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Abstract: Barium silicates have been investigated as high-expansion components of solid oxide fuel
cells (SOFCs) and, therefore, their synthesis and expansion have been the subject of intensive research
in recent years. In this article, we briefly present a new process to make glass–crystalline composites,
as well as two novel findings related to a synthesis route of sanbornite (BaSi2O5) and the fast in
situ formation of a high-expansion sanbornite composite from a Pyrex-type glass powder. The low-
temperature synthesis, composition, and expansion of one type of novel glass composite are described.
The composites are made by the reaction of BaCO3 and Pyrex-type powders at 850–950 ◦C for a short
time of one hour. The composites are well sintered and hard, and their linear coefficient of thermal
expansion is about 12.3 × 10−6 C−1. The crystalline-phase formation, dilatometer measurements,
SEM data, and possible applications of the composites are presented and discussed.
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1. Introduction

Glass–ceramics [1–9] have been prepared by two methods: (1) the controlled crystal-
lization of a base glass; and (2) the sintering and crystallization of a powdered glass. An
updated definition of and new methods to generate glass–ceramics [6] have broadened
the scope of this field. Here, we present only one aspect of a new process to synthesize
glass–crystalline composites (a mixture of glass/es and crystalline phase/s) by the reaction
of crystalline-phase BaCO3 with a vitreous-phase Pyrex-type glass powder. The product of
the reaction is crystalline-phase sanbornite (BaSi2O5) and a residual glass. The Pyrex-type
glass powder serves as an active SiO2 source. It crystallizes by itself upon heating but does
not crystallize when heated with BaCO3; it reacts with barium carbonate to form crystalline-
phase sanbornite and a residual glass. This new process differs from the glass–ceramic
process in the following two aspects: (1) the glass powder (Pyrex powder) does not crystal-
lize in the process; (2) the composition of the crystalline phase formed is predetermined by
the selection of the crystalline phase/s to react with the Pyrex powder. The new process is
not reactive sintering because the Pyrex-type glass powder reacts with the barium carbonate
and is consumed during the heat treatment process. In this article, we address one reaction
only: that of Pyrex-type barium carbonate to form a sanbornite–residual glass composite.

The new process is detailed by Hormadaly [10] for a variety of crystalline phases
synthesized with Pyrex-type glass powder. Reference [10] details the synthesis of seven
compounds which are the artificial analogues of seven minerals (listed below) by the use
of crystalline phases selected from alkaline earth carbonates (CaCO3, SrCO3, and BaCO3),
transition metal oxides (TiO2, CuO), post-transition oxide (SnO2), and Pyrex-type glass
powder: (1) Sanbornite (BaSi2O5), the subject of this article; (2) Colinowensite (BaCuSi2O6);
(3) Cuprorivaite (CaCuSi4O10); (4) Wesselsite (SrCuSi4O10); (5) Effenbergerite (BaCuSi4O10);
(6) Fresnoite (Ba2TiSi2O8); and (7) Pabstite (Ba (Ti,Sn)Si3O9).
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Glass compositions have been used to seal, bond, and encapsulate electrical and
electronic components because of their insulating properties, expansion, chemical durability,
and viscosity. Glass compositions also serve as important ingredients for a variety of thick
film pastes and electronic components such as low-temperature cofired ceramics (LTCCs).

The coefficient of thermal expansion (CTE) is a prime property in sealing, bonding,
and the encapsulation of materials (ceramics and metals) with glasses; the CTE of the
materials has to almost match (with a value of ±1 × 10−6 ◦C−1) the CTE of the glass
(or the glass-based material used for sealing) to prevent excessive stresses, cracking, and
delamination. For sealing materials, there are special glass compositions available from
glass manufacturers. For operations at a low temperature (for example, an overglaze for
electronic circuits on 96% alumina substrates with sealing at low temperatures < 500 ◦C), a
single glass composition is not sufficient. Sealing and encapsulation at low temperatures
require low-softening-temperature glasses, which usually have a high CTE and are mainly
lead- and bismuth-based glass compositions [11–13]. These low-softening-temperature
glasses are modified by the inclusion of low-CTE fillers, such as vitreous silica, to lower
the CTE. Sealing and encapsulation at a low temperature require a very short time at
the peak temperature (usually 1–2 min). The sealing and bonding of materials used in
solid-oxide fuel cells (SOFCs) require high-expansion glass-based materials, which have
to withstand a high operating temperature and cycling [14]; therefore, the glass has to
have a high glass transition temperature (Tg). These high-CTE glass-based materials are
selected from high-Tg glass compositions and high-CTE fillers such as polycrystalline
barium silicates. Both the low- and high-temperature sealings described above necessitate
fillers that may be considered inert. For low-temperature sealing, because of the very short
duration at the peak temperature, the interaction of the glass with the filler is minimal. For
the high-temperature sealing of SOFCs, the interaction of the high-Tg glass (which has a
high viscosity) with the high-expansion filler is also minimal. Another way to increase the
CTE of a glass composite is by using crystallizable glass, which crystallizes the high-CTE
crystalline phase after sealing and thermal treatment. Materials such as high-expansion
LTCC also necessitate high-CTE glass-based materials [15].

Kerstan et al. [16] studied the expansion of various barium silicates by dilatometry and
high-temperature X-ray diffraction and discussed the application of glass containing barium for
SOFCs. Gorelova et al. [17] reported the results of high-temperature X-ray diffraction studies
of barium silicates and discussed their crystal chemistry and anisotropy of thermal expansion.
Applications of barium silicates to SOFCs and luminescence were also discussed. Reis et al. [18]
detailed sanbornite-based glass–ceramic sealing for high-temperature applications.

Interactions between barium-containing materials (glass, glass–ceramics, and crys-
talline barium silicates) and Cr-bearing stainless steel interconnects (components of SOFCs)
are well studied and documented [19–22]. The glass–crystalline composites, the subject of
this paper, may react in a similar fashion to other barium-containing materials and form
a high-TCE BaCrO4 phase and other volatile Cr-species, such as CrO3 and CrO2(OH)2.
Therefore, the application of a buffer layer of crystallizable glass sealant free of barium and
strontium should be considered before the application of glass–sanbornite composites.

Based on our recent findings [10,23] of the high reactivity of BaCO3 with vitreous
phases and especially Pyrex-type glass, we wish to present here a new process to make
glass–crystalline composites and a novel glass composite based on the reaction of BaCO3
and Pyrex-type glass powders. This paper presents the expansion data, composition, and
thermal processing of the novel glass composite based on BaCO3 and Pyrex-type glass
powders. The high-expansion glass composite (12.4 × 10−6 ◦C−1) is formed during the
heating cycle. This novel approach is also a moderate-temperature synthesis method
for barium silicate (sanbornite) glass composites. Future publications will deal with the
reaction of barium carbonate with Pyrex-type glass powder as a function of temperature
and the synthesis of complex silicate–glass composites (from Pyrex-type glass powders
and alkaline earth carbonates, transition metal oxides, and post-transition metal oxides) to
demonstrate that the new method is not limited to one type of glass composite.
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2. Experimental Section

Waste pieces of Pyrex-type glass (Borosilicate glasses under the trademark Pyrex®,
were introduced in 1915 by the Corning Glass Works company, Corning, NY, USA). Sim-
ilar compositions are made by other companies and, for the purposes of this paper, are
all referred to as Pyrex-type glass. The borosilicate glass called “DURAN” from Schott
Glaswerke of Mainz, Germany, type number 8330, has the following properties: glass
transition temperature (Tg) of 530 ◦C, softening temperature (Ts) (viscosity η of the glass is
107.6 dPa·s) of 815 ◦C, and working temperature (η = 104 dPa·s) of 1270 ◦C (Kiefer et al.) [24].
Composition of Pyrex-type glass (Corning 7740 and Kimble (Owens-Illinois, Perrysburg,
OH, USA) KG-33) is given by Bansal and Doremus [25,26] in wt.% as follows: SiO2—81;
B2O3—13; Na2O—4; and Al2O3—2). The glass was cleaned with water, then rinsed with
ethanol and manually broken into a powder using stainless-steel mortar and pestle. Powder
was sieved through 60-mesh screen (250 microns) and ball-milled with isopropanol for 24
h. The glass slip was sieved through 325-mesh screen. After evaporation of isopropanol,
the powder was dried in oven at 100 ◦C.

The glass composite was prepared by grinding 3.0 g of ball-milled Pyrex-type glass
powder, 3.99 g of BaCO3, and 45 drops (about 2.2 mL) of 3% polyvinyl alcohol (PVA)
solution in agate mortar. The molar ratio of BaCO3 to SiO2 (in the Pyrex-type glass powder)
is 1:2; the content of SiO2 in Pyrex glass is 81%. The bar was shaped from a slightly wet
ground mixture of barium carbonate and glass powders. For Orton dilatometer, the sample
size is 5 cm length, 4 to 6 mm width, and height of 4–6 mm. The (parallelepiped) bar
was prepared by pressing slightly wet mixture of glass and barium carbonate between
two (parallelepiped) bars of stainless steel to obtain a sample that could be used for the
dilatometer. The bar was dried in oven at 100 ◦C then 150 ◦C for about 2 h, then the bar was
placed on Pt foil and heated at 850–950 ◦C range for 1 h. The bars retained their shape during
heating and were well sintered. Bars were cut by a saw to size (2 inches) and measured
with an Orton dilatometer. Part of the sintered bar was ground in agate mortar and sent for
X-ray analysis. The glass composite bar was cut and polished to result in parallel end faces.
Linear coefficients of expansion in the temperature range of 25–850 ◦C, the glass transition
temperature (Tg), and the dilatometric softening points (Ts) were measured with an Orton
dilatometer, model 1000D (The Edward Orton Jr. Ceramic Foundation, Westerville, OH,
USA), at heating rate of 3 ◦C/min. The measurement accuracy is ±10%.

Comparative study of the reactivity of BaCO3 with crystalline SiO2 (quartz), amorphous
SiO2, and SiO2 of Pyrex-type glass was performed by reacting stoichiometric amounts
of BaCO3 and SiO2 in Pt crucible. The weights of the starting materials, 2.0 g quartz
(0.03328 moles), 3.2843 g BaCO3 (0.01664 moles), 2.0 g amorphous silica (0.03328 moles),
and 3.2843 g BaCO3 (0.01664 moles), were monitored. After being heated at 850 ◦C for
4 h, the amorphous silica reacted completely; 4.5277 g was recovered out of an expected
theoretical weight (assuming complete reaction of BaCO3, i.e., complete loss of CO2) of
4.5522 g. After being heated at 850 ◦C for 4 h, the quartz did not react completely; 5.1184 g
was recovered out of an expected theoretical weight of 4.5522 g.

Pyrex-type glass reacts at lower temperatures and faster than amorphous and quartz
silica. Here, we compared 2.4691 g Pyrex-type glass (Pyrex contains 81% silica, i.e., 2.4691 g
of the Pyrex contains 2.0 g of silica) and 3.2843 g BaCO3 (0.01664 moles), with molar ratio
of BaO/SiO2 of 1/2, which is the same ratio used for the above-mentioned samples. We
also compared 2.0 g amorphous silica (0.03328 moles) and 13.137 g BaCO3 (0.06657 moles),
with a molar ratio of BaO/SiO2 of 2/1. Theoretical expected weight loss (for complete loss
of CO2) is 0.5931 g for Pyrex–BaCO3 and is 2.9291 g for amorphous silica–BaCO3. Samples
were heated 8 h at 650 ◦C, 700 ◦C, and 750 ◦C, and weights were recorded after each heating
stage. Weight loss for Pyrex–BaCO3 sample was 0.1439 g, 0.3396 g, and 0.625 g respectively,
and the Pyrex–BaCO3 sample reached the theoretical weight loss value after heating for
8 h at 650 ◦C, 700 ◦C, and 750 ◦C. Weight loss for amorphous–BaCO3 sample after heating
for 8 h at 650 ◦C, 700 ◦C, and 750 ◦C was 0.1169 g, 0.6242 g, and 1.6422 g, respectively.
The amorphous–BaCO3 sample after heating for 8 h at 650 ◦C, 700 ◦C, and 750 ◦C did not
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react completely (it had expected theoretical weight loss of 2.9291 g for complete reaction).
The reactivity of the different types of silica is as follows: SiO2 (in Pyrex) > amorphous
SiO2 > quartz. Even though the surface area of amorphous silica (5 m2/g) is higher than
that of the Pyrex-type glass (2.12 m2/g), the reactivity of the Pyrex-type glass is higher.

Phase formation due to reaction between BaCO3 and Pyrex-type glass powder and
heat treatment was measured by X-ray diffraction. An Empyrean powder diffractometer
(Panalytical B.V., Almelo, The Netherlands) equipped with X’Celerator position-sensitive
detector was used. Data were collected in the θ/2θ geometry using Cu Ka radiation
(λ = 1.54178 Å) at 40 kV and 30 mA. Scans were run for ~15 min in a 2θ range of 10–60◦ in
steps equal to ~0.03◦.

Surface area was measured by the BET (Brunauer, Emmett, and Teller) method using
Quantachrome Nova Touch LX3 (1900 Corporate Drive, Boynton Beach, FL, USA). Surface
area of ball-milled Pyrex-type glass powder was 2.12 m2/g.

BaCO3 used was from BDH Chemicals LTD (Poole Dorset, BH 12 4NN, UK 1984 2. Buchner)
(AnalaR, minimum assay 99.5%). Amorphous silica (99.8%) was obtained from Alfa Aeasar
(26 Parkridge Road Ward Hill, MA, USA), with a surface area of 5 m2/g (manufacturer
data). Quartz (99.99%) was obtained from Cerac Inc. (Milwaukee, WI, USA)

3. Results and Discussion

The composition of the glass composite is based on our recent findings [23], in which
we found that when BaCO3 reacts with Pyrex-type glass powder, it forms BaSi2O5 (san-
bornite) at temperatures higher than 800 ◦C. Therefore, we selected the starting materials’
weights to provide a molar ratio of BaO/SiO2 of one to two, using 3.0 g of Pyrex-type glass
and 3.99 g of BaCO3. Pyrex contains 81% SiO2; thus, 3.0 g of glass has 0.81 × 3/60.086 moles
SiO2, and 3.99 g of BaCO3 have 3.99/197.34 moles BaCO3 (or BaO).

Figure 1 presents the XRD of the sintered bar (after 1 h at 900 ◦C; the sample code is
JH-054-38). It shows only one crystalline phase, that of BaSi2O5 (sanbornite; PDF card #
01-071-1441). The residual glass contains all the ingredients of Pyrex with a reduced silica
content (SiO2, B2O3, Na2O, K2O, Al2O3, and traces of Fe2O3, MgO, and CaO) and perhaps
some dissolved BaO.
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Figure 1. XRD of sintered bar at 900 ◦C for 1 h.

A dilatogram of JH-054-38 is given in Figure 2. Figure 2 shows that the percent linear
change (PLC) is linear from room temperature to almost 500 ◦C (as also indicated by the
constant value of the derivative of the coefficient of expansion (DCE)). The average linear
coefficient of expansion in the 200–400 ◦C range is 12.7 × 10−6 ◦C−1. The dilatometer
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software selects the Tg (542 ◦C) and the dilatometer softening point Ts (821 ◦C) of the
composite. The value of Ts is very high for the residual glass and will be referred to as
the apparent dilatometer softening point. The measured apparent Ts is much higher than
the Ts of Pyrex-type glass [24]. The difference between Ts and Tg (Ts − Tg) is very large
and not typical for common glasses; a more detailed discussion of Tg and Ts will be given
after the presentation of the dilatograms of bars made with the modified procedure. If
we assume that all the silica in the Pyrex reacted to form sanbornite, then the sanbornite
concentration is estimated as 90.66 wt.% and that of the residual glass is 9.34 wt.%. If we
assume that only 75% of the silica in the Pyrex reacted to form sanbornite, we will obtain
67.7 wt.% sanbornite and 32.3 wt.% residual glass. If the concentration of the residual glass
was high, the bars would deform. The bars did not deform at the 850–950 ◦C range, so
the residual glass is estimated to be less that 30%. The residual glass probably has some
dissolved BaO. For comparison, the Tg and Ts of Pyrex-type glass [25] are about 850 K and
about 900 K, respectively (Figures 3 and 4 of reference [25]).
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Figure 3. XRD of heat-treated (1 h at 900 ◦C) Pyrex-type glass.

The Pyrex-type glass was subjected to the same heat treatment used for code JH-054-38.
The XRD of the heat-treated Pyrex-type powder (1 h at 900 ◦C; code JH-054-66) is given
in Figure 3. Figure 3 shows that the powder of the Pyrex-type glass crystallizes after a
1 h heat treatment at 900 ◦C. All the lines in the crystalline phase can be assigned to α-
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cristobalite. Figure 1 and the rest of the XRD figures (Figures 4–6) do not show the presence
of cristobalite, even though the Pyrex by itself crystallizes when heated at 900 ◦C.
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The procedure for the bar preparation was modified to include the following steps:
extra grinding (to ensure the formation of homogeneous mixtures) of the BaCO3 and
Pyrex-type powders with isopropanol in an agate mortar, drying the mixture, grinding
the mixture again with 45 drops of 3% PVA solution, shaping a bar, drying the bar on a
hot plate, and then sintering. Three bars were prepared using the modified procedure. All
three bars were prepared with the same materials and weights of sample code JH-054-38.
The bars were sintered for 1 h at 850 ◦C, 900 ◦C, and 950 ◦C, and their codes are JH-054-
90, JH-054-87, and JH-054-88, respectively. The bar sintered at 950 ◦C broke before the
dilatometer measurements; the broken bar was used for the XRD only. A new bar identical
to JH-054-88 was prepared, assigned the new code JH-054-92, and used for expansion
measurements. The XRDs of sample codes JH-054-90, JH-054-87, and JH-054-88 are given
in Figures 4–6, respectively.
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Figure 4 (the XRD of the sintered bar at 850 ◦C prepared by the modified procedure
(with extra grinding)) shows the lines of sanbornite (PDF card # 01-071-1441; Pcmn (space
group number 62)) as a major phase and faint lines of another phase of unnamed barium
silicate (PDF card # 04-009-1825; Monoclinic BaSi2O5—C2/c (space group number 15))
as a minority phase. At 850 ◦C, the XRD shows lines of two phases of barium silicates,
and at higher temperatures (Figures 5 and 6), only the sanbornite is stable (PDF card #
01-071-1441).

Figure 5 shows the XRD of the sintered bar at 900 ◦C prepared by the modified
procedure (with extra grinding). The figure shows only lines of sanbornite.

Figure 6 presents the XRD of the sintered bar at 950 ◦C prepared by the modified
procedure (with extra grinding). The figure shows only lines of sanbornite.

Figures 4–6 do not show the typical hump of the glassy phase, so it seems that the
residual glass is below the detection limit of X-ray diffraction.

Samples codes JH-054-87 (with 900 ◦C sintering), JH-054-90 (with 850 ◦C sintering),
and JH-054-92 (with 950 ◦C sintering), which are the sintered bars for the dilatometer
measurements, were measured using an Orton dilatometer. Each sample was measured
three times (after the first run, the sample was left in the dilatometer and run again (the
codes were changed to JH-054-87A, JH-054-90A, and JH-054-92A), and after the second
run, the sample was left in the dilatometer and run again for the third time (the codes
were changed to JH-054-87B, JH-054-90B, and JH-054-92B). The data of run number 1 were
discarded (in the first run, the bar may slightly move and can affect the measured TCE,
while in the second and third runs, the bar is locked in the dilatometer and cannot shift)
for the samples that were prepared by the modified procedure, except for sample code
JH-054-38, which was measured only one time.

Figures 7–9 present the dilatograms of the third run of JH-054-90B (850 ◦C), JH-054-87B
(900 ◦C), and JH-054-92B (950 ◦C), respectively. The dilatograms of JH-054-87B (900 ◦C),
JH-054-90B (850 ◦C), and JH-054-92B (950 ◦C) are similar to the dilatogram of sample code
JH-054-38. In all the dilatograms, the apparent dilatometer softening point is very high and
well above 800 ◦C. The apparent dilatometer softening point increases with the sintering
temperature: 809 ◦C (at 850 ◦C sintering), 832 ◦C (at 900 ◦C sintering), and 845 ◦C (at 950 ◦C
sintering). The high apparent dilatometer softening point indicates the high viscosity of the
composite and no distortion of the bars occurred, as was shown experimentally. All the
bars retained their original shape after sintering (1 h) in the 850–950 ◦C range.
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The Tg of the bars made by the modified procedure and sintered at 850 ◦C, 900 ◦C,
and 950 ◦C (Figures 7–9) are 556 ◦C, 551 ◦C, and 556 ◦C, respectively. These values are the
same (within the degree of experimental error) and may indicate the same composition for
the residual glass.

Table 1 collects the dilatometer data for sample codes JH-054-38, JH-054-87, JH-054-88,
and JH-054-92. Sample JH-054-38 was measured only one time (run number 1) and the
other three samples were measured three times each (run numbers 1, 2, and 3). Run number
1 was discarded, and only the data for runs 2 and 3 were used to compare the samples. The
average TCE (200–400 ◦C) of JH-054-87 (run numbers 2 and 3) is 12.3 × 10−6/◦C. The cor-
responding values for JH-054-90 and JH-054-92 are 11.95 × 10−6/◦C and 12.4 × 10−6/◦C,
respectively. The TCE of JH-054-87 (900 ◦C sintering) and of JH-054-92 (950 ◦C sinter-
ing) are the same within the degree of experimental error. The corresponding TCE for
JH-04-90 (850 ◦C sintering) is slightly lower: 11.95 × 10−6/◦C. All the samples in Table 1
have the same composition (sanbornite and residual glass); they differ in terms of the
thermal treatment.

Table 1. Dilatometer data.

Sample Code CTE (200–400 ◦C) × 106/◦C Heat Treatment Run Number

JH-054-38 12.7 900 ◦C, 1 h 1
JH-054-87 10.6 900 ◦C, 1 h 1

JH-054-87A 12.4 900 ◦C, 1 h 2
JH-054-87B 12.2 900 ◦C, 1 h 3
JH-054-90 10.8 850 ◦C, 1 h 1

JH-054-90A 11.8 850 ◦C, 1 h 2
JH-054-90B 12.1 850 ◦C, 1 h 3
JH-054-92 12.7 950 ◦C, 1 h 1

JH-054-92A 12.4 950 ◦C, 1 h 2
JH-054-92B 12.4 950 ◦C, 1 h 3

The high-expansion crystalline-phase BaSi2O5 (sanbornite) is formed during a very
short (1 h) heat treatment in the 850–950 ◦C range as a reaction product between BaCO3 and
Pyrex-type glass powder. Barium silicates are usually synthesized [13] at very high temper-
atures (1500–1550 ◦C) and require intermittent grinding. The data in Table 1 show that the
window for processing is wide—at least 50 ◦C (samples JH-054-87B and JH-054-92B).

Three bars (codes JH-054-079A-C) were also prepared with the same materials and
weights of sample code JH-054-38. The bars were sintered for 1 h at 850 ◦C, 900 ◦C, and
950 ◦C, respectively, and were used for SEM. The SEM pictures of sample codes JH-054-
079A-C are given in Figures 10–12. Figure 10 shows the SEM of JH-054-079A (a sintered
bar at 850 ◦C for 1 h), with many pores ranging in size from two to nine microns and a
crystalline phase that is clearly shown by the white rods. Because of the large number of
pores, the sintered sample might be porous with connected pores. Figure 11 presents the
SEM of JH-054-079B (a sintered bar at 900 ◦C for 1 h). It shows fewer pores than JH-054-
079A (a bar at 850 ◦C for 1 h), has pore sizes in the range of two to nine microns, and is more
crystallized, shown by the white rods with some plate-like crystals. This sample might be
porous, like a bar sintered at 850 ◦C for 1 h. Figure 12 presents the SEM of JH-054-079C
(a sintered bar at 950 ◦C for 1 h). It shows a highly crystallized sample with a very small
number of minute pores (with a size of about 1 micron), and the crystalline phase is shown
by the white plates. JH-054-079C is probably a low-porosity sample. Figures 10–12 show
that the microstructure can be controlled by thermal processing.

A comparison of the microstructures (SEM) with the dilatometer data shows that the
effect of the microstructure on the linear coefficient of expansion of the composites is very
small but the apparent dilatometer softening point (Ts) increases with the heat treatment
temperature and the change in microstructure. The porous structure (JH-054-079A (a bar
at 850 ◦C for 1 h)) has an apparent softening point (Td) of 809 ◦C, and the denser structure
(JH-054-079C (a sintered bar at 950 ◦C for 1 h)) has an apparent softening point (Td) of 845 ◦C.
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4. Summary and Conclusions 
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