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Abstract Ceramics in the (1—x)Ca(Mg;3Nb,/;3)03/xCaq 6
Ndg.26Ti03 system were prepared and characterized. Single
phase solid solutions were obtained up to x=0.4, and the
crystal structure belonged to monoclinic space group P21
(4) for x=0.1 and orthorhombic space group Pbnm(62) for
x above 0.1. The secondary phase of Ca,(Ti,Nb),Og was ob-
served for x=0.6 and 0.8. Good combination of microwave
dielectric properties was achieved in the present ceramics
with x=0.4: £=46.5, 0f=14,136 GHz, 74=—12.5 ppm/°C.

Keywords Perevoskite - Microwave dielectric properties -
Microstructure

1 Introduction

Ca-based complex perovskite oxides Ca(B,B")O5 (B=Zn*",
Mg®", Ca®", A", Fe’"; B"=Nb>", Ta") are recognized as
good candidates for the microwave dielectric ceramics with
moderate dielectric constant [1, 2]. These materials gener-
ally have a dielectric constant £ of 25-35, a very high Q
value and a relative large negative temperature coefficient
of resonant frequency 7r. Whereas, CaTiO; exhibits high €
of 170 and a large positive 7 values (+800 ppm/°C) [3].
Thus, potential ceramics with near zero 7y value and € of
40~60 are expected by preparing solid solution or mixed
phases between Ca-based complex perovskites with nega-
tive 7p and CaTiO5; with positive 7y Several studies on such
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solid solution systems have been reported [3—7], where the
microwave dielectric characteristics were discussed together
with crystal structures and phase transitions. On the other
hand, the A-site deficient perovskites Ca;_.Ln,5sTiO; (Ln =
La, Nd and Sm) have much higher O value and smaller 7¢
than those of CaTiO3 [8—10]. Therefore, one can expect to
obtain the temperature stable microwave dielectric ceramics
combined with a higher dielectric constant and a higher Q
value in the systems of Ca(B,B")0s;—Ca;_,Ln,,;;TiO5.

Ca(Mg;,3Nb,/3)O5 ceramics were reported to have good
microwave dielectric properties (£€=28, Of=58,000 GHz,
77=—48 ppm/°C) [11]. It was refined in P2,;/c (14), resulting
from b b c" titling system, and 1:2 long-range ordering of
B-site ions was observed [12]. On the other hand, Ca;_,
Nd,,sTiO; ceramics indicate the best combination of
microwave dielectric characteristics at x=0.39: £=108,
0f=17,200 GHz, 74=+270 ppm/°C [9]. It should be an
interesting issue to investigate the possible solid solution in
Ca(Mg1/3Nb2/3)O3—Cao_61Nd0A26TiO3(CMN—CNT) system,
and a moderate dielectric constant combined with the near-
zero temperature coefficient of resonant frequency and high
O value are expected.

In the present work, the modification of Ca(Mg;,3Nb,/3)
O3 ceramics by incorporating Cag 1 Ndg26TiO5 is investi-
gated to achieve higher dielectric constant (40~60) and
near-zero temperature coefficient of resonant frequency.
The microwave dielectric properties are discussed through
the property-structure relationship.

2 Experimental procedures

(1*x)Ca(Mg1/3Nb2/3)03/xCao_61Nd0,26Ti03 pOWderS were
prepared by a solid-state reaction process where reagent-
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grade CaCOj3 (99.99%), MgO (99.9%), Nb,Os (99.99%),
Nd»05(99.9%) and TiO,(99.5%) powders were adopted as
the raw materials. The weighed raw materials were mixed
by ball milling with zirconia media in distilled water for
24 h, and the mixtures were heated at 1100 °C in air for 3 h
after drying. The calcined powders with 6 wt% of PVA,
were pressed into disks measuring 12 mm in diameter and
2—6 mm high and then sintered at 1400—1500 °C in air for
3 h. After cooling from the sintering temperature to
1100 °C at a rate of 2 °C/min, the ceramics were cooled
inside the furnace.

The bulk density of specimens with regular shape was
calculated by Archimedes method. The crystal phases of the
sintered samples after crushing and grinding were deter-
mined by powder X-ray diffraction (XRD) analysis, using
CuK« radiation. The microstructure observation was per-
formed by SEM (JEOL-JSM-5610LV). The microwave
dielectric constant &, and quality factor Q were evaluated
using the Hakki—-Coleman method and cavity method, re-
spectively [13]. Because Q factor generally varies inversely
with the frequency, in the microwave region, the product of
Of was used to evaluate the dielectric loss instead of Q. The
temperature coefficient of resonant frequency 7y at micro-

wave frequency was measured in the temperature range
from 20 to 85 °C.

3 Results and discussion

Ca(Mg;3Nb,/3)O5 can be refined in the monoclinic space
group P2,/c (14), resulting from b b ¢ titling system. The
difference of ionic radius and electronegativity between the
Mg** and Nb>* in B-site originates the 1:2 ordering struc-
ture in Ca(Mg;,3Nb,/3)O3 [12]. On the other hand, Masashi
et al. have suggested that Ca;_,Nd,,»sTiO3(x<0.69) could
be refined as orthorhombic structure with space group
Pnma(62) [9]. Figure 1 shows the XRD patterns of (1—x)
Ca(Mg;3Nb,/3)03/xCag 61 Ndg 26TiO3 ceramics sintered at
1450 °C for 3 h. A single perovskite phase is obtained up to
x=0.4, and Ca,(Ti,Nb),O4 with space group Fd3m(227) is
detected for x=0.6-0.8 as a secondary phase. Spectrum of
the sample with x=0.1 shows the same structure as Ca(Mg; 3
Nb,3)O5; with peaks at 12.8° and 18.2° indicated the 1:2
ordering of B site cations. However, for ceramics with x=0.2
to 0.8, spectra of the major phase show Pbnm(62) orthorhom-
bic structure with absence of ordering peaks. The diffraction

Fig. 1 XRD patterns of (1—x)
Ca(Mg3Nby3)05/

xCag 61Ndg »6TiO3 ceramics:

(a) x=0.1, (b) x=0.2, (¢) x=0.3,
(d) x=0.4. (e) x=0.6, (f) x=0.8
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Fig. 2 SEM micrographs of
(1-x)Ca(Mg,3Nb,/3)03/

xCag 61Ndg »6TiO3 ceramics:

(a) x=0.1, (b) x=0.2, (¢) x=0.3,
(d) x=0.4. (e) x=0.6, (f) x=0.8

Fig. 3 Electron back scattering
micrographs of (1—x)Ca(Mg; ;3
Nb,/3)03/xCa,61Ndo 26 Ti03
ceramics: (a) x=0.3, (b) x=0.4,
(¢) x=0.6, (d) x=0.8
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peaks are displaced to higher 26 angles with increasing
Cag1Ndp6TiO3 content. This reflects the decrease in
the unit-cell volume upon substitution of (Mg1/3Nb2/3)4+
(#°=0.0667 A) by the smaller Ti*'(+°=0.0605 A) [14]
cations in B sites and the introduced vacancies in A sites.

SEM micrographs of (1—x)Ca(Mg;;3Nby3)03/xCag ¢,
Ndy 26TiO53 ceramics after sintered at 1450 °C for 3 h are
illustrated in Fig. 2. The grain growth is approximately
uniform at x=0.1, but as x increases it becomes abnormal
and the amount of porosity increases. Figure 3 shows the
electron back scattering micrographs of (1—x)Ca(Mg;,3Nb,.3)
03/xCag 1 Ndg 26 Ti05 ceramics. Secondary phases are clear-
ly showed at the graphs of ceramics with x=0.4 to 0.8.
According to further analysis using step scanning XRD
data, no secondary phase is detected in the sintered
ceramics with x=0.4, and this means that the amount of
the secondary phase is small.

Figure 4 shows the dielectric constant and temperature
coefficient of resonant frequency of (1—x)Ca(Mg;,3Nb,/3)
03/xCag 61 Ndg 26 TiO3 ceramics sintered at different temper-
atures for 3 h. Both dielectric constant and temperature
coefficient of resonant frequency of the present ceramics
increase with increasing x nonlinearly and the a small tem-
perature coefficient of resonant frequency (—12.5 ppm/°C)
is obtained at x=0.4. This behavior can be explained by
considering the Clausius—Mossotti equation [15] which
relates the dielectric constant with macroscopic sphere
having volume V,,, and the macroscopic polarizability oy,

e — 1 4o,
pu— 1
(Er + 2) 3Vm (M

Since the macroscopic polarizability o, is not a simple
sum of ionic polarizabilities, the & exhibits nonlinear
dependence on the Cag 6;Nd(,6TiO5 content. Similarly, the
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Fig. 4 Dielectric constant and temperature coefficient of resonant

frequency of (1—x)Ca(Mg;,3Nb,/3)03/xCag 61 Ndg26TiO3 microwave

dielectric ceramics as functions of x

expression of temperature coefficient of resonant frequency
can be obtained by Egs. 2 (differentiating the macroscopic
Clausius—Mossotti equation) and 3 [16].

fsr;r@;)PW(MMC) (2)
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where, « is the thermal expansion coefficient. The C term is
always negative for materials with £.>10, while the (4 + B)
term is always positive. [16] Since the (4 + B) term nearly
remains constant with variation in composition [17], the
change in sign and magnitude of z¢&; is a direct outcome of
the increasing magnitude of the |C| term related to (4 + B).
So as CagNdg26TiO3 content increase, the contribution
from the C term increase, 7€, become more negative and
the magnitude of the change is amplified by larger &,
values. The variation tendency of 7y with x can also be
interpreted by the different tilting degrees. Ca(Mg;,3Nby/3)
03 with significant tilting indicates the negative 7y while
Cag.1Ndg26Ti0O5 with slight tilting shows the positive 7.
[9, 12] Since the tilting become weak with increasing x, 7¢
of (1—x)Ca(Mg;,3Nb,/3)03/xCag 61 Nd( »TiO5 varies from
negative towards positive.

Of value decreases monotonously with increasing
Cag 61Ndg»6TiO; content as shown in Fig. 5. The highest
Of value of 34,421 GHz is achieved in ceramics for x=0.1
but reduces to 6,190 GHz for x=0.8. The sharp decrease of
Of value of the present ceramics with x=0.1~0.2 is due to
the change from order to disorder of B site ions and
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Fig. 5 Qf values of (1 —x)Ca(Mgl/3Nb2/3)03/xCa0A6lNdOAZGTiO3
microwave dielectric ceramics as functions of x
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abnormal grain growth as shown in Figs. 1 and 2,
respectively. Slight decrease of QOf value from x=0.2 to
0.4 might due to the increase of degree of abnormal grain
growth and the amount of porosity. The Ca,(Ti,Nb),Oq
secondary phase should be responsible for the low Of values
achieved in ceramics with x=0.6 and 0.8. As the present
ceramics sintered in air, it would cause the reduction of Ti*"
and the formation of oxygen vacancies in the abnormal large
size grains, which result in the increase of dielectric loss.
This implies that the Of value could be improved by
annealing in oxygen atmosphere.

4 Conclusions

The microwave dielectric properties, crystal structure and
microstructures of (1 —x)Ca(Mg;,3Nb,3)03/xCag 61 Ndg 26 T103
ceramics have been investigated. Crystal structure of the
present ceramics changed form monoclinic for x=0.1 to
orthorhombic for x above 0.1. Cay(Ti,Nb),Og4 second phase
formed in ceramics with x=0.6 and 0.8, which caused the
low Of values. Both the dielectric constant and temperature
coefficient of resonant frequency of the present ceramics
increased with increasing x nonlinearly while the Of value
decreased monotonously. The order—disorder transition,
abnormal grain growth and oxygen vacancies should be
responsible for the decrease of QOf values. The good
combination of microwave dielectric properties was achieved
in the present ceramics with x=0.4: £,=46.5, 0f=14,136 GHz,
7¢=—12.5 ppm/°C. Further improvement of microwave
dielectric properties would be achieved by annealing in
oxygen atmosphere.

@ Springer

Acknowledgment This work was financially supported by the
Primary Project of National Science Foundation of China under grant
number 50332030 and Chinese National Key Project for Fundamental
Researches under grant number 2002CB613302.

References

1. H. Kagata, J. Kato, Jpn. J. Appl. Phys. 33, 5463-5465 (1994)

2. M. Takata, K. Kageyama, J. Am. Ceram. Soc. 72(10), 1955-1959
(1989)

3. L. Levin, J.Y. Chan, J.E. Mastar, T.A. Vanderah, J. Appl. Phys. 90
(2), 904-914 (2001)

4. S. Kucheiko, D.H. Yeo, J. Am. Ceram. Soc. 85(5), 1327-1329
(2002)

5. S. Kucheiko, J.W. Choi, H.J. Kim, H.J. Jung, J. Am. Ceram. Soc.
79(10), 2739-2743 (1996)

6. C.-L. Huang, R.-Y. Yang, M.-H. Weng, Jpn. J. Appl. Phys. 39,
6608—6611 (2000)

7. C.-L. Huang, H.-L. Chen, C.-C. Wu, Mater. Res. Bull. 36, 1645—
1652 (2001)

8. LS. Kim, W.H. Jung, Y. Inaguma, T. Nakamura, M. Itoh, Mater.
Res. Bull. 30, 307-316 (1995)

9. M. Yoshida, N. Hara, T. Takada, A. Seki, Jpn. J. Appl. Phys. 36,
6818-6823 (1997)

10. W.S. Kim, E.S. Kim, K.H. Yoon, J. Am. Ceram. Soc. 82, 2111—
2115 (1999)

11. H. Kagata, J. Kato, Jpn. J. Appl. Phys. 33, 5463-5465 (1994)

12. C.S. Park, J.H. Paik, S. Naham, H.J. Lee, H.M. Park, K.Y. Kim, J.
Mater. Sci. Lett. 18, 691-694 (1999)

13. D. Kajfez, P. Guillon, Dielectric Resonators, 2nd edn. (Noble
Publishing Corporation, Atlanta, 1998)

14. R.D. Shannon, Acta Crystallogr., A Cryst. Phys. Diffr. Theor.
Gen. Crystallogr. A32, 751-767 (1976)

15. S. Roberts, Phys. Rev. 81(5), 865-868 (1951)

16. A.J. Bosman, E.E. Havinga, Phys. Rev. 129(4), 1593-1600 (1963)

17. E.R. Kipkoech, F. Azough, R. Freer, J. Appl. Phys. 97, 064103
(2005)



	Microstructure and microwave dielectric properties of (1 − x)Ca(Mg1/3Nb2/3)O3/xCa0.61Nd0.26TiO3 complex perovskite ceramics
	Abstract
	Introduction
	Experimental procedures
	Results and discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /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 /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /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 0.15
    /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 600
  /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 (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


