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Abstract

The effects of milling process on the microstructure and microwave properties of Ba,TigO,¢ materials were systematically investigated by the
evanescent microwave probe (EMP) technique. It was found that although the reaction kinetics of Ba, TigO,( materials was markedly enhanced by
the high-energy-milling (HeM) process, the quality factor of the materials decreases with the duration in HeM process. SiO,-contamination due to
the HeM milling process (with Si3N, media) is presumed to be the main cause. In this study, SiO,-doped Ba, TiyO,o sample was adopted to enhance
and trace the SiO, effect during HeM process. The EMP investigation on the microwave dielectric properties of the local region for the Ba, TigO»q
samples indicates that lossy Si/Ti-containing phases were expelled by the Ba,TigO, grains, which is especially obvious in the as-sintered sample
surface. Si-contamination induced the abnormal grain growth phenomenon, which, in turn, degrades the microwave dielectric quality factor of the

Ba, TiyO,y materials.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ba,;TigO»0 phase in the BaO-TiO, system1 has drawn a lot
of interest because of its marvelous microwave dielectric prop-
erties, including high dielectric constant (K) and large quality
factor (Q x f).2 However, it is difficult to prepare Ba;TigOxg
materials with consistent properties, since the intermediate
phases, such as BaTisOg or BaTi;O11, are usually formed pref-
erentially during the calcinations of the BaCO3-TiO, mixture.3
Therefore, even though the investigations on modification of
Ba, TigOyg materials via dopants“"6 were widely performed, the
results are still quite controversial. In this study, we utilized
nano-sized BaTiO3 and TiO, as starting materials to provide
better homogeneity and higher activity for nucleation, and thus
improved the reliability for fabricating Ba;TigO,¢ materials.
In addition to the traditional ball-milling (BM) process, the
calcined powders were pulverized by the high-energy-milling
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(HeM) techniques to enhance the processing efficiency. The
effect of SiO;-contamination induced in the milling process
is investigated. Moreover, to directly examine the connection
between the dielectric properties and the microstructure of
Ba,TigOy ceramics, we use the evanescent microwave probe
(EMP) technique’ to locally image the microwave response.

2. Experimental methods

Ba,;TigOso samples were prepared by mixed oxide process.
To improve nucleation activity, nano-sized BaTiO3 powders
(50 nm) were mixed with nano-sized TiO, powders (~40nm)
in a nominal composition of Ba;TigO»p. The mixtures were
calcined at 1000°C for 4h in air, followed by pulveriza-
tion, granulation, pelletazation process and then sintered at
1250-1350°C for 4h in air. High-energy-milling and ball-
milling process were used for pulverizing the calcined powders.
The high-energy-milled powders were further ball-milled for a
very short period to disintegrate the soft agglomerates resulted
in HeM process. The crystal structure and microstructure of
the sintered samples were examined using X-ray diffraction
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and scanning electron microscopy. The density of the sin-
tered materials was measured using Archimedes method. The
microwave dielectric constant (K) and quality factor (Q x f) of
the Bay TigOyg samples were measured using a cavity method at
7-8 GHz.

An evanescent microwave probe was used to make non-
destructive measurements of the dielectric properties for the
samples. No metal contact layer is needed as electrode. The
decaying wave with spatial frequency components higher than
1/x was introduced to the sample through a sharpened metal tip.
The tip radius Rg was about 30 wm and mounted on the center
conductor of a high-Q, A/4 coaxial resonator. The resonator acted
as both an electromagnetic field emitter and a detector. While
scanning at regions with different microwave properties by direct
contact mode, the probe detected the variations and perturbed the
resonance state of the resonator. From the perturbation theory,
we can perform quantitative analysis of the EMP measurement.
The shift of the resonant frequency (Af) and Q-value (A1/Q) of
the EMP resonator are related to the dielectric properties of the

local detecting region by the following equations':
Af J,(Ae E1Eq+ A HyHp)dv
fo [ (e0 E3+ po HY)dv
B o
b
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where Af=f.—fo, A(1/Q)=1/Q—1/Qy. fo and Qg are the original
resonant frequency and quality factor, respectively, while f; and
O, are the measured resonant frequency and quality factor with
a sample placed in adjacent to the EMP probe. b=K — 1/K+1,
where K is the dielectric constant of the sample. A is a constant
determined by the geometry of the tip-cavity assembly which
should be calibrated using standard samples (MgO, K~ 10).
In our system, the EMP resonator-tip system has the origi-
nal resonant frequency fy ~2665.5 MHz and the quality factor
Qo ~ 820. The calibrated parameter A is about 0.0033. Due to the
local intense field distribution caused by tip-probe, high spatial
resolution and high sensitivity can be obtained.

3. Results and discussion

With nano-sized powders as starting materials, the trans-
formation kinetics for Ba;TigO;g phase was highly improved.
Fig. 1(a) shows that for the samples prepared by the BM-process,
pure Ba;TigOy¢ Hollandite-like phase can be easily obtained
after sintering. The densities of thus obtained materials, which
increase monotonously with the sintering temperature, achieved
about 98.3% theoretical density (T.D.) when the samples are
sintered at 1350°C (Table 1). In spite that the BM-process
can prepare BapTigOpp materials with good stability, it takes
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Fig. 1. X-ray diffraction patterns of the Ba;TigO,¢ materials. The prepared
powers are (a) ball-milled and non-doped, (b) high-energy milled by SizN4
grinding ball and (c) ball-milled and 0.1 mol.%SiO;-doped.

too much time (>16h) to disintegrate the calcined powders
into sub-micron size. A new pulverization technique, the high-
energy-milling process, which possesses overwhelmingly better
milling efficiency to pulverize the calcined powders, is thus
adopted. As illustrated in Fig. 1(b), the calcined powders fol-
lowed by only 0.25h HeM process can be fully converted
to Hollandite-like structure after sintered at 1350 °C. Table 1
shows that a density higher then 96% T.D. was obtained for
samples processed by 0.5h HeM using Si3N4 grinding media
(Si3N4-HeM). However, unlike the BM processed samples, the
Si3N4-HeM processed samples behave abnormally, i.e., their
densities and microwave dielectric properties decrease with the
milling time. Meanwhile, the quality factor for the HeM pro-
cessed materials is markedly inferior to the BM-processed ones.

The possible explanation to degrade the HeM processed
samples is the SiOz-contamination induced by the milling
process with Si3Ny jar and grinding balls. The EDAX analyses
in SEM indicate that the average Si-content is higher for the
samples processed for longer periods. To investigate how the
Si-contamination affects the microwave dielectric properties of
the Ba; TigO, materials, 0.1 mol.% SiO; was incorporated into
the raw materials to amplify and trace the mechanism. Fig. 1(c)
shows that although the SiO,-doped BM materials are of pure
Hollandite-like phase, the addition of SiO; significantly lowers
the sharpness of the diffraction peaks, which implies the exis-
tence of incompletely transformed phase. Table 1 reveals that the
density of the Si0,-doped BM samples decreases markedly and

Table 1
Variation of the characteristics of the BayTigOp9 materials with the milling
process

Milling process Density (% Dielectric ~ Quality factor
of T.D.) constant 0 x f(GHz)

Ball mill (non doped) 98.3 39.0 26,500

High energy mill (Si3sN4 media) 97.5 38.4 21,900

Ball mill (SiO, doped) 92.8 353 14,600
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is only about 92.8% T.D. for the 1350 °C-sintered Ba;TigO»
materials. Table 1 also shows similar degrading tendency of
microwave properties for the HeM processed and SiO,-doped
materials. The K-value of the materials correlates intimately with
the sintered density, regardless whether they are SiO,-doped
or undoped, while the Q x f~value of HeM and SiO;-doped
samples decreases significantly with the possible ratio of SiO,-
content.

Since the SiOy species cannot be clearly resolved by
X-ray diffraction technique, the evanescent microwave probe
technique incorporated with SEM study is utilized to provide
more direct evidence. In contrast to the uniform grains of the
BM samples, Fig. 2(a) shows that on the as-sintered surface
of SiOz-doped samples, large grains about several tens of
microns in length are observed, coexisting with the small grains
about few square micrometer in size. Moreover, EDAX in
SEM analysis reveals that the SiO, species incorporated in the
samples are mainly accumulated in the fine grain region, but the
interior of the large grains is essentially free of the SiO,. The
dielectric images scanned by EMP (Fig. 2(b and c)) show similar
distributions as the SEM image. The high frequency regions
(fr ~ 2655 MHz) in EMP frequency mapping (Fig. 2(b)) possess
lower dielectric constant because of the smaller capacitance
between the tip and sample local area. From the quantitative
analysis of Eq. (1), the K values in these regions are about 8.0,
which strongly implies the rich contamination of SiO; (K ~ 4.0).
By contrast, most high-K regions in Fig. 2(b) with resonant fre-
quency f; ~ 2648 MHz are of dielectric constant K ~ 34, which
is a little lower than those for the typical BayTigO»o phases
(K~39.9) and may come from the small amount of incom-
pletely transformed phases, such as BaTi4Og or even amorphous
phase.

Fig. 2(c) reveals the EMP Q-value image on the as-sintered
surface of the Si0,-doped Ba; TigO»g sample. It should be noted
that the absolute Q-value in Fig. 2(c) is the quality factor of the
resonator perturbed by the tangent loss of the sample, as shown
in Eq. (2), not for the sample itself. However, the Q-mapping
still illustrates the relative quality factor distribution. Fig. 2(c)
shows good relations with Fig. 2(b) and SEM microstructures.
In Fig. 2(b), the low-K (high f;) regions are composed by small
clusters, which corresponds to the aggregations of the fine SiO;-
rich grains in SEM images, while the high-K (low f;) regions are
widely spread for a large area, as the abnormal large grains in
Fig. 2(a). Fig. 2(c) indicates that the low-K, SiO;-rich clusters
also posses low quality factor, whereas the high K, SiO,-free
areas posses high Q-value. These results imply that the SiO;-
species are basically non-dissolvable in Ba; TigOyq lattices, i.e.,
the SiO, species will be expelled by the Ba;TigO¢ grains and
mostly precipitated at the sample surface.

EMP examinations were also taken in the interior of the
samples by scanning the further polished surface where the
as-sintered exterior was removed. Fig. 3(a) reveals that for the
BM Ba,TigOyg samples, the aggregated clusters are about the
same size and the distribution of microwave dielectric constant
is quite uniform. The main matrices with K-value about 40
(fr ~2645.6 MHz) imply that the BM samples are constituted
by pure Ba;TigO»q phases. As for the HeM samples (Fig. 3(b)),
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Fig. 2. (a) The SEM microstructure, (b) the EMP frequency image and (c)
the EMP Q image on the as-sintered surface for the 0.1 mol.% SiO,-doped
Bay TigOyp materials. The samples were sintered at 1350 °C for 4 h.

most regions still possess dielectric constant about 40; however,
compared with the surface of BM samples, the incompletely
transformed phases (f; ~2647.5MHz, K~37) increase
markedly. Moreover, near the low-K region, a small amount of
phases with high dielectric constant (f; ~2643.5 MHz, K ~ 60)
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Fig. 3. EMP frequency images on polished surface for (a) ball-milled and non-
doped, (b) high-energy milled and (c) ball-milled and 0.1 mol.% SiO;-doped
Ba, TigOyg materials.

were observed. Almost certainly, these regions are contaminated
by TiO,, which has dielectric constant about 100. The proportion
of extremely high-K clusters or low-K clusters expanded signif-
icantly in the SiOz-doped BM samples (Fig. 3(c)). Again, the
Si0;-doped samples show similar but more intense behaviors in
the tendency of degradation with the HeM ones, indicating that
the deleterious effect from HeM process can be attributed to the
SiOs-contamination. In addition, unlike the as-sintered surface,
Fig. 3(c) shows that the SiO»-rich clusters (K ~ 8) almost dis-
appeared in the interior of the SiO,-doped samples. The EMP
results in Figs. 2 and 3 imply that the SiO; species will interact
with the Ba;TigO,o materials, inducing the formation of the
TiO, and BaTisOg secondary phases. The SiO, species will be
mainly expelled to the sample surface, improving the formation
of liquid phase during sintering, and then brings the abnormal
grain growth. The SiO;-rich or TiO;-rich phases are the main
causes to lower the quality factors of the HeM BayTigO»g
materials.

4. Conclusions

Evanescent microwave probe technique had been used to
directly investigate the mechanism of the deterioration in qual-
ity factor during the high-energy-milling process. Presumably,
the contamination of SiO;, which comes from the SizNy4 grind-
ing media in HeM process, is the main cause. The SiO2-doped
samples shows similar but more intense tendency of the prop-
erty degradation with the HeM samples. EMP studies reveal that
the additional SiO; species will induce abnormal grain growth,
and results in the formation of TiO;-rich and SiO;-rich phases
in the interior and exterior surface of the sample, respectively.
The small amounts of low-quality phases cannot be observed
by X-ray diffractions, but significantly degrade the BayTigO»g
samples.
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