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Microwave dielectric properties of glass-Bi,Ti,(; ceramic composites
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The microwave dielectric properties of glass-Bi, Ti,O, ceramic composites were investigated. Using bismuth-zinc borosilicate
(BZBS) glass and TiO,, glass-Bi,Ti,O, composites were prepared by liquid phase sintering. The linear shrinkage exhibited a
two-stage sintering behavior; viscous flow of the liquid phase and then crystallization. The crystalline phases of Bi,Ti;Oy; and
Bi, Ti;O; were observed at 700 and 900°C, respectively. The dielectric constant (g,) and the quality factor (Qxf;) were affected
by the formation of crystalline phases as well as the density. For the specimen sintered at 900°C, the dielectric constant, the
quality factor and the temperature coefficient of the resonant frequency (ty) was respectively 56.4, 518 GHz (105 at 4.898 GHz),
and +119 ppm/K.
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Introduction Experimental Procedure

A number of studies of low temperature co-fired Powders of Bi,O;, ZnO, B,0O;, SiO,, and Na,O of
ceramics (LTCC) have been intensively investigated. extra-pure reagent grade were weighed in the weight
There are two basic methods to prepare LTCC [1, 2]. percentage of 65, 19, and 10, 5, 1 respectively, and
The first is to use crystallizable glasses as starting well mixed in a dry condition. Bismuth-zinc borosili-
materials which undergo devitrification to crystalline cate (BZBS) glass was prepared by a quenching method
phases during the firing process. Ideally no glass phases, after a melting process above 1100°C using an alumina
hence, exist in the final microstructure. The properties crucible. By disk milling and ball milling using zir-
of crystallizable glasses depend on the degree of conia balls in a wet condition with ethanol, a glass frit
crystallization, i.e., the thermal history. Cordierite-based was obtained. The deformation temperature of the
glass, showing a low dielectric constant and good BZBS glass was measured by a dilatometer (DIL 402,

mechanical properties including strength and thermal Netzsch). 50 vol% BZBS glass frit and TiO, was ball
expansion coefficient (TEC), is a material typical of milled for 24 h and then dried. The disk type samples a

crystallizable glasses [3]. The second method is to use 15 mm in diameter were prepared by pressing the
a mixture of low melting temperature glasses working powder mixtures under ca. 14 MPa and a sintering at
as a flux agent and ceramics. The final structure is between 600~950°C for 2 h. The phase analysis of the
composed of ceramic particles in a glass matrix, i.e. sintered samples was carried out by an X-ray diffracto-
glass-ceramics. Generally, borosilicate glasses are used meter (MO3XHF, Mac science) using a Cu-Ko target
as flux materials due to their capability of glass formation and a Ni filter within the 26 range between 10~80. The
at low temperature and good dielectric properties [4]. microstructures were observed by a FE-SEM (S-4200,

Bi,Ti,O; with a cubic pyrochlore structure is one of Hitachi). The dielectric constant (g,) and the temper-
the compounds in the Bi,0;-TiO, system and a candi- ature coefficient of the resonant frequency (Qxf;) were
date material for LTCC due to a high dielectric con- measured by the Hakki-Coleman method using a network
stant (g=118) [5]. In this study, the glass-Bi,Ti,O; ceramic analyzer (HP8720ES) and samples which were placed
system was prepared using bismuth-zinc borosilicate between two parallel metal plates; the resonant fre-
glass and TiO, and its microwave dielectric properties quency fy, the half power bandwidth Af;4s, which was
were investigated. recorded at the 3dB level of the resonant peak, and the

insertion loss were measured [6]. The temperature coeffi-
cient of the resonant frequency (t¢) was measured using
an Invar cavity in the temperature range 25~85°C.
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the temperature at the maximum value of the thermal
expansion curve, was determined as 442°C which was
lower than that of the quaternary glass with a com-
position of 25Bi,05;-45Zn0-10B,05-20Si0, in mol%
(494°C) [7] and higher than those of the Bi,O3;'ZnO-
10B,05°R,0 (R=alkali) quaternary glasses (from 272 to
339°C) [8]. The dielectric constant (g,), the quality
factor (Qxfy), and the temperature coefficient of the
resonant frequency (t¢) of the BZBS glass were 15.6, 1
526 GHz (149 at 10.239 GHz), and —40 ppm/K, respec-
tively.

Powder X-ray diffraction patterns of 50 vol% BZBS
glass-TiO, composite sintered between 700 and 900°C
are shown in Fig. 1. Besides TiO,, the crystalline phases
of Bi,Ti,O;; with a monoclinic structure and Bi,Ti,O;
with a cubic were formed, implying that BZBS is a
reactive glass in this system. As the sintering temper-
ature increased, the crystalline phase changed from
Bi,Ti,Oy; to Bi,Ti,O5; Bi,Ti4O1; completely disappeared
and only Bi,Ti,O; was formed at 900°C. For the
formation of Bi,Ti,O; with a pyrochlore structure, i.e.,
A,B,0,, there have been contradictory results. It was
reported that Bi,Ti;O; did not exit in the phase diagram
of the Bi,0;-TiO, system [9], and this result has been
supported by other studies that only three compounds
of Bi4Ti3012, BizTi4011, and BiuTiOz() existed in the
system [10, 11]. The large difference of the ionic radius
between Bi** and Ti*" was suggested as the reason for
the instability of Bi,Ti,O; [12]. It has been suggested
that the structural stability of pyrochlores was generally
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Fig. 1. Powder XRD patterns of 50 vol% BZBS glass-TiO,
composite sintered at (a) 700°C, (b) 800°C, and (c) 900°C.

governed by the radius ratio of A and B cations.

On the other hand, there have been some research
concerning the existence of Bi,Ti,O; [13-15]. By an
investigation of the heat-treatment of Bi,O3-2TiO, above
1100, the formation of a pyrochlore structure as a
minor phase having the lattice parameter of 1.0354 nm
besides the compounds of Bi,Ti4O;; and BiyTi;O1, was
reported [13]. It was also reported that Bi,Ti,O; could
be synthesized by wet chemical methods at low temper-
atures or crystal growing methods using a flux [14, 15].
Shimada et al. stated that Bi,Ti;O; was prepared using
bismuth titanates with Bi,05-V,05 fluxes [14]; this
compound could only be crystallized when small amounts
of ZnO were added to melts and it was later shown to
be Bil.6lzn0.18Ti1.94V0.0606.62 with a cubic lattice para-
meter of 1.0327(1) nm by a reinvestigation [15]. The
decrease of the radius ratio of A and B cations by the
substitution of Zn with a small ionic radius (rz,= 0.09
nm, CN=28) on A-site i.e., Bi-one (rg;=0.117 nm),
caused the increase of the structural stability. It was,
therefore, understandable that zinc in BZBS glass
might also contribute to the crystallization of Bi,Ti,O,
above 800°C. This suggestion was supported by the
result that the lattice parameter of Bi,Ti;O; in this
study was calculated as 1.0334(2) nm using an extra-
polation method, which is similar with that of the zinc-
substituted compound as mentioned above (1.0327 nm)
and smaller than those of the compound without zinc
(1.0354-1.0379 nm) [12, 13].

The linear shrinkage of 50 vol% BZBS glass-TiO,
composite sintered between 700 and 900°C are shown
in Fig. 2. A shrinkage of about 10% already appeared
at 600°C. A plateau subsequently emerged up to 750°C
and then a further shrinkage occurred above 800°C,
indicating that the shrinkage behavior exhibited a two-
stage sintering. The low deformation point for BZBS

25

[l

20:- /
lﬂig—ﬂ/l

linear shrinkage (%)

0
600 650 700 750 800 850 900 950
temperature ("C)

Fig. 2. Linear shrinkage of 50 vol% BZBS glass-TiO, composite
as a function of sintering temperature.
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Fig. 3. Microstructures of 50 vol% BZBS glass-TiO, composite
sintered at (a) 700°C, (b) 800°C, and (c) 900°C.

(442°C) may cause the large shrinkage below 600°C,
i.e., the first-stage sintering to which the particle
rearrangement caused by the viscous flow of the liquid
phase might mainly contribute. It has been reported
that the classical theory of liquid phase sintering
assumed densification occurred; particle rearrangement,
solution-precipitation, and solid state sintering [16]. In
the process of particle rearrangement, densification
occurred rapidly as soon as the liquid phase was form-
ed. Pores were filled through liquid phase redistribu-
tion, and the particles were rearranged due to capillary
pressure, resulting in a closer packing. Above 800°C,
the crystallization of Bi,Ti;O; may contribute to the
second-stage shrinkage. Figure 3 shows the microstruc-
tures of 50 vol% BZBS glass-TiO, system sintered
between 700 and 900°C; the densification was promoted
with an increase of the sintering temperature.

The dielectric constant (g,) and the quality factor
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Fig. 4. (a) Dielectric constant (g;) and (b) quality factor (Qxf;) of
50 vol% BZBS glass-TiO, composite as a function of sintering
temperature.

(Qxfy) of 50 vol% BZBS glass-TiO, composite as a
function of the sintering temperature are shown in Fig.
4. With an increase of the sintering temperature, &,
decreased up to a minimum point at 750°C although
the density increased. This result could be interpreted
by the formation of the crystalline phases as mentioned
above. The decrease of ¢, in the low temperature region
might be related to the consumption of TiO, with a
high value of 105 by the formation of Bi,Ti;O;; having
a relatively low &, (~53) [17]. Above 800°C, ¢, increas-
ed after the minimum point with an increase of the
sintering temperature and the formation of Bi,Ti,O;
with the extinction of Bi,Ti;O; might contribute to the
increase because Bi,Ti,O; had a relatively high value
of ~118 [5]. The quality factor (Qxf,) was about 500
~1000 GHz and it exhibited an increase up to a maxi-
mum point at 800°C and then a decrease with an
increase of the sintering temperature. The increase of
the quality factor above 700°C might be related to the
increase of the density as shown in Fig. 2. However,
the reason for the decrease after the maximum point at
800°C was uncertain but the formation of Bi,Ti,O;
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might be correlated to the cause of the decrease because
the value of Qxf; was independent of the density or the
porosity for a theoretical density >90% [18]. For a
material having a high quality factor and a low di-
electric loss, it is necessary to reduce the attenuation
constant. It is known that the anharmonicity in the
lattice vibration affects the attenuation constant for per-
fect crystals whereas dislocations, pores, defects, grain
boundaries, and secondary phases have an influence on
the attenuation constant for polycrystals [18]. When the
specimen was sintered at 900°C, g, Qxfy, and the
temperature coefficient of resonant frequency (tr) was
56.4, 518 GHz (105 at 4.898 GHz), and +119 ppm/K,
respectively; an improvement of Qxf, and t¢ in this
system is necessary for the application to the LTCC
materials.

Summary

Glass-Bi, Ti,0; ceramic composites were prepared by
liquid phase sintering using TiO, and bismuth-zinc
borosilicate (BZBS) glass having a deformation temper-
ature of 442°C. The crystalline phases of Bi,TiyOy;
with a monoclinic structure and Bi,Ti,O; with a cubic
pyrochlore structure were observed at 700 and 900°C,
respectively. A linear shrinkage of about 10% existed
even at low temperatures between 600 and 750°C and
then a further shrinkage occurred above 800°C, indicat-
ing that the shrinkage behavior could be interpreted by
a two-stage sintering process. The dielectric constant
and the quality factor were affected by the formation of
crystalline phases such as Bi,Ti4O;; and Bi,Ti,O; as
well as the density. For the specimen sintered at 900°C,
&, Qxfy and the temperature coefficient of the resonant
frequency (ty) were respectively 56.4, 518 GHz (105 at
4.898 GHz), and +119 ppm/K.

Acknowledgement

This research was supported in part by a grant from
the Fine Ceramics Researcher Fosterage Program of

the second stage of Brain Korea 21 Program funded by
the Ministry of Education & Human Resources Develop-
ment, Republic of Korea.

References

1. Y. Imanaka, in “Multilayered Low Temperature Cofired

Ceramics (LTCC) Technology” (Springer, 2005) p.21.

. RR. Tummala, J. Am. Ceram. Soc. 74[5] (1991) 895-908.
. S.H. Knickerbocker, A.H. Kumar, and L.W. Herron, Am.

Ceram. Soc. Bull. 72[1] (1993) 90-95.

4. J-M. Wu and H.-L. Huang, J. of Non-Crystalline Solids
260 (1999) 116-124.

5. X. Wu, Sh.W. Wang, H. Wang, Z. Wang, S.X. Shang, and
M. Wang, Thin Solid Films 370 (2000) 30-32.

6. B.W. Hakki and P.D. Coleman, IRE Trans. Microwave
Theory Tech. MTT-8 (1960) 402- 410.

7. I. Dyamant, D. Itzhak, and J. Hormadaly, J. of Non-
Crystalline Solids. 351 (2005) 3503-3507.

8. A. Nitta, M. Koide, and K. Matsusita, Phys. Chem.
Glasses. 42 (2001) 275-278.

9. E.I. Speranskaya, 1.S. Rez, L.V. Kozlova, V.M.S. Korikov
and V.I. Slavov. Russ. J. Inorg. Mater. [English Transl.] 1
(1965) 214.

10. M.L. Barsukova, V.A. Kuznetsov, A.N. Lobachev, and
Yu.V. Shaldin, J. Crystal Growth. 13/14 (1972) 530-534.

11. M. Udovic, M. Valant, B. Jancar, D. Suvorov, A. Meden,
and A. Kocevar, J. Am. Ceram. Soc. 89[11] (2006) 3462-
3469.

12. A.L. Hector and S.B. Wiggin, J. Solid State Chem. 177
(2004) 139-145.

13. V. Kahlenberg and H. Bohm, Cryst. Res. Technol. 30
(1995) 237-241.

14. S. Shimada, K. Kodaira, and T. Mashushita, J. Crystal
Growth. 41 (1977) 317-320.

15. V. Kahlenberg and H. Bohm, J. Alloys Comp. 223 (1995)
142-146.

16. RM. German, S. Farooq, and C.M. Kipphut, Mater. Sci.
Eng. A105/106 (1988) 215-224.

17. K. Fukuda, R. Kitoh, and 1. Awai, Jpn. J. Appl. Phys. 32
(1993) 4584-4588.

18. C.-L. Huang, M.-H. Weng, and H.-L. Chen, Mater. Chem.
Phys. 71 (2001) 17-22.

W N




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.02000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


