J Mater Sci: Mater Electron (2017) 28:9542-9547
DOI 10.1007/s10854-017-6701-4

@ CrossMark

Effects of CaO and La,0; doping of (Zr;¢Sn,,)TiO, ceramics
on the densifying behavior and microwave dielectric properties

Bo Chen' - Ling Han? - Baoyin Li' - Xudong Sun’

Received: 17 October 2016 / Accepted: 3 March 2017 / Published online: 20 March 2017

© Springer Science+Business Media New York 2017

Abstract The effects of CaO-La,0; additives on sinter-
ing temperature and microwave dielectric properties of
(Zry gSn, ,)TiO, (ZST) ceramics prepared by solid-state
reaction method were investigated. Structural characteriza-
tion and microstructure of materials were studied via X-ray
diffraction and scanning electron microscopy. crystalline
and single phase exhibiting orthorhombic symmetry were
identified. Small quantities of CaO and La,O, promoted the
densification of the ceramics improving dielectric proper-
ties, otherwise, an excessive CaO and La,O; amount gave
an abnormal grain growth which deteriorated dielectri-
cal parameters. Dense ZST ceramics doped with 0.5%
CaO and 1 wt% La,O; were attained after sintering at
1335 °C during 4h, in air atmosphere. Microwave dielectric
parameters ofe,=39.56, Qxf=44100 GHz (at 5.6 GHz),
7y=—1.66 ppm/°C were derived.

1 Introduction

Microwave dielectric ceramic material is a crucial compo-
nent in many wireless communication technologies such as:
resonators, direct broadcasting satellites, intelligent trans-
port systems, and wireless local area networks (WLAN).
To meet the demand for smaller, high-performing micro-
wave devices, it is necessary to develop middle dielectric
and low-loss microwave dielectric materials [1-4].
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(Zry ¢Sn, ,)TiO, (ZST) satisfies many dielectric resona-
tor requirements at microwave frequencies due its qual-
ity factor (Q>5000) which allows rapid electronic sig-
nal transition at ultra-high frequencies, high dielectric
constant (g,>30) for possible size miniaturization, and
near-zero temperature coefficient of resonant frequency
(7;<£10 ppm/°C) for temperature stable circuits. The host
structure of ZST system is ZrTiO,, which has a a-PbO,-
type crystal structure belonging to the Pbcn space group.
Both Ti and Zr cations are ordered in the low-temperature
phase and disordered in the high-temperature phase. A tem-
perature-stable ZST can be obtained by replacing 20 mol%
Zr ions with Sn ions [5-7], but even then, ZST ceramics
are disadvantaged by low sinterability. Properly densified
ZST ceramics can only be prepared with the use of a sin-
tering aid. Besides, their low QX f values also make them
very impractical in communication technology because
the Qxf would be dramatically worsened by adding addi-
tives for ZST ceramics. Fortunately, many researchers have
attempted to improve the sinterability and maintain the
QX f values of ZST ceramics through the use of various
dopants (e.g., La,05, BaO, CaO and V,Os) [8-11].

Kim et al. for example, found that the addition of CaO
does not affect the dielectric constants (¢,) or temperature
coefficients of resonant frequency (zy) while improving the
quality of ZST ceramics [9]. Zhang et al. reported that with
1.0 wt% La,O5 and 2.0 wt% BaO additives, ZST ceramics
sintered at 1350 °C exhibited comprehensive performance
of p~5.10 g/em®, £,~41, Q~9800 and 7~=3.79 ppm/°C
[11]. That being said, both CaO and La,0O; are classical
additives to enhancement of sinterability and phase stabili-
zation in ZST ceramics.

The present work reports the influence of CaO
(0.5-2.0 wt%) and La,0; (1.0 wt%) additives on the phase
composition, microstructures, sinterability, and microwave
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dielectric properties of ZST ceramics, to show the excellent
temperature stability of the resonant frequency.

2 Experimental
2.1 Ceramics preparation

Samples of ZST ceramics were prepared by conventional
solid-state methods from individual high-purity oxide
powders: ZrO, (99.9%, Handan Saint-Gobain Co., Ltd.,
Hebei, China, the average particle size ca. 0.3 pm), SnO,
(99.9%, Tin Co., Ltd., Yunnan, China, the average parti-
cle size ca. 0.523 pm), TiO, (99.9%, Yuejiang Titannium
Chemical Manufacturer Co., Ltd., Shanghai, China, the
average particle size ca. 0.556 pm) and La,05 (99.9%, Jin-
ing Zhongkai New Type Material Science Co., Ltd., Shan-
dong, China, the average particle size ca. 2.316 pm). To
obtain CaO, CaCOj; (99.9%, Changzhou Calcium Carbon-
ate Co., Ltd., Jiangsu, China, the average particle size ca.
6.313 pm) powders were calcined at 1200°C for 6 h. The
starting materials were mixed according to the desired stoi-
chiometry of (Zr;¢Sn,,)TiO, ceramics. The powders were
ground in distilled water for 8 h in a ball mill with zirconia
balls. All mixtures were dried, forced through a 100-mesh
sieve, and then calcined at 1100°C for 3 h. The calcined
powders were mixed as desired composition with various
amounts of CaO and 1.0 wt% La,0O; as sintering aids and
re-milled with zirconia balls for 8 h in distilled water and
dried. The dried powders with 8 wt% of a 5% solution of
PVA as a binder were screened by a 100-mesh. The final
powders were pressed uniaxially under 150 MPa into disk
pellets with a diameter of 11 mm and thickness of 5 mm.
The pellets were sintered at various temperatures from
1295 to 1375 °C during 4 h, in air atmosphere.

2.2 Ceramics characterization

The apparent densities of the sintered specimens were
measured by Archimedes method. The crystalline structure
analysis of ZST ceramics was identified by X-ray diffrac-
tometer (XRD; RIGAKU; Smartlab 3) using Ni filtered Cu
Ka radiation (A=0.1542 nm, 40 kV, 20 mA, 20=20°-70°).
Its morphology and grain size were examined by field
emission scanning electron microscopy (Model JEOL JSM-
7600F, FEI Co., Japan). The fractured surfaces of the sin-
tered ceramics were ground (to 1200 grade SiC) and pol-
ished (to 1 pm diamond paste) and then thermally etched
at 1350°C for 60 min and coated with Au prior to SEM
analysis. The average grain size was determined by meas-
uring the mean linear intercept of the grains as described
by a book “Standard test methods for determining average
grain size” [12]. The microwave dielectric properties of

sintered specimen were measured by a network analyzer
(N5234A, Agilent Co, America) in the frequency range of
5-6 GHz. The dielectric constants were measured by excit-
ing the TE,, resonant mode of dielectric resonator as sug-
gested by Hakki-Coleman [13]. The unload quality factors
were measured using TE;; mode by the cavity method [14].
Temperature coefficients of resonant frequency were meas-
ured in the temperature range of 25-80 °C. The 7, (ppm/°C)
measured at 5.6 GHz was calculated by equation:

1 Jso —
5 W »
25
where fg, was the resonant frequency at 80°Cand f,5 was
the resonant frequency at 25 °C.

3 Results and discussion

The XRD patterns of ZST ceramics with 0-2.0 wt% CaO
and 1.0 wt% La,Oj; sintered at 1335 °C for 4 h are shown in
Fig. 1. Only a single (Zr, 3Sn,, ,)TiO, (orthorhombic struc-
ture, space group a-PbO,, JCPDS Card No. 81-2214) phase
can be observed. It is accepted that La,0; forms a second-
ary phase at the grain boundary, but there was no such
minor phase in our XRD patterns because it is difficult to
observe minor secondary phases using XRD [15]. In effect,
doping of ZST ceramics with small amount of CaO and
La,0; did not influence the phase composition of this sys-
tem. Figure 1(b) shows the dominant diffraction lines (111)
of ZST ceramics, where the peaks shift to smaller angles of
2 theta as CaO content increases. According to the Bragg
equation, crystalline interplanar distance is inversely pro-
portional to sin(theta) [16]. The unit cell constants a, b,
Co, and unit cell volume values were calculated as listed in
Table 1. The unit cell volume of ZST ceramics increased to
a maximum at 2.0 wt% CaO addition due to the fact that the
ionic radii of Ca®* (1.00 A) and La>* (1.032 A) are larger
than that of Zr** (0.72 A), Sn** (0.69 A), or Ti** (0.605 A).
As content of CaO increased, the lattice parameter b, and
¢, increased slightly, while lattice parameter a, and unit
cell volume increased greatly. The interplanar distance is
directly proportional to the lattice parameter a,, b, and c,,.
Therefore, increasing CaO and La,O; additions appeared
to enlarge the interplanar distance and ultimately make the
unit cell expand, confirming the results of XRD.

Figure 2 shows a set of fracture surface SEM micro-
graphs of ZST ceramics containing 1.0 wt.% of La,04
and doped with several amount of CaO sintered at opti-
mum temperature, 1335 °C, during 4h in air atmosphere.
The microstructures of the sintered ceramics shown in
Fig. 2 indicate well packed grains. As shown in Fig. 2a,
b, all samples show a homogenous microstructure and the
grain size is generally in the range 5-15 pm. However,
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Fig. 1 X-ray diffraction patterns of 1.0 wt% La,0; doped ZST ceramics doped with several CaO amount sintered at 1335°C 4 h, in air atmos-

phere

Table 1 List of parameters
lattice and cell volume for ZST
ceramics sintered at 1335°C
during 4 h, in air atmosphere

Composition Sintering tem- Unit cell parameters Unit cell
perature (°C) 2 2 2 volume,
a) (A) b, (A) ¢y (A) (A%
0.5 wt%CaO+ 1.0 wt%La,0, 1335 4.387 5.090 5.411 120.83
1.0 wt%CaO + 1.0 wt%La,05 1335 4.387 5.090 5.498 122.77
1.5 wt%CaO + 1.0 wt%La,05 1335 4.389 5.141 5.525 124.67
2.0 wt%CaO+ 1.0 wt%La,05 1335 4.634 5.208 5.598 135.10

with the content of CaO increases from 1.0 wt% to
1.5 wt%, the microstructure morphology of the picture
there are some large grain size. When the content of
CaO reaches to 2.0 wt%, excessive CaO addition seemed
to cause a decreasing of uniformity degree and increas-
ing the sample’s porosity. Grain size and porosity vari-
ation with respect to the sintering aid content is critical
for understanding the densification and dielectric prop-
erties, particularly for dielectric loss [17]. The relation
between the grain size and the additive content is shown
in Fig. 3. At smaller additive weight percent, the grain
size increases rapidly with an increase in sintering aids.
As an example, the average grain size for ceramics with
0.5 wt% CaO and 1.0 wt% La,0;, 1.0 wt% CaO and
1.0 wt% La,05 is 5 and 8 pum, respectively. And that for
ceramics with 1.5 wt% CaO and 1.0 wt% La,0; addi-
tives is 13 pm. In addition, at larger (2.0 wt% CaO and
1.0 wt% La,05) doping amount, some distortion of grains
is observed as function of doping magnitude. In this way,
the extent of CaO and La,O; doping play an important
role in decreasing of the sintering temperature due to the
significant effect of the liquid-phase sintering mechanism
[18]. As a function of fraction of CaO selected 2.0 wt%,
trapped pores are formed due to inhomogeneous crystal
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grain size distribution and liquid-phase formation, which
provide a great mobility of grains boundaries. In a broad
sense, the proper amount of sintering agents benefits the
densification and microwave dielectric properties of ZST
ceramics [19, 20].

The curves of apparent densities (p) of 1.0 wt%
La,0;-doped ZST ceramics with different amounts of CaO
versus sintering temperature are shown in Fig. 4. Point by
point, all densities are inversely proportional to the fraction
of CaO. Densities increase as a function of sintering tem-
perature up to a maximum, at 1335 °C, exhibiting a slight
decreasing at temperatures higher than 1335°C. For ZST
ceramics with 0.5 wt% CaO, the densities increased from
4.75 to 5.06 g/cm® as temperature increased between 1295
and 1375 °C, which was about 97.50% of the nominal theo-
retical density (5.19 g/cm?® for ZST). These results are in
accordance with results and discussion of Fig. 2a, b, these
demonstrate that dense homogenous microstructures elimi-
nated the pores and increased the apparent densities of ZST
ceramics used in this study. Doping with small amount of
CaO and La,0; decreases the sintering temperature and
improves the apparent densities of ZST, but sintering aids
in excess the apparent density due porosity, see discussion
of Fig. 2(c—d).
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Fig. 2 SEM micrographs of the fracture surface of 1.0 wt% La,O; doped ZST ceramics sintered at 1335°C for 4 h: a 0.5 wt% CaO, b 1.0 wt%
CaO, ¢ 1.5 wt% CaO, d 2.0 wt% CaO
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Fig. 4 Evolution of parameter apparent densities of ZST ceramics
Fig. 3 Average grain size as a function of weight percent of CaO for containing 1.0 wt.% of La,05 and doped with several amount of CaO
1.0 wt% La,O; doped ZST ceramics sintered at 1335 °C for 4 h sintered at several temperatures, during 4 h in air atmosphere
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Fig. 5 Evolution of parameter dielectric constant of ZST ceramics
containing 1.0 wt.% of La203 and doped with several amount of CaO
sintered at several temperatures, during 4 h in air atmosphere

The dielectric constants (¢,) of 1.0 wt% La,05-doped
ZST ceramics as a function of sintering temperature at dif-
ferent CaO concentrations from 0.5 to 2.0 wt% are shown
in Fig. 5. The highest ¢, value, 38.90, was obtained for
0.5 wt% CaO and 1.0 wt% La,0O; added specimen sintered
at 1335°C. The variation tendency of dielectric constants
versus sintering temperature corresponds to that of appar-
ent densities versus sintering temperature. The variations
in & observed here can be attributed to several factors.
Firstly, the relative densities: more dense samples had more
dipoles per unit volume and thus were more liable to be
polarized and exhibit higher ¢, values [21, 22]. Secondly, it
is commonly known that dielectric constants vary with the
total molecular dielectric polarizability and molar volume
according to the Clausius—Mossotti equation [23], the ionic
polarizabilities of Ca** (3.17 A% and La** (6.07 A%) are
larger than that of Sn** (2.83 A%) and Ti** (2.93 A?) ions
[24], so the dielectric constants of CaO and La,05-doped
ZST ceramics were larger than that of pure ZST ceramic
material [25]. In addition, the expansion of the unit cell
volume (Table 1) caused the dielectric polarizability in
the unit cell volume to decrease, however, resulting in a
decrease of ¢, with increasing CaO content (Fig. 6).

Figure 5 shows the QXf values of 1.0 wt%
La,05-doped ZST ceramics with varying CaO content
plotted as a function of sintering temperature, where said
Qxf values of all samples increase with sintering tem-
perature from 1295 to 1335°C, then decrease as tem-
perature continues to increase. The sample with 0.5 wt%
CaO and 1.0 wt% La,O; sintered at 1335°C for 4 h had
the highest Q xf value, 44,100 GHz (at 5.6 GHz). Sev-
eral factors are known to contribute to dielectric loss in

@ Springer
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Fig. 6 The Qxf values of ZST ceramics containing 1.0 wt.% of
La,0; and doped with several amount of CaO sintered at several tem-
peratures, during 4 h in air atmosphere

the range of microwave frequencies; said factors can be
divided into two categories: intrinsic loss and extrin-
sic loss. Intrinsic loss is mainly caused by lattice vibra-
tion modes while extrinsic loss is dominated by second
phases, oxygen vacancies, grain morphology, and den-
sification or porosity [26, 27]. Considering the phase
composition, secondary phases can be ignored in the
present case. The changes in QXf values we meas-
ured were, as mentioned above, in agreement with the
changes in apparent densities. Therefore, the Q X f values
of our samples can be attributed to the pellet densifica-
tion. Interestingly, the grain morphology of the 0.5 wt%
CaO and 1.0 wt% La,0O, doped sample was denser than
those of the other three samples and it yielded a higher
QX f value. Dense homogenous microstructures indicate
reduced lattice imperfections [28], so the decrease in
QX f value could be attributed to the excessive sintering
aid (1.5-2.0 wt% CaO content) having caused a normal
and/or abnormal grain growth.

A comparison between the properties of undoped
and doped ZST ceramics along with their sintering
conditions, apparent densities, and microwave dielec-
tric properties is provided in Table 2. The 7, values of
1.0 wt% La,05 doped ZST ceramics with 0.5, 1.0, 1.5,
and 2.0 wt% CaO addition were —1.66, —2.68, —1.23,
and —2.41 ppm/°C, respectively. The temperature coef-
ficient of resonant frequency (7, is known to be related
to the composition and secondary phases of the materials
[29]. Because ZST ceramics are temperature-stable and
the additions of CaO and La,0O; did not appear to cause
any noticeable secondary phases, the (zy) values reported
above are relatively stable.
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Tablg .2 Li.St of app arent Composition Sintering tem-  p(g/em®) e, OXf(GHz)  7,(ppm/°C)  Ref
densities, dielectric constants, perature (°C) k
QX f values and temperature
Eoefﬁciems Ofrfeson‘fmt . Pure ZST 1600 4.92 36.10 7000 0 [25]
requency as a function of the 0.2 Wt%MgO +2.0 wt%La,0; 1320 5.04 3670 9230 6~7 [30]
sintering temperature, type and
. +1.0 wt%ZnO
amount of doping agents
2.0 wt%BaO+1.0 wt%La,0; 1350 5.10 41.00 9800 -3.79 [11]
0.5 wt%SrO+ 1.0 wt%La,04 1310 5.10 39.56 7500 —2.65 [15]
0.5 wt%CaO+1.0 wt%La,0; 1335 5.06 38.90 7875 —1.66 -
1.0 wt%CaO+1.0 wt%La,0; 1335 5.03 38.01 7430 —2.68 -
1.5 wt%CaO+1.0 wt%La,0; 1335 4.94 37.87 6550 -1.23 -
2.0 wt%CaO+ 1.0 wt%La,0; 1335 4.87 37.22 5320 —-2.41 -
4 Conclusions 9. D.J. Kim, J.W. Hahn, G.P. Han, J. Am. Ceram. Soc. 83(4), 1010—
1012 (2000)
. . . . . 10. C.L. Huang, M.H. Weng, C.C. Wu, Jpn. J. Appl. Phys. 40(2A),
The microwave dielectric properties of ZST ceramics were 698-702 (2001)
investigated in this study. XRD results showed that CaO 11. S.X. Zhang, J.B. Li, HZ. Zhai, Ceram. Int. 28(4), 407411
and La,0, doped ZST ceramics are single phase, with an (2002) o o .
orthorhombic structure (space group: Pbnm). The unit 12. Standar«fi test rnethot';is for determlr.nng average grain size, Ameri-
i X can Society for Testing and Materials, 26, E 112-10 (2010)
cell volumes of ZST ceramics increase as CaO content 13. Y.G. Zhao, P. Zhang, RSC. Adv. 5(118), 97746-97754 (2015)
increases over the range we investigated. The addition of 14. P. Zhang, Y.G. Zhao, L.X. Li, Phys. Chem. Chem. Phys. 17(26),
0.5 wt% CaO and 1.0% La,05 could not only efficiently 16692-16698 (2015)
lower the sintering temperature to 1335°C, but also signifi- 1> 1Q213‘1 ls(uzrg 116{)'Q' Zhou, X.F. Luo, Ceram. Int. 42(10), 12306~
cant improvement of the densification degree and micro- 15 W, Xie, H.Q. Zhou, HK. Zhu, J. Mater. Sci. 26(6), 3515-3520
wave dielectric properties of ZST ceramics. Furthermore, (2015)
these microwave dielectric properties appear to be related ~ 17. R. Kudesia, A.E. McHale, R.L. Snyder, J. Am. Ceram. Soc.
to CaO and La,0O5 doping content, grain morphology, and 77(12), 3215-3220 (1994)
23 ’ ’ 18. L.S. Hu, H.Q. Zhou, Q.L. Sun, J. Mater. Sci. 27(12), 12834—

densification. The excellent microwave properties, the Q X f
value of ~44,100 GHz (at 5.6 GHz), the ¢, value of ~39.56,
and the 7, value of ~—1.66 ppm/°C, are obtained for ZST
ceramics with 0.5 wt% CaO and 1.0 wt% La,O; sintered at
1335°C.
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