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The dense [3-CaSiO; ceramics based on the system CaO-SiO,-BaO-B,0; are fabricated by traditional
solid-state preparation process at a densification temperature range of 930-970 °C. The introduction of
BaO and B,0s to the binary system CaO-SiO; is achieved by the means of a chemical combination of
H,Si03, H3BO3, Ca (OH) , and Ba(OH),-8H,0, which finally results in the formation of a hydrated barium
borate phase with low melting characteristics. In turn, by a liquid phase sintering aid of the hydrated
barium borate, the densification temperature of (3-CaSiO3; ceramics can be decreased availably and the
dense microstructure can be achieved accordingly. The 3-CaSiO3 ceramics with the optimum content of
BaO and B, 03 can express good mechanical strength (bending strength: 133 MPa) and excellent dielectric
properties (&;: 6.5; 10ss: 5 x 104).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, [3-CaSiOs, i.e., B-wollastonite is widely applied to
low temperature co-fired ceramic (LTCC) technology due to its
excellent dielectric properties (&;: 5, tana: 1.0-3.0 x 10~4) and
good thermal stability [1]. As one of technological characteristics
of LTCC, the sintering temperature of (3-CaSiO3; ceramics cannot
exceed the melting point of electrode materials such as a silver sol-
der (melt point: 961 °C). According to the technical characteristics,
the preparation of the dense 3-CaSiO3 ceramics with the densifica-
tion temperature below 960 °C become difficult by using traditional
solid-state process, since the sintering temperature range of pure
CaSiOj3 is very narrow and high [2]. At present, most of the prepa-
rations of dense CaSiO3 ceramics mainly depend on the fabrication
of Ca0-B,03-Si0; glass ceramics [3-5] and sol-gel methods [6,7].
The Ca0O-B,03-Si0, glass ceramics with a low densification tem-
perature range of 800-900°C are prepared via the devitrification
of the Ca0-Si0,-B, 03 glasses with a melting temperature beyond
1300°C. Also, the sol-gel methods can availably decrease the densi-
fication temperature of the CaSiO3 ceramics by mixing the chemical
constituents at a molecular level in solution. In addition, in order
to obtain the dense CaSiO3 ceramics by a more convenient method,
Wang et al. [8] used B,03 as a flux to improve the traditional
solid-state process and obtain the dense (3-CaSiO3; ceramics at
1100°C. In the above methods, the traditional solid-state prepa-
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ration process with the addition of fluxes is relatively simple, but
a lower densification temperature need to be achieved by a choice
of fluxes to match the melting point of a silver electrode materi-
als. Barium borate is characterized by low melting characteristics
(melting temperature: 800-900°C) [9-12], it, thus, is widely used
to decrease the sintering temperature of ceramic materials as a flux.
In present work, the introduction of BaO and B,03 to the binary
system CaO-SiO, is expected to achieve the low temperature
preparation of dense [3-CaSiO3; ceramics. Especially, by the means
of a chemical combination of H3BO3 and Ba(OH),-8H,0, a hydrated
barium borate phase can be formed easily from the hydrated prod-
ucts of H,Si0O3, H3BO3, Ca (OH) ; and Ba(OH),-8H,0 (a quaternary
system CaO-SiO,-Ba0-B,03). Consequently, the dense [3-CaSiO3
ceramics with the low densification temperature can be achieved
availably by a liquid phase sintering aid of barium borate. In addi-
tion, dielectric, thermal and mechanical properties of the 3-CaSiO3
ceramics are investigated in detail in terms of its major crystal
phases and microstructures. The objective of the work is to develop
a convenient way for the fabrication of the dense 3-CaSiO3 ceram-
ics with alow densification temperature, which can match with the
melting point of a sliver electrode material.

2. Experimental

H,Si0s, H3BO3, Ca (OH),; and Ba(OH),-8H,0 with purity higher than 99% were
used as the starting materials. According to the designed compositions in Table 1,
the above materials were weighed and milled with de-ionized water for 7 h. The
weight ratio of the water to solid was regulated to 4/1. Upon treatment, the slur-
ries were dried at 80°C and then were pre-sintered at 700 °C for 3 h. Subsequently,
the pre-sintered powders with the particle size of 0.5-1.0 wm were molded into
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Table 1
The chemical composition of the CaSiO3 ceramic specimens.

Specimen Composition (wt.%) B,05/(Ba0O +B,03) (mol%) The content of BaO and B, 05 in the specimen (wt.%)
CB1 35Ca0-30Si0,-15Ba0-20B,03 74 35
CB2 40Ca0-30Si0,-10Ba0-20B,03 81 30
CB3 45Ca0-30Si0,-5Ba0-20B, 03 90 25
CB4 40Ca0-40Si0,-10Ba0-10B,03 67 20
CB5 40Ca0-40Si0,-5Ba0-15B,03 87 20
CB6 45Ca0-40Si0,-5Ba0-10B, 03 81 15
CB7 45Ca0-45Si0,-5Ba0-5B,05 69 10

green bodies under a compressive stress of 20 MPa. Finally, the specimens were
obtained by continuously sintering the green bodies at 400°C for 3 h, 700°C for
3 h and selected densification temperature (930-970 °C) for 15 min. The specimens
were analyzed by using a scanning electron microscope (JSM-6490LV, Japan), a X-
ray powder diffraction patterns and a differential scanning calorimetry (NETZSCH
STA449C, Germany, heating at a rate of 10°Cmin~'), the X-ray powder diffraction
patterns were recorded on a D/Max-IIIA machine (Rigaku Industrial Corporation,
Japan) using Cu Ka Radiation (40kV, 30 mA) with a scanning rate of 2° min~'. The
coefficient of thermal expansion (CTE) values of the specimens in a temperature
range of 25-400°C were tested by a dilatometer (NETZSCH DIL402PC, Germany,
heating at a rate of 3°Cmin~'). Dielectric constant and dielectric loss were tested
by a PRECISION LCR METER instrument (Agilent 4284A, U.S.A.).

3. Results and discussion

Due to low melting characteristics, barium borate is widely
used to decrease the densification temperature of ceramic mate-
rials as a flux agent. As the application for the preparation of
CaSiO3 ceramics, the formation of a hydrated barium borate phase
in hydrated products of H,SiO3, H3BO3, Ca(OH), and Ba(OH),-8H,0
is important to achieve the low temperature preparation of CaSiO3
ceramics. Fig. 1 represents the XRD pattern of a ceramic slurry
based on the system CaO-SiO,-BaO-B,03 and dried at 80°C. As
is shown on the XRD pattern, the ceramic slurry is composed
of hydrated barium borate, hydrated calcium silicate as well as
the other compounds. It indicates that hydrated barium borate
and hydrated calcium silicate can be easily synthesized by the
means of the chemical combination of H,SiO3, H3BO3, Ca(OH),
and Ba(OH),-8H,0. Fig. 2 shows TG and DSC curves of two ceramic
slurries and a hydrated product of the chemical combination of
H3BO3; and Ba(OH),-8H;0. As is seen form the TG and DSC curve
of the three specimens, it can be estimated that, with an elevated
temperature, a dehydration of hydrated products, a chemical com-
bination of barium or calcium compounds and silicon or boron
polymer molecules, a vaporization of B,O3 and melting are contin-
uously occurring. In addition, a endothermal peak at about 110°C
is observed on the DSC curve of the ceramic slurry 1, which could
be correlative to the evaporation of water molecules of residual
Ba(OH),-8H,0 and H,SiO3 in the ceramic slurry. According to the

Fig. 1. The XRD pattern of CaSiO3 ceramic slurry.

phase diagram of the binary system BaO-B,03 [9,13], the onset of
a liquid phase in the binary system BaO-B,03 can be observed at
least 869 °C. Specially, in the phase diagram of the binary system
BaO-B,03, a low eutectic zone is located at a range of 50-70 mol%
B,05 content, which consequently supplies a reference for the
design of the flux agent of barium borate. Furthermore, considering
the volatility of B,03, the B,03 content in the BaO-B,03 composi-
tion designed in the work is totally higher than that in the eutectic
composition. As a reference, a specimen with 50Ba0-50B,03 per-
cent composition by mass and a CaSiO3 ceramic specimen with
30Ca0-20Si0,-30Ba0-20B,03 percent composition by mass are
made by sintering their green bodies at 900°C for 60 min and
950°C for 15 min, respectively. The pictures of the two reference
specimens are shown on Fig. 3. It can be seen that the sintered spec-
imen with 50Ba0-50B;03 composition is a glassy form whereas
the sintered CaSiO3 ceramic specimen is a melting form. Especially,

Fig. 2. The DSC curves of two CaSiO3; ceramic slurries and a hydrated product of the chemical combination of H3BO; and Ba(OH),-8H,0.
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Fig. 3. The pictures of the two reference specimens. (a) A specimen with 50Ba0-50B, 03 percent composition by mass and sintered at 900 °C for 60 min; (b) a CaSiO3 ceramic
specimen with 30Ca0-20Si0,-30Ba0-20B,0; percent composition by mass and sintered at 950°C for 15 min.

according to the XRD analysis results shown on Fig. 4, the sintered
specimen with 50Ba0-50B,03 composition is a non-crystalline
form, indicating that it can be melted completely at least 900 °C.
Consequently, it suggests that the introduction of BaO and B,03
to the binary system CaO-SiO, can greatly lower the densifica-
tion temperature of CaSiO3 ceramics so as to availably improve its
sintering behavior. However, in order to obtain the dense CaSiO3
ceramics with a high content of a CaSiO3 phase, the existence of
excessive BaO and B,03 content in the CaSiO3 ceramics is not
expected. According to the results, a serial of the CaSiO3; ceramic
specimens based on the system CaO-SiO,-BaO-B,03; were made
by traditional solid-state preparation process. The XRD patterns of
the CaSiO3 ceramic specimens are represented in Fig. 4. As is shown
onFig.4,a 3-CaSiO3 phase can be observed in the XRD patterns of all
CaSiO3 ceramic specimens. In connection with the composition of
the CaSiO3 ceramics, it is found that the intensity of the diffraction
patterns of 3-CaSiO3 phase is getting stronger with decreasing the
content of BaO and B, 03 in the composition. Correspondingly, the
relative content of the 3-CaSiO3 phase in the specimens, which is
obtained by XRD analytical software (MDI Jade.6.5), is increasing. It
indicates that the CaSiO3 ceramics with a high content of a 3-CaSiO3
phase can be availably fabricated by the regulation of the BaO and
B,03 content in the composition at a sintering temperature below
1000 °C. Consequently, on the basis of the classical theory of the lig-
uid phase sintering [14], the fabrication of the CaSiO3; ceramics can

Fig. 4. The XRD patterns of the CaSiO; ceramic specimens.

be understood as the mechanism that, by a melting phase of bar-
ium borate, the 3-CaSiO3 phase formation and the occurrence of the
densification were achieved along with crystal particle dispersing,
rearrangement, solution-precipitation and solid-state sintering. It
can be seen that the preparation method of the CaSiO3; ceramics
is not only relative convenient but also can availably obtain the
single phase 3-CaSiO3 ceramics at a relative low densification tem-
perature. As is well known, glass ceramics and glass/ceramic [15]
composites are applied widely to LTCC multi-layer structures due to
their low sintering temperatures and tailored dielectric properties.
However, the manufactures of most of glass materials are usually
a complex processes including melting, cooling and crystallization.
Especially, as LTCC applications, a single phase ceramic materials is
more favorable to achieve the high reliability and a good thermal
stability. Therefore, the CaSiO3 ceramics obtained by the present
preparation process is available for LTCC applications as a candi-
date material. On the other hand, one can see that the presence
of the other crystal phases in the CaSiO3 ceramics is still correla-
tive with the BaO and B;03 content in the composition. As a high
BaO and B, 03 content, crystal phases of the CaSiO3; ceramics (CB1,
CB2, CB3) also include BayCa(B,03), compounds, but it is gradu-
ally disappear with decreasing the content of BaO and B,03 in the
composition. The results indicate that excessive BaO and B,03 in
the composition are unbeneficial to fabricate the CaSiO3 ceramics
with a high content of a 3-CaSiO3 phase. It is worth noting that,
while the content of BaO and B, 03 in the composition is less than

Fig. 5. Densification temperature and volume density of the CaSiO3; ceramic speci-
mens.
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Fig. 6. The cross-section SEM images of the CaSiO3 ceramic specimens.

20 wt.%, there are not any barium and borate compounds in the
CaSiO3 ceramics besides a small quantity of the other types of
CaSiOs crystals, indicating that the BaO and B, 03 components exist
in the CaSiO3 ceramics only as a glassy form.

On the other hand, with the variation of the BaO and B,03 con-
tent in the composition, the densification temperature and the
volume density of the CaSiO3; ceramics are changed accordingly.
Densification temperature and volume density dependence of the
composition are shown on Fig. 5. It is found that, in addition to the
specimens CB4 and CB7, the densification temperature of all spec-
imens is located at 950 °C. Due to the fact that the amounts of the
liquid phase in the CaSiO3 ceramics is increased with increasing the
BaO and B,03 content in the composition, the specimen CB7 with
BaO and B, 03 fraction in the amounts of 10 wt.% has a higher den-
sification temperature(up to 970 °C) than the other specimens. It is

believed that the high densification temperature of the specimen
CB7 is attributed to the absence of a liquid phase, which conse-
quently also results in the porosity and a low volume density. The
low volume density of the specimens CB6 and CB7 is explained in
this case by the fact that the amount of a liquid phase in the two
specimens is too small to fill all pores. In contrast with the spec-
imens CB6 and CB7, the volume density of the other specimens
is centralized mainly on the range of 2.67-2.80gcm™!. The above
results are shown accordingly on the cross-section SEM images of
the CaSiO3 ceramics. As is shown on Fig. 6, a porous microstructure
can be observed in the micrograph of the specimen CB6, indicating
that it is in agreement with its low volume density. It, thus, can be
believed that barium borate play an important role in the improve-
ment of the sintering behavior of the CaSiO3 ceramics. However,
the specimen CB1 with a high content of BaO and B,03 similarly

Fig. 7. Thermal, mechanical and dielectric properties of the CaSiO3 ceramic specimens.
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Fig. 8. The cross-section SEM images of the specimens CB4 (a) and CB5 (b).

shows the amounts of the pores. It is estimated that the remain-
ing pores are caused by the thermal swelling of excessive melting
phase during sintering. In contrast to the specimens CB1 and CB6,
the specimens CB4 and CB5 with BaO and B,05 in the amounts of
20 wt.% show a compacted microstructure. The optimum BaO and
B, 053 content in the composition are important not only to fabricate
the CaSiO3 ceramics with a high content of 3-CaSiO3 phase but also
to achieve a dense microstructure.

Usually, the physical properties of ceramic materials can be
decided by the microstructures and their major crystal phases. In
order to determine the correlation between the physical properties
and the microstructures as well as the major mineral phases, Fig. 7
gives thermal, mechanical and dielectric properties of the CaSiO;
ceramics. As shown on Fig. 7, the specimens CB4 and CB5 express
a bending strength of about 133 MPa and 93 MPa, respectively.
The specimen CB6 with a porous microstructure shows a bend-
ing strength of about 45 MPa. Therefore, the porous microstructure
is disadvantage to the mechanical properties. In the case of coef-
ficient of thermal expansion (CTE), CTE value of the specimens is
totally decreasing with increasing the content of a 3-CaSiO3 phase
in the CaSiO3; ceramics. But the CTE value of the specimen CB4 is
the lowest in that of all specimens, which and the CTE value of the
specimen CB7 are closer to that of a pure [3-CaSiO3 crystal (CTE:
6.5-6.9 ppm °C~1[16]). It suggests that the CTE value could be cor-
relative to the crystallization of a 3-CaSiO3 phase. According to the
phase diagram of the binary system BaO-B,03 and the chemical
composition of the specimens in Table 1, the B,03/(BaO+B,03)
molar fraction of the specimen CB4 is located at a eutectic zone
with a temperature range of 869-900°C in the phase diagram of
the binary system BaO-B, 03, which, thus, can help to achieve the
densification sintering of the specimen CB4 at the relative low
densification temperature (930°C). Also, the appropriate content
of BaO and B,0j3 in the system CaO-SiO,-Ba0-B,03 can supply
a sufficient amount of a liquid phase for the crystallization of a
[3-CaSiO3 phase. Consequently, the eutectic composition and a suf-
ficient amount of a liquid phase can offer more possibilities to set a
proper sintering behavior and achieve the better crystallization of
a 3-CaSiO3 phase in the specimen CB4. In Fig. 8, we can see that the
connection among the crystal grains in the specimen CB4 is tighter
than that in the specimen CB5. The difference in the microstruc-
tures of the two specimens could be a reason that the bending
strength of CB4 is higher that of specimen CB5. Furthermore, all
these factors also lead to an influence on the other physical prop-
erties such as dielectric constant and loss. It can be found that,
with the increase of [3-CaSiO3 phase content, dielectric proper-
ties of the CaSiO3; ceramic are greatly improved. Therefore, the

improved dielectric properties can be expected to availably achieve
by the regulation of the BaO and B,03 content in the composi-
tion. The best dielectric properties are shown on the specimens
CB4 and CB5, whose permittivity and loss are 6.6, 7 x 104 and
6.5, 5 x 104, respectively, meaning that a dense microstructure
is equally important to the achievement of the improved dielectric
properties. Consequently, the appropriate content of BaO and B, 03
in the quaternary system Ca0O-SiO,-Ba0O-B,03 can be referenced
according to the composition of the specimen CB4 and CB5.

4. Conclusions

In summary, the dense [3-CaSiO3 ceramics with a densification
temperature range of930-970 °Care successfully fabricated via tra-
ditional solid-state preparation process under the sintering aid of
barium borate. Thermal, mechanical and dielectric properties of
the dense [3-CaSiO3 ceramics have been investigated in terms of
the BaO and B,03 content in the composition, the results show
that the low temperature preparation of the dense [3-CaSiO3 ceram-
ics is not only correlative with a B,03/(BaO +B,03) molar fraction
in the specimen, but also depends on an appropriate content of
BaO and B, 03 in the quaternary system Ca0-SiO,-BaO-B,03. The
optimum BaO and B,03 content in the CaSiO3 ceramics (the spec-
imens CB4 and CB5) can help to achieve good physical properties
(bending strength: 133 MPa; &;: 6.5; loss: 5 x 10~4) and decrease
densification temperature (930°C and 950°C), indicating that the
dense (3-CaSiO3; ceramics can be co-fired with a sliver electrode
material and is promising for the application of LTCC technologies
as a candidate material.

References

[1] W.Cai, T. Jiang, X.Q. Tan, Q. Wei, Y. Li, Electron. Comp. Mater. 21 (2002) 16-18.

[2] R.P.S. Chakradhar, B.M. Nagabhushana, G.T. Chandrappa, K.P. Ramesh, ].L. Rao,
Mater. Chem. Phys. 95 (2006) 169-175.

[3] Haikui Zhu, Hongqing Zhou, Min Liu, Pengfei Wei, Ge Ning, ]. Alloys Compd.
482 (2009) 272-275.

[4] Sea-Fue Wang, Yuh-Ruey Wang, Yung-Fu Hsu, Chuang-Chung Chiang, J. Alloys
Compd. 498 (2010) 211-216.

[5] Haibin Shao, Tingwei Wang, Qitu Zhang, J. Alloys Compd. 484 (2009) 2-5.

[6] Huanping Wang, Qilong Zhang, Hui Yang, Huiping Sun, Ceram. Int. 34 (2008)
1405-1408.

[7] Xiaohua Zhou, Bo Li, Shuren Zhang, Haiyan Ning, ]. Mater. Sci: Mater. Electron.
20 (2009) 262-266.

[8] Huanping Wang, Shi-qing Xu, Shui-qin Lu, Shi-long Zhao, Bao-ling Wang,
Ceram. Int. 35 (2009) 2715-2718.

[9] B. Arkadiy, Meshalkin, Alexander B. Kaplun, Bull. Mater. Sci. ]. Cryst. Growth
275 (2005) e301-e305.

[10] Shalini Kapoor, Henry Bola Georage, Ashlea Betzen, Mario Affatigato, Steve

Feller, J. Non-Cryst. Solids 270 (2000) 215-222.



618 S. Chen et al. / Journal of Alloys and Compounds 505 (2010) 613-618

[11] Sidney D. Ross, United States Patent (patent number: 4,897,249), 1990. [14] R.M. German, S. Farooq, C.M. Kipphut, Mater. Sci. Eng. A 105/106 (1988) 215.

[12] Galeb H. Maher, Samir G. Maher, United States Patent (patent number: [15] Guo-hua Chen, Lin-jiang Tang, Jun Cheng, Min-hong Jiang, J. Alloys Compd. 478
6,251,816), 2001. (2009) 858-862.

[13] Ernest M. Levin, Howard F. McMurdie, F.P. Hall, Phase Diagrams for Ceramists, [16] G.M. Azarov, E.V. Miorova, M.A. Oborina, A.V. Belyakov, Glass Ceram. 52 (1995)

The American Ceramic Society, Columbus, 1956. 9-10.



	Low temperature preparation of the β-CaSiO3 ceramics based on the system CaO–SiO2–BaO–B2O3
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


