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ABSTRACT

Indialite/cordierite (Mg2Al4SisO13g) glass-ceramics with a low dielectric constant of 4.7 and a high Qf of >200 x
10% GHz are predicted for use as micro/millimeter-wave materials in the fifth generation (5G) mobile commu-
nication systems. The glass-ceramics have a serious cracking problem caused by the anisotropic crystal growth
during the surface crystallization. In this paper, the cracking was prevented by adding TiO3 which acts as a seed.
The glass-ceramics produced without cracking were composed of spherical crystals of approximately 10 pm
diameter, formed by volume crystallization. Precipitated phases of the glass-ceramics crystallized at 1200-1350
°C/10 h and 20 h were indialite, cordierite, Al;TiOs and rutile. The glass-ceramics crystallized for 10 h were
analyzed by the Rietveld method. Indialite precipitated as an intermediate metastable compound at the lower
temperature of 1200 °C and transformed to cordierite at the crystallization temperature. The reaction between
cordierite and TiO3 produced the new Al,TiOs phase. The amounts of Al,TiOs and rutile affected the microwave
dielectric properties. In particular, the amount of rutile affected the TCf. In the cases of 10 wt % added TiO2, and
the crystallized at 1250 °C for 10/20 h the TCf values were improved to -2/-8 ppm/ C.

1. Introduction

wave-length A4 in dielectrics according to the following equation [6,7]:

A= Mo/ Ver

Materials with a high-quality factor Qf and a low dielectric constant
& are a requirement in the fifth generation (5G) mobile communication
systems for high-speed data transfer and low latency (time delay) [1-3].
The data transfer rate is proportional to the frequency as reported by
IEEE, and so a high frequency such as the millimeter-wave frequency
could be used for the 5G mobile communication system [4,5]. In gen-
eral, at high frequencies dielectric losses are increased in conventional
materials due to the increase in wave number. Hence high Qf values are
also targeted for new materials [1]. On the other hand, when the
wavelength is very small (of millimeter order) for the fabrication of the
resonator, the low dielectric constant ¢, is mandatory for shortness of the

Here, /o is the wavelength in a vacuum.
In addition, the low dielectric constant also reduces the time delay
Tpp according to the following equation [1,8]:

TPD = \/S,—/C

Where c is the velocity of light.

Silicate family materials are possible candidates for these applica-
tions, having a low dielectric constant and high Qf [9]. For example,
forsterite [10-16] (& = 5.6, Qf = 270 x 10° GHz), willemite [17,18] (er
= 6.5, Qf = 219 x 10°GHz) and diopside [19] (&, = 7.6, Qf = 121 x

* Corresponding author. Microeoelectronics Research Unit, Faculty of Information Technology and Electrical Engineering, University of Oulu, 90014, Oulu,

Finland.

** Corresponding author. Microeoelectronics Research Unit, Faculty of Information Technology and Electrical Engineering, University of Oulu, 90014, Oulu,

Finland.

E-mail addresses: ohsato.hitoshi@gmail.com (H. Ohsato), jobin.var@gmail.com (J. Varghese).

https://doi.org/10.1016/j.ceramint.2020.09.126

Received 2 July 2020; Received in revised form 7 September 2020; Accepted 13 September 2020

Available online 28 September 2020
0272-8842/© 2020 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Please cite this article as: Hitoshi Ohsato, Ceramics International, https://doi.org/10.1016/j.ceramint.2020.09.126



mailto:ohsato.hitoshi@gmail.com
mailto:jobin.var@gmail.com
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2020.09.126
https://doi.org/10.1016/j.ceramint.2020.09.126
https://doi.org/10.1016/j.ceramint.2020.09.126

H. Ohsato et al.

103GHz) [20]. The low dielectric constant is based on the covalency of
SiO4, which has 55% covalency and 45% ionicity [21]. However, their
temperature coefficient of resonant frequency TCf is large and negative
such as -65 ppm/ C of forsterite!") or -61 ppm/'C of willemite [17].
Terada et al. focused on the TCf of cordierite with a near-zero value of
-24 ppm/ C [22,23]. They improved the Qf value of cordierite using Ni
doping, and found that cordierite transformed to indialite, a polymorph
of cordierite [22]. Indialite, with the P6/mcc (N0.192) space group, is a
high-temperature form of cordierite with a Cccm (No. 66) space group
based on order-disorder transition [24]. It is difficult to synthesise
indialite by solid state reaction because of the transition temperature
located near to the incongruent melting temperature of 1465 °C [25]. On
the other hand, it is known that indialite is precipitated as an interme-
diate phase during crystallization from glass to cordierite [26]. Conse-
quently, the authors performed the crystallization of cordierite glass for
the formation of indialite. Crystallized glass pellets showed good mi-
crowave dielectric characteristics of &, = 4.7, and Qf > 200 x 10°GHz,
and were fabricated from glass cast from melts at 1550 °C [27,28].

On the crystallization, two major problems, such as deformation and
cracking, were presented in a previous paper [28]. The deformation, as
shown in Fig. 1(a)(i), may be due to the formation of glass phases as
shown in the previous paper [28], and the cracking as shown in Fig. 1(b)
(i), is due to anisotropic crystal growths that are crystallized from
different glass block surfaces, as shown in Fig. 2(a) [28]. This phe-
nomenon is called “surface crystallization”. These crystals, grown from
different surfaces, meet at the end of the crystal growth, and cause
cracks because of different thermal expansions, i.e. positive for c-axis of
elongation and negative for a-axis [29]. So, the cracking could be the
result of strain during cooling. In this work, the authors prevented these
problems by the addition of TiO as a dopant (nucleating agent), which
also had the effect of adjusting the TCf. Moreover, the effects of the TiO5
addition on microwave dielectrics were investigated together with the
identification of the precipitated phases and the microwave dielectric
properties.
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2. Experimental procedure

Mixed powders with cordierite composition MgsAl4SisO1g were
prepared using high-purity raw materials: MgO, Al,O3, SiO3, TiO;
(>99.9 wt % purity) as described in Ohsato’s previous published
paper?”. The mixed powders were melted at 1550 °C, clarified at 1600
°C/1h, and cast in a graphite mold of ¢ 10 x 30 mm size. The glass rods
were annealed to relieve the thermal stress in the glass at a temperature
below the glass transition temperature (Tg) [30]. Glass pellets of ¢ 10 x
6 mm size were cut and crystallized at 1200-1350 °C/10 and 20 h. The
crystallized samples were polished to a thickness of up to half of the
diameter, and analyzed using optical polarizing microscopy photos
(ZEISS, Axioplan 2), scanning electron microscopy (SEM) images (FEI,
Quanta 200 FEG), and X-ray powder diffraction (XRPD) patterns
(Bruker, D8), The microwave dielectric properties ¢, and TCf were
measured by the Hakki and Coleman method and Qf by the resonant
cavity method [31,32]. The crystalline secondary phase ratios of the
precipitated phases were determined by the Rietveld method with
Fullprof software [33] using XRPD data, which was taken by step
scanning at 0.02° for 10 s/step using radiation generated by an X-ray
tube of 40 KV 20 mA.

3. Results and discussion

Table 1 shows the data relating to all samples with various per-
centages of TiO3 (0, 10 and 20 wt%) added to indialite/cordierite glass-
ceramics crystallized at 1200-1350 °C/10 and 20 h, together with their
associated microwave dielectric properties and reported materials with
relative permittivity less than 5 and Qf < 20 x 10° GHz [34-39]. The
effects of the addition of TiO, are discussed in this paper. Fig. 1(a) and
(b) show photographs of the crystallized pellets of indialite/cordierite
glass-ceramics comparing those without TiO5 added and those with
10/20 wt% TiO,. The images were obtained by optical stereo micro-
scope and optical microscope, respectively. These results helped to
clarify the effects of TiO2 addition. Although the pellets were deformed
and cracked in the case of 0% TiO, addition as shown in Fig. 1(a)(i),
there were no microcracks or deformations on the corresponding

Fig. 1. Effect of TiO, addition for indialite/cordierite glass ceramics: (a) and (b) are photographs by Olympus optical microscope. i) no addition TiO, with cracks and
deformation, ii) 10 wt% and iii) 20 wt% TiO, addition without cracks and deformation.
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Fig. 2. Optically polarized microscopic thin section images of no addition TiO, indialite/cordierite glass ceramics crystallized from surface (a), 7 wt % TiO, addition
crystalized from body (b), and 10 wt % TiO2 addition precipitated spherical crystals with ca. 10 pm. SEM micrographs of 10 wt % of TiO, addition with grains of ca.
10 pm (d) and with glass phase (e) on indialite/cordierite glass ceramics.

Table 1
Comparison of density and microwave dielectric properties of present TiO, added volume crystallized indialite/cordierite glass ceramics with that of reported ma-
terials with &, > 5 and Qf < 20 x 103GHz (excluded the materials with less durability).

Materials p (g/cm-%) ST/CT (°C) & Qf x 10° (GHz) f (GHz) TCf (ppm/°C) References
0ICGC 2.36 1200/10 4.6 133.3 13.7 -28 Present work
0ICGC 2.41 1250/10 4.5 139 13.8 -29 Present work
0ICGC 2.42 1300/10 4.5 145.94 13.8 -29 Present work
0ICGC 2.45 1350/10 4.5 118.25 13.8 -29 Present work
0ICGC 2.41 1200/20 4.5 105.8 13.8 -29 Present work
0ICGC 2.44 1250/20 4.5 136.65 13.8 -29 Present work
0ICGC 2.45 1300/20 4.4 139.4 13.8 -28 Present work
0ICGC 2.43 1350/20 4.5 160 13.7 -28 Present work
10ICGC 2.61 1200/10 5.8 68.8 12.6 -13 Present work
10ICGC 2.60 1250/10 5.7 70.2 12.6 -2.0 Present work
10ICGC 2.60 1300/10 6.0 69.9 12.3 -12 Present work
10ICGC 2.60 1350/10 6.3 31 12.1 14 Present work
10ICGC 2.60 1200/20 5.9 62.8 12.4 -8 Present work
10ICGC 2.61 1250/20 5.8 88 12.5 -8 Present work
10ICGC 2.70 1300/20 5.8 64 12.5 11 Present work
10ICGC 2.60 1350/20 6.3 14.24 12.1 15 Present work
20ICGC 2.76 1200/10 6.7 22.85 11.7 -29 Present work
20ICGC 2.74 1250/10 7.2 38.46 11.5 6.7 Present work
20ICGC 2.80 1300/10 8.7 40.15 10.7 97 Present work
20ICGC 2.77 1350/10 10.5 41 9.7 210 Present work
20ICGC 2.72 1200/20 6.9 26.3 11.7 -20 Present work
20ICGC 2.79 1250/20 7.3 47.26 11.4 16 Present work
20ICGC 2.74 1300/20 9.1 45.96 10.3 160 Present work
20ICGC 2.71 1350/20 12.9 54.86 9.7 205 Present work
0.2B,03-0.8Si0, - 1100 3.6 70.6 - - 34

SiO, (solid state method) - 1100 3.7 44.3 -15 35

SiO, - 1650 3.8 80.4 - -16 36
LiAlISiO4+15 wt% BiyO3 - 900 4.3 62.4 - -16 37

LiAlSiO4 - 1350 4.8 36 - 8 38
(cordierite) MgAl4SisO15 + 7 Wt% Yby03 - 1420 4.9 112 18 - 39

0, 10, 20 ICGC = 0, 10, 20 wt% TiO, added indialite/cordierite glass ceramics crystallized p = density; ST/CT = sintering/crystallization temperature; ¢, = relative
permittivity; Qf = quality factor x resonant frequency; f = resonant frequency; TCf = temperature coefficient of resonant frequency.
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samples with 10/20 wt % TiOy as shown in Fig. 1(a) (ii) and (iii),
respectively. Magnified surface photographs of Fig. 1(b) show the effect
of TiO, addition. Although the 0% TiO; added sample (b) (i) had many
cracks, the 10 and 20 wt % samples (b) (ii) and (iii), respectively, had no
cracks. Fig. 2(a), (b) and (c) show polarizing optical photographs of 0, 5
and 10 wt% TiO added indialite/cordierite glass ceramics, respectively,
for comparison of the crystallization conditions. Pure cordierite
composition samples [Fig. 2(a)] without TiO5 addition showed aniso-
tropic crystal growth produced by surface crystallization growing from
the surface. The photograph was taken by an inserted sensitive test plate
with birefringence of 530 pm. The colored and up pointed head of the
elongated crystals showed a color variants which may be due to different
phases such as f-quartz solid solutions [30]. The direction of elongation
may be c-axis and the c-axis meets the a-axis of another crystal grown
from another different rectangular surface. The meeting point of the
elongated crystals causes cracks because of the different coefficients of
thermal expansion. The expansion of the c-axis is negative and that of
a-axis is positive [29], hence microcracks are formed. On the other hand,
Fig. 2(b) and (c) show the crystals precipitated in the glass body. Fig. 2
(b) shows 5 wt % TiO, added glass ceramics composed of grains with
about 400 pm diameter grown from seed crystals of TiO,, together with
spherically grown yellow-colored unknown crystals with about 50 pm
diameter. Moreover, Fig. 2(c) shows the 10 wt % TiO; added samples to
be composed of many fine spherical crystals with about less than 10 pm
diameter. The thin section was not transparent as if the thickness is 30
pm of normal thin section thickness because of the precipitated crystals
with too small size. The spherical crystals showed crossed hairs under
crossed polars, which indicated the crystallization mechanism from a
seed crystal of TiOq. As the crystallization was performed by volume
crystallization, cracks were reduced. Fig. 2(d) and (e) show SEM pho-
tographs of crystallized 10 wt % TiO, added samples with different
magnifications. Fig. 2(d) photograph also shows volume crystallization
with about 10 pm diameter, which is the same as that observed by the
polarizing optical microscope. On the magnified surface of the crystals
there are many small dots as shown in Fig. 2(e) which may be the glass
phase made clearer by a magnification of photograph 2(d). The defor-
mation of pellets occurred by the glass phase as shown in the previous
paper [27]. In this case, the deformation did not occur because of the
small amount of glass phase.

Precipitated phases in the TiOy added indialite/cordierite glass-
ceramics were identified by the Rietveld method [33]with the four
phases of indialite, cordierite, AlyTiOs, and rutile. Table 2 shows the
precipitated phases of the glass-ceramics crystallized between 1200 and
1300 °C/10 h. Indialite was mostly precipitated at lower temperatures
such as 1200 °C and decreased from 70% to 37% as the temperature
increased to 1300 °C. In contrast, cordierite increased from 30% to 63%
as the temperature increased from 1200 to 1300 °C. This shows that
indialite transformed to cordierite because indialite is an intermediate
metastable phase during crystallization from glass to cordierite [30].
With the addition of 10 wt % TiO,, the aluminum titanate phase of
Al,;TiOs appeared due to the reaction between cordierite and TiOs, as
explained later. The amount of the aluminum titanate phase was 6.0 wt
% at 1200 °C which reduced to 0.32 wt % at 1300 °C. The maximum
value was 32.4 wt % at 20 wt % TiO, at 1200 °C which decreased to
11.5 wt % as the temperature increased to 1300 °C. The amount of rutile
was reduced to 6.1 wt % from the original composition of 10 wt % TiO,

Table 2

Ceramics International xxx (XXxX) XXX

at 1200 °C. Also, in the case of the 20 wt % TiO5 at 1200 °C, the amount
of rutile was much reduced to 1.53 wt % from 20 wt % and the amounts
were increased to 13.58 wt % as the crystallization temperature
increased to 1300 °C. This reduction of the rutile phase might depend on
the reaction between TiO, and cordierite as shown in the following
equation:

Mg, Al4SisOqg + TiO; = Al,TiOs + unknown phases with MgO and SiO;(1)

As some relationships among the various precipitated phases are
complicated, they are explained by the figures, such as Fig. 3(a), (b) and
(c), which show precipitated phases as a function of crystallization
temperature. The behavior of the amount of cordierite as shown in Fig. 3
(b) is different. The amount of cordierite decreased abnormally in the
order 10, 0 and 20 wt % TiO3 at 1200 °C. This phenomenon is due to the
reaction between cordierite and TiO; as shown in equation [1]. For the
20 wt % TiO4 case at 1200 °C, the reaction was predominant to produce
the Al,TiOs phase with 32.4 wt % because of the abundant amount of
TiO4 as shown in Fig. 3(c). Also, the Al;TiOs phase formation reaction
further reduced rutile amount with 1.53 wt %. While in the 10 wt %
case, the same reaction also occurred with 6.0 wt % Al;TiOs and 6.1 wt
% rutile. As a result, the amount of cordierite with 20 wt % TiO5 at 1200
°C became the lowest order and that with 10 wt % TiO, was also
affected. In the case of the amount of cordierite at 1300 °C, the order was
also affected. More information for the reaction between cordierite and
TiO4 was obtained from this figure, which is active on the 20 wt % TiO,
addition at 1200 °C due to decreasing the added TiO,. The activity
decreased with the crystallization temperature because of the increase in
residual TiO,. From this condition, it can be assumed that the Al;TiOs
phase was formed more at 1200 °C than at 1300 °C and depended on the
amount of TiO3. At 20 wt % of TiO,, the amount of Al,TiOs phase
produced at 1200 °C was very large, 32.4%, and the amount of rutile was
too low at 2.32% (see Table 2). In the case of 10 wt % TiO,, the amount
of rutile was 6.1% which showed a low-level reaction due to equation
[11.

The XRPD pattern of 20 wt % added TiO crystallized at 1200 °C/10
h and analyzed by the Rietveld method is shown in Fig. 4, concerning the
equation [1] in this work. The red small circle dotted line (Y,ps) and the
black solid line (Y.yc) in the XRPD patterns are the intensity of
diffraction observed and calculated, respectively. The lowest line (Yqp-
s-Yeale) shows the difference between the observed and calculated in-
tensity, and the four short bars lines are the Bragg positions of indialite
(indicated by I), cordierite (C), Al,TiOs(¥) and rutile () precipitated.
The main peaks in the XRPD pattern are indexed as indialite and
cordierite without symbols, whose differences are very small as
described in a previous paper®®. The differences could be observed on
the full width at half maximum (FWHM) of the diffraction peaks,
especially on the highest peak around 2-theta 29.5° based on the peak
splitting due to the phase transition to cordierite phase with low sym-
metry. The broadening of the peak could be observed in Fig. 5 as follows:
the broadenings were larger at 1350 °C than at 1200 °C at each value of
TiO2 wt. %, and in order of the wt. % TiO2. Moreover, some additional
peaks of rutile with psymbol and Al;TiOs with v symbol due to addi-
tional TiOy and reaction of equation [1] were observed as secondary
phases. The differences of the amount of rutile and aluminum titanate
observed in Fig. 5(a) depended on the precipitated phases for a crys-
tallization time/10 h as shown in Table 2 and Fig. 5 as described

The amount of precipitated phases for different levels of TiO, added indialite/cordierite glass ceramics crystallized 1200-1300 °C/10 h analyzed by Rietveld method.

Compounds 0 wt% TiO, wt% 10 wt% TiO, wt% 20 wt% TiO, wt%

1200 °C 1300 °C 1200 °C 1300 °C 1200 °C 1250 °C 1300 °C
1. Indialite 70 (3) 37 (D) 47.3(7) 26.4 (1) 37.3(2) 22.88 (6) 15.52 (5)
2. Cordierite 30 (2) 63 (1) 40.6 (3) 63.1 (49 28.8 (5) 47.0 (3) 59.4 (4)
3. Al,TiOs - - 6.0 (2) 0.32 (0) 324 (3) 21.8 (1) 11.5(1)
4. Rutile - - 6.1 (1) 10.2 (2) 1.53 (6) 8.27 (6) 13.58 (8)
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Fig. 3. Precipitated phases of indialite (a), cordierite (b) and AI2TiO5 and rutile (c) from different TiO, added glass as a function of crystallization temperature

presented in Table 2.

previously. In the case of the crystallization time/20 h, although the
amount of precipitated phases was not analyzed by the Rietveld method,
we could estimate the value from the XRPD patterns. Other phases
containing MgO and SiO2 due to the equation [1] were not confirmed by
the Rietveld analysis.

TiO4 addition has proved effective for preventing the cracks and the
deformation as described above. However, the reinforcement also
affected the properties. Fig. 6 shows the density of 0, 10 and 20 wt%
added samples as a function of crystallization temperature. In the case of
0 wt % added glass ceramics, the densities were located around 2.4 g/
cm® which is over 95% of the relative density based on the X-ray density
Dy = 2.51 for indialite as quoted from ICSD #75634. The densities
increased to 2.6 for 10 wt % and to 2.8 for 20 wt % addition of TiO,
having the relative density of 4.23 g/cm®.

Fig. 7 shows the microwave dielectric properties of 0, 10 and 20 wt %
TiO added samples crystallized at 1200-1350 °C for 10 and 20 h. The Qf
values of pure samples without TiO, were the highest at 160 x 10° GHz
at 1350 °C/20 h which is lower than the 200 x 10° GHz at 1300 °C/20 h
described in the previous data [27]. The Qf value of 200 x 10° GHz has
previously been presented as ideal data depending on the sample con-
dition, the synthesis condition, measurement method etc. The 0% added
TiOy cordierite glass was crystallized with cracks as previously
described because of surface crystallization. So, the Qf values fluctuated
as reported in our previous paper [28]. This work produced a series of
samples with added TiO5 of 0, 10 and 20 wt %. In the case of 0 wt % TiO5
addition, the samples were reproduced as presented in the previous
paper?”. The reproduced samples in this work were not so severely

Fig. 4. XRPD pattern analyzed by Rietveld method
of indialite/cordierite glass ceramics crystallized at
1200 °C/10 h. Main peaks are confirmed as
indialite/cordierite and Al,TiOs (v) and rutile (¢)
are precipitated. The red small circle (Yops) and
black solid line (Y.q) are intensity of diffraction
observed and calculated, respectively. The lowest
line (Yobs-Yeale) is the difference between observed
and calculated intensity, and four short bars lines
are Bragg positions of indialite, cordierite, Al,TiOs
and rutile. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)

cracked compared with the previous ones. Most of the Qf properties also
did not fluctuate as shown in Fig. 7(a). Although the TiO5 addition had a
significant effect in reducing the previously described cracking and in
adjusting the TCf to near-zero ppm/°C, as described later, the Qf values
were decreased from 140 x 10° GHz for 0 wt % to 40 x 10° GHz for 20
wt %TiO addition as shown in Fig. 7(a). Usually, although high purity
materials show high Qf, impurities and secondary phases reduce the Qf*
® the Qf values of 0 wt % TiO, added sample crystallized for 10 h
typically increased from 1200 to 1300 °C in the initial stage and
decreased over the temperature. In the initial stage, sintering affected
the Qf values due to increasing the density as shown in Fig. 6. In the
continuous stage, the decrease of indialite affected the Qf values due to
phase transformation to cordierite as shown in Table 2 and Fig. 3.
Indialite, with a disordered structure, showed a higher Qf than cordierite
with an ordered structure, as presented previous papers?®. The Qf
highest point of 0 wt % TiO, addition sintered at 1350 °C/20 h did not
show the decreasing tendency due to fluctuation of crystallization con-
ditions as described before?”?®. In the case of 20 wt % added TiOs, the
Al,;TiOs phase affected the Qf values, which is precipitated mostly at
1200 °C crystallization and then decreased as temperature rising at
1350 °C. This phase changes are clear from XRPD pattern as shown in
Fig. 5(b). The diffraction peaks are disappeared which is corresponds to
(v) Al;TiOs. The diffraction 101 and 230 peaks (v) of Al;TiOs dis-
appeared entirely and the 110 peak (¢) of rutile became strongest at
1350 °C/20 h. In the case of 1350 °C/10 h, the peaks of Al;TiOs
remained, is weak.

Fig. 7(b) shows the dielectric constant & of 0, 10 and 20 wt % TiO4
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Fig. 5. Retiveld refined XRPD patterns of different TiO, added indialite/cordierite glass ceramics depending on the crystallization temperature and hours of 10 and
20 h. Precipitated amount of titanium aluminate and rutile should be estimated on crystallization time of 20 h as shown in the case of 10 h on Table 2 and Fig. 3.

Fig. 6. Density of different TiO, added indialite/cordierite glass ceramics as a
function of crystallization temperature.

added as a function of crystallization temperature. In the case of 0 wt %
TiO4 addition, the &, values in the range of 1200-1350 °C were almost
exactly 4.5, although indialite phase transformed to cordierite, as shown
in Table 2 and Fig. 3. In the previous data®”’, ¢, was 4.7 which might be
due to measuring error. The ¢, values were increased to 5.8 and 6.8 by
the addition of 10 and 20 wt % TiO», respectively, due to the addition of
TiO4 with &, = 104 [40,41]. In the case of 20 wt %/20 h, the &, values
increased as shown in Fig. 7(b). At 1200 °C/20 h, the ¢, value was 6.9

due to the Al;TiOs with e, = 10.3 [42] precipitated by the reaction of
equation [1] as the amount of Al,TiOs was more and that of rutile was
less as estimated by the diffraction pattern of Fig. 5(b). The ¢, values
increased significantly to 12.9 as shown in Fig. 7(b), with increasing
crystallization temperature from 1200 to 1350 °C/20 h. At the 1350
°C/20 h, the Al,TiOs diffraction peaks disappeared and the rutile peak
was maximum as shown in Fig. 5(b). However, in the case of 20 wt
%/10 h, the Al;TiOs phase slightly less about 11.5 wt % as shown in
Fig. 5(a) and Table 2. Hence, the &; of 1300 °C/10 h was lower than that
of 20 h. The XRPD figures show systematically the amount of Al,TiOs
and rutile. The diffraction peaks 101 and 230 of Al,TiOs decreased with
increase in the temperature from 1200 to 1350 °C as shown in Fig. 5(a)
and (b). Also the intensity of 110 peak of rutile increased.

Fig. 7(c) shows the temperature coefficient of the resonance fre-
quency (TCf) of 0, 10 and 20 wt % TiO, added as a function of crys-
tallization temperature. In the case of zero addition of TiOo, the TCf
values did not change from around -28 ppm/ C, although the phases
transferred from indialite to cordierite. So, the TCf of both compounds
were similar to -28 ppm/’C. The effects of TiO, are two-fold, as
described before. Here, TiOy with a positive TCf of +450 ppm/ C [35]
was added to adjust the TCf value. In the case of 10 and 20 wt % TiO,
samples crystallized at 1200 °C/10/20 h, the TCf value of 10 wt % with
-13/-8 ppm/ C was higher than that of 20 wt % with -29/-20 ppm/'C
which was not improved by the TiO; addition. As shown in Table 2 and
Fig. 3(c), the TiO, reacts with cordierite according to the equation [1],
forming the Al,TiOs phase. The reaction in the 20 wt % addition case
was more active than that in the 10 wt %. The amount of Al;TiOs phase
in 20 wt % addition was 32.4 wt % and that of rutile was only 1.53 wt %,
so the TCf value of -29/-20 ppm/ C was not improved. On the other
hand, in the case of 10 wt % addition, as the amount of rutile of 6.1 wt %
was higher than that of the 20 wt %, the TCf value was improved to
-13/-8 ppm/ C. The amount of Al;TiOs in the case of 10 wt % added was
6.0 wt % and reduced to 0.32 wt % at 1300 °C. However, the amount of
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Fig. 7. Microwave dielectric properties of different TiO, added indialite/cordierite glass ceramics as a function of crystallization temperature and times.

rutile phase increased to 10.2 wt % which corresponded to the addition
of the TiO, amount 10 wt %. The TCf values increased to 14,/15 ppm/’C
at 1350 °C/10/20 h through the -2/-8 ppm/'C at 1250 °C, and were
expected to be near 0 ppm/ C at around 1270 °C. In the case of 20 wt %
addition, the TCf values drastically increased to 210/205 ppm/ C at
1350 °C/10/20 h as the amount of rutile increased from 1.53 to 13.58 wt
%. The TCf value was adjusted to 0 ppm/ C at around 1230 °C.

4. Conclusion

The microwave dielectric properties of indialite/cordierite glass-
ceramics have been improved by the addition of TiO2 for micro/milli-
meter wave applications. There are two problems with material such as
deformation and cracks, which are based on the glass phases and
anisotropic crystal growth, respectively. The addition of TiO, allowed
volume crystallization composed by spherical crystals with about 20 pm
diameter scale, which reduced the deformation and cracks by surface
crystallization with anisotropic crystal growth. These phenomena were
observed by a polarizing microscope. Based on the precipitated phases
analyzed by the Rietveld method, the TiOy addition reacted with
cordierite forming Al;TiOs. The number of precipitated phases with
different results such as indialite, cordierite, Al;TiOs and rutile could be
explained using the reaction between TiO; and cordierite. The micro-
wave dielectric properties of the composite are presented. Qf decreased
with the amount of TiO addition and the density and precipitated
phases also affected the Qf value. The ¢ values increased with the
addition of TiO and in the case of 20 wt % added TiO5 the ¢, increased
drastically from 6.7 to 12.9 depending on the amount of Al;TiOs (¢ =
10.3) and rutile (¢, = 104). The TCf values in the case of 10/20 wt %
TiO, added were improved near O ppm/ ‘c crystallized at 1270/1230 °C/
10 h, respectively. The values of 10/20 wt % TiO5 addition is drastically
increased to 210/205 ppm/C at 1350 °C depending on the amount of
rutile.
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