975 984 1000

∗TheTg andTp values of the BA2S glass are taken from Hyatt and Bansal’s DSC data [15].

Figure 4 Kissinger plots of (B2S-BA2S), (B2S-BA2S)B and (B2S-
BA2S)BT glasses. From slopes of the curves activation energy values for
crystallization were determined as 265, 195 and 242 kJ/mol, respectively.

whereφ is the DTA scan rate (◦C/min), Tp is the crys-
tallization peak temperature (◦K), Eck is the activation
energy (kJ/mol) for the crystallization from Kissinger
equation andR is the gas constant (8.3144 J/mol◦K).
Fig. 4 shows Kissinger plots of various glasses. The
activation energy for crystallization (Eck) can be de-
termined from the slope (−Eck/R) of each Kissinger
plot. Activation energy values for (B2S-BA2S), (B2S-
BA2S)B and (B2S-BA2S)BT glasses, were determined
to be 265, 195 and 242 kJ/mol, respectively.

Glass-ceramic pellets sintered at 850 or 800◦C for
2 h and crystallized at 1100◦C for 4 h, were ana-
lyzed for density using the Archimedes method. Den-
sity value of (B2S-BA2S) glass-ceramic pellet was de-
termined as 3.47 g/cm3 while those of (B2S-BA2S)B
and (B2S-BA2S)BT glass-ceramic pellets were deter-
mined to be 3.29 and 3.33 g/cm3, respectively.

Scanning electron micrographs (SEM) of glass-
ceramics are shown in Fig. 5a–c. Microstructure of
(B2S-BA2S) glass-ceramic showed low porosity while
that of (B2S-BA2S)B and (B2S-BA2S)BT glass-
ceramics showed relatively high porosity. This mi-
crostructural analysis well corresponds to density mea-
surements.

XRD patterns from (B2S-BA2S), (B2S-BA2S)B and
(B2S-BA2S)BT glass-ceramics sintered and crystal-
lized were almost identical and showed formation
of crystalline phases ofβ-BaO·2SiO2, hexacelsian
and monocelsian. Fig. 6a shows XRD patterns from
powdered (B2S-BA2S) glass-ceramics crystallized at
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Figure 5 Scanning electron micrographs (SEM) of (a) (B2S-BA2S),
(b) (B2S-BA2S)B and (c) (B2S-BA2S)BT glass-ceramics sintered at
850 or 800◦C for 2 h and crystallized at 1100◦C for 4 h.

1100◦C for 4 h. Intensities of monocelsian peaks were
strong. XRD patterns for glass-ceramics heated at
1400◦C for 4 h showed formation ofβ-BaO·2SiO2 and
monocelsian with only trace of hexacelsian as shown
in Fig. 6b.

4. Discussion
Glass transition and crystallization behavior of a glass
can give the key information to the glass-ceramic fabri-
cation. According to the Hyatt and Bansal’s DSC data

Figure 6 X-ray diffraction (XRD) patterns of (a) (B2S-BA2S) glass-
ceramics crystallized at 1100◦C for 4 h showing formation of equilibrium
phases ofβ-BaO·2SiO2 (β), hexacelsian (H) and monocelsian (M) and
(b) (B2S-BA2S) glass-ceramics crystallized at 1400◦C for 4 h showing
trace of hexacelsian phase.

[15] glass transition temperature (Tg) of stoichiometric
BA2S celsian with a scan rate of 20◦C/min, was 892◦C
while those of glasses prepared for the present study,
(B2S-BA2S), (B2S-BA2S)B and (B2S-BA2S)BT, were
776, 705 and 710◦C, respectively. Lowered glass tran-
sition implies decrease in the number of ionic bonds
and/or formation of weak ionic bonds in a glass. The
effect of a sintering aid of B2O3 is very clear since (B2S-
BA2S)B and (B2S-BA2S)BT glasses showTg lowered
by 71 and 66◦C, respectively compared to (B2S-BA2S)
glass. The addition of B2O3 could reduce strong con-
nectivity of the three-dimensional chain structure of
a barium aluminosilicate glass and also create weak
ionic bonds thus, can lower its glass transition temper-
ature. This is most probable since B2O3 has only two-
dimensional chain structure consisting of connected
hexagonal rings and the bonds connecting the hexago-
nal rings are very weak.

Crystallization peak temperature (Tp) of stoichio-
metric BA2S glass with a scan rate of 20◦C/min was
1071◦C while those of (B2S-BA2S), (B2S-BA2S)B and
(B2S-BA2S)BT glasses were 1098, 959 and 972◦C, re-
spectively. Crystallization of a glass can take place by
rearrangement of ions randomly oriented in it thus, dif-
fusion process is involved. Since (B2S-BA2S)B and
(B2S-BA2S)BT glasses most probably have lower con-
nectivity between ions and they have relatively weak
ionic bonds as well they can readily crystallize and thus,
have lower crystallization peak temperatures (Tp’s)
compared to (B2S-BA2S) glass. The addition of nu-
cleation agent, TiO2, seems not to be effective sinceTp
of (B2S-BA2S)BT is higher than that of (B2S-BA2S)B
glasses.

A careful look at the DTA curves of a glass reveals
that there are two crystallization peaks. By XRD analy-
ses on the samples quenched right after heated to crys-
tallization onset temperatures (To) it was identified that
the first peak corresponds to crystallization of a part
of the glass toβ-BaO·2SiO2 phase. The incorporation
of sintering aid, B2O3 into a glass seems to enhance
crystallization considerably by reducing the number
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of three-dimensional ionic bonds and formation weak
ionic bonds. Since crystallization occurs by diffusion of
ions this situation would have enhanced the crystalliza-
tion. Both the first and second peak temperatures low-
ered by more than 100◦C. Thus, the addition of B2O3
enhanced crystallization of both theβ-BaO·2SiO2 and
hexacelsian phases. However, nucleation agent, TiO2
seems not to work since peak temperatures of (B2S-
BA2S)BT glass were slightly higher than those of (B2S-
BA2S)B glass. In the case of these glass-ceramics low
ionic connectivity and weak ionic bonds most likely
plays a major role in determining the crystallization be-
havior instead of the precursor nuclei such as titanates.

The activation energy values for crystallization of
hexacelsian phase obtained by using the Kissinger
method indicate that glasses prepared for the present
study have much lower values (265, 195 and
242 kJ/mol) than that (560 kJ/mol) of stoichiometric
BA2S glass [15]. This difference would occur since
for (B2S-BA2S), (B2S-BA2S)B and (B2S-BA2S)BT
glasses pre-existingβ-BaO·2SiO2 crystals can act as
heterogeneous nucleation sites for the formation of
hexacelsian phase. The reason that (B2S-BA2S)B and
(B2S-BA2S)BT glasses have lower activation energy
values than (B2S-BA2S) glass would be explained by
low ionic connectivity and weak ionic bonds of the glass
remained after forming theβ-BaO·2SiO2 crystals. This
condition of the remaining glass also would come from
the B2O3 addition.

Density value of (B2S-SA2S) glass-ceramic was
high while those of (B2S-BA2S)B and (B2S-BA2S)BT
glass-ceramics were low. The sintering ability of a glass
can be estimated from the temperature range between
crystallization onset and glass transition, (To− Tg). The
viscosity of a glass rapidly decreases when heated
aboveTg at which glass chain structure is broken, and
then dramatically increase when crystallization initi-
ates since ions start to form highly ordered crystalline
structure. Thus, sintering of a glass occurs at the temper-
ature range ofTo− Tg. If the temperature range is small
a premature crystallization can occur before the com-
pletion of the sintering. Once premature crystallization
occurs viscosity of a glass increases tremendously and
sintering terminates. Thus, high sintering ability can
not be expected from a glass with small temperature
range ofTo− Tg. For (B2S-BA2S), (B2S-BA2S)B and
(B2S-BA2S)BT glassesTo corresponds to crystalliza-
tion onset temperature of theβ-BaO·2SiO2 phase. The
To− Tg values of each glass are 183, 130 and 148◦C,
respectively. This result is in good agreement with the
density data.

The theoretical density value of glass-ceramics
can be determined by using each theoretical density
value of theβ-BaO·2SiO2 (3.77 g/cm3), hexacelsian
(3.268 g/cm3) and monocelsian (3.39 g/cm3) crys-
tals, and mol% of each phase. The weight percentage
(50 wt% BaO·2SiO2− 50 wt% BaO·Al2O3·2SiO2) of
glass-ceramics can be converted to molar percentage
(57.86 mol% BaO·2SiO2− 42.14 mol% BaO·Al2O3·
2SiO2). Assuming that BA2S consists of 50 mol %
hexacelsian and 50 mol% monocelsian the theoreti-
cal density of (B2S-BA2S) glass-ceramic thus, would
be estimated as 3.584 g/cm3. Therefore, (B2S-BA2S),

(B2S-BA2S)B and (B2S-BA2S)BT glass-ceramic pel-
lets respectively show 97, 92 and 93% of its theoretical
density. In considering the fact that these glass-ceramics
were fabricated using only pressureless sintering after
cold pressing, sintering ability of (B2S-BA2S) glass-
ceramic is relatively high. Although addition of B2O3
considerably lowered crystallization temperatures of
glasses it caused premature crystallization which re-
sulted in low sintered density. This can be evidenced
by the smallTo− Tg values in the glasses containing
B2O3.

SEM micrographs on the glass-ceramics well support
density measurements and DTA results. (B2S-BA2S)B
and (B2S-BA2S)BT glass-ceramics showed rela-
tively high porosity compared to (B2S-BA2S) glass-
ceramic. The contrasted texture micrographs comes
from component difference betweenβ-BaO·2SiO2 and
BO·Al2O3·2SiO2 phases. The former is brighter since
it contains higher content of heavy barium ions.

All the XRD patterns on the three glass-ceramics
crystallized at 1100◦C for 4 h were almost identical
and showed formation of equilibrium phases ofβ-BaO·
2SiO2 and monocelsian and a metastable phase of hex-
acelsian. No trend of non-crystallinity was found in
the XRD patterns. Both hexacelsian and monocelsian
phases were identified for BO·Al2O3·2SiO2. Glass-
ceramics showed formation of monocelsian phase with
much shorter time period compared to stoichiometric
BA2S glass-ceramics. XRD patterns on (B2S-BA2S)
glass-ceramics crystallized at 1400◦C for 4 h showed
high peak intensities of monocelsian phase with much
lowered peak intensities of hexacelsian phase. Forma-
tion of monocelsian phase in off-stoichiometric glasses
was also enhanced compared to stoichiometric BA2S
glasses.

5. Conclusions
To develop a glass-ceramic material with low pro-
cessing temperatures and high sintering ability off-
stoichiometric (B2S-BA2S) compositions were studied
for sintering and crystallization behavior. (B2S-BA2S)
composition showed melting temperature lowered by
∼260◦C compared to the stoichiometric BA2S compo-
sition. Due to decrease in the number of ionic bonds
and formation of weak ionic bonds (B2S-BA2S)B and
(B2S-BA2S)BT glasses showed approximately 100◦C
lowered crystallization peak temperature compared to
(B2S-BA2S) glass. Also, most likely due to pre-existing
β-BaO·2SiO2 crystals in a glass matrix (B2S-BA2S),
(B2S-BA2S)B and (B2S-BA2S)BT glasses showed
much lower activation energy values for crystalliza-
tion than that of the stoichiometric BA2S glass. (B2S-
BA2S) glass has the biggest temperature range of
To− Tg and thus, showed the highest density (97% of
the theoretical density) among the three glasses. XRD
patterns from off-stoichiometric BA2S glass-ceramics
revealed formation of three crystalline phases ofβ-
BaO·2SiO2, hexacelsian and monoclesian phases. In
light of low processing temperature and high sintering
ability (B2S-BA2S) glass-ceramics have high potential
to be used for variety of applications.
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