
Introduction

To protect the Earth’s environment, manufacturing

industries in the 21
st

century will have to reduce their

consumption of energy. The sintering processes that

are used to produce ceramic products involves high

temperatures and consumes large quantities of en-

ergy. Sintering is normally performed by placing ce-

ramic products in the uniformly heated environment

of a gas or electric furnace. This method permits uni-

form control of the temperature over a relatively large

volume, and is therefore suitable for mass production.

However, a considerable portion of the energy that is

used in the process is consumed in maintaining the

temperature of the surrounding furnace material or

container, rather than being used directly in product

manufacture. If energy could be used more efficiently

in the manufacturing of products by improving the

sintering process, less energy would be consumed in

the manufacture of ceramic products, resulting in an

overall saving of energy. The microwave sintering

process has attracted attention since the 1990s [1, 2]

as a sintering process that uses energy more effi-

ciently. The advantages of microwave sintering are as

follows: 1) selective heating is possible, 2) uniform

heating can be achieved, and 3) the temperature can

be raised or lowered rapidly. By employing these ad-

vantages efficiently, the technique can be applied in

various small-scale production processes.

Barium titanate is widely used as a material for

multilayer ceramics and thick-film capacitors because

of its high dielectric constant [3, 4]. Because barium

titanate is used in large quantities as a material in

electronic devices, considerable energy savings could

be achieved if barium titanate could be sintered at a

reduced temperature. It is reported that for LTCC ap-

plication, barium titanate is sintering at 1000°C for

24 h with the incorporation of silicate glass

system [5]. In addition, there is a report saying that a

sintered body of relative density around 90% was

achived by 900°C for 8 h by adding boron oxide or

lead borate to a barium titanate [6]. Our aim in this re-

search was to develop a low-temperature sintering

method that combines the microwave sintering

method, which is expected to give an energy-saving

effect, with the liquid-phase sintering method cur-

rently used as a low-temperature sintering method

[7–11]. The liquid-phase component used was barium

borate, which forms a liquid phase was melting at

924°C when mixed with barium titanate [12]: no

other chemical components are formed. We con-

ducted experiments by varying the amount of barium

borate and modifying its method of addition. Also, we

examined the effects of combining microwave sinter-

ing and liquid-phase sintering and we compared the

resulting samples with samples produced by con-

ventional heating in an electric furnace.

Experimental

Barium titanate (BT-01, Sakai Chemical Indus-

try Co., Japan) was used as a raw material. Barium

borate, used as the liquid-phase material, was pre-
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pared in situ from barium carbonate (99.9%, Wako

Pure Chemical Industries Co., Japan) and boric acid

[99.5% (minimum), Kanto Kagaku, Japan]. The

amount of liquid-phase material added was varied be-

tween 1.5 and 20 mol%. The liquid-phase forming

material was added by mixing barium carbonate and

boric acid with barium titanate.

Green pellets with a diameter of 18 mm were

formed by using a uniaxial pressure of 17 MPa and a

cold isostatic pressure of 98 MPa. A magnetron multi-

mode microwave furnace (MW-Master, Mino

Ceramic Co. Ltd., Mizunami Japan) operating at

2.45 GHz was used for the sintering experiments. The

sample was placed in a thermally insulated box, the

inner surface of which was coated with SiC to act as a

susceptor. The microwaves were generated by a mag-

netron with a 1.5 kW maximum rating at 2.45 GHz. In

the power-control method, the temperature was con-

trolled by adjusting the voltage and current to induce

a variable load on the magnetron. In the time-control

method, the temperature was controlled by adjusting

the oscillation time of the magnetron, which was op-

erated under a maximum load. The sample temper-

ature was measured by using an optical radiation ther-

mometer. The density of the sintered samples was

measured by the Archimedes method. The micro-

structures of polished and thermally etched surfaces

were examined by scanning electron microscopy

(SEM, JSM-5600N, JEOL Ltd., Japan).

Results and discussion

Figure 1 shows the relationship between the sintering

temperature and the density for samples containing

1.5 mol% of liquid-phase material. When the time-

control method was used, samples were not densified at

925°C, but they were densified above 950°C. Because

the temperature rise of the sample was extreme when the

time-control method was used, it is thought that a steady

liquid phase was not generated. When the power-control

method was used, however, a high density of

5.4·10
3

kg m
–3

was obtained, even at 925°C; samples

were also densified at above 950°C. With time control,

densification of the sample increased rapidly with

increasing temperature, whereas with power control,

densification increased more slowly with increasing

temperature. These results suggest that the power-

control method permits more-precise experiments to be

performed. To avoid big temperature fluctuations, we

performed our subsequent experiments by using the

power-control method.

Figure 2 shows the relationship between the

amount of liquid-phase additive and the relative den-

sity of samples sintered at 850 to 950°C. The true

density of the sample in each condition was calcu-

lated by summing the true density multiplied by the

volume ratio of each raw material. The relative den-

sity was obtained by dividing experimental value by

this calculated value. The sample was not densified at

900°C when 5 mol% of liquid-phase material was

added. The density increased to 90% at 950°C, which

is above the temperature necessary for the generation

of a liquid phase. When the amount of liquid-phase

material was 10 mol%, a relative density of 80% was

achieved at 850°C. The density increased with in-

creasing temperature, reaching 97% at 900°C: it then

remained almost constant at up to 950°C. When 20%

of liquid phase was used, the densification behavior
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Fig. 1 Density of BaTiO3 with liquid phase as a function of

sintering temperature

Fig. 2 Relative density of BaTiO3 with liquid phase as a func-

tion of sintering temperature



was different: after decreasing tendency in relative

density between 850 and 875°C, the densification of

the sample advanced at up to 900°C, as in the case of

the sample containing 10 mol% of liquid-phase. How-

ever, the density decreased when the sintering tem-

perature exceeded 900°C. When we used a conven-

tional electric furnace, a sample containing 20 mol%

of BaB2O4 was not densified at 950°C. Figure 3

shows SEM photographs of the fracture surfaces of

samples. When the amount of liquid phase was

10 mol%, the particle size was about 1 �m, whereas

the grain size was about 2 �m in cases where the

amount of liquid-phase was 20 mol%. A glasslike ma-

terial can be seen in all the photographs. These results

show that a liquid phase was generated at each of the

sintering temperature.

Figure 4 shows the changes in the electric power

consumed by the microwave furnace for samples of

various compositions. The heating rate was 0.5°C s
–1

and the sintering temperature was 900°C for 600 s.

The least energy was consumed for the sample con-

taining 5 mol% of liquid phase. Samples containing

10 or 20 mol% liquid-phase showed almost equal

power consumptions. However, electric power was

consumed more efficiently at low temperatures by the

sample containing 20 mol% liquid-phase. Because

the liquid-phase absorbs the microwave easily, it is

thought that the generation of the liquid-phase be-

came early.

Let us consider the process for generating the

liquid phase on the basis of the results that we obtained

by using the microwave furnace. It is known that

barium borate forms a liquid phase at 924°C when

mixed with barium titanate. When we used the conven-

tional furnace, none of the samples was densified at

900°C, but the samples containing 10 or 20 mol%

barium borate were densified at this temperature when

the microwave furnace was used. When large amounts

of liquid-phase material were present, large amounts of

energy were consumed in the furnace. This shows that

the liquid-phase component itself absorbs large

amounts of energy. Because the liquid-phase compo-

nent absorbs microwave energy, the sample is self-

heating. Therefore, it is likely that the temperature of

the liquid phase rises above the measured temperature,

because the measured temperature records the

temperature of the composite as a whole. This hypo-

thesis is confirmed by the examination of the SEM

photographs where the liquid phase was observed at

any temperature. Therefore, we believe that the

samples underwent densification at a temperature

below the normal liquid-phase generation temperature.

The density of 20 mol% of liquid phase contain-

ing sample decreased at sintering temperatures ex-

ceeding 900°C. We believe that the presence of lots of

pores in the microstructure a result of effusion of the

too much generated liquid phase to the outside of the

sample. In other words, the liquid-phase forming

component played a role even at 900°C. However, it

flowed out from the sample easily and did not assist in

the liquid phase sintering so the viscosity was low-

ered at temperatures higher than 900°C.
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Fig. 3 SEM photographs of BaTiO3–10/20 mol% BaB2O4

microwave-sintered sample

Fig. 4 Change in consumed power in the furnace with time



Conclusions

We obtained the following results when ceramics

were sintered by liquid-phase microwave sintering.

• The sample was densified at a temperature below

the temperature where the liquid phase is normally

generated when a sufficient amount of the liq-

uid-phase material was present.

• The sample containing 10 mol% of liquid-phase

material was efficiently densified.

• When too much liquid-phase material was present,

densification of the sample was obstructed.

References

1 J. D. Katz, Ann. Rev. Mater., 22 (1992) 153.

2 D. E. Clark and W. H. Sutton, Ann. Rev. Mater.,

26 (1996) 299.

3 Y. Sakabe, ‘Recent Progress on Multilayer Ceramic

Capacitors’, Tenth MRS International Meeting on

Advanced Materials, (1989), Tokyo, M. Doyama,

S. Somiya and R. P. H. Chang, Eds, (MRS, 1989),

pp. 119–129.

4 G. Goodman, Ceramic Materials for Electronics,

R. C. Buchanan, Ed., Marcel Dekker, New York 1986,

pp. 79–138.

5 J. Takahashi, H. Nakano and K. Kageyama, J. Eur. Ceram.

Soc., 26 (2006) 2123.

6 S. K. Sarkar and M. L. Sharma, Mat. Res. Bull.,

24 (1989) 773

7 K. R. Chowdary and E. C. Subbarao, Ferroelectrics,

37 (1981) 689.

8 L. Burn, J. Mater. Sci., 17 (1982) 1398.

9 I. C. Ho, J. Am. Ceram. Soc., 77 (1994) 829.

10 D. Kolar, M. Trintelj and L. Marsel, J. Phys. C1,

47 (1986) 447.

11 J. H. Lee, J. J. Kim, H. Wang and S. H. Cho, J. Mater.

Res., 7 (2000) 1600.

12 Y. Goto and L. E. Cross, Yogyo-Kyokai-shi,

77 (1969) 355.

DOI: 10.1007/s10973-007-8800-6

62 J. Therm. Anal. Cal., 93, 2008

YASUOKA et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


