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Abstract: Lanthanum orthophosphate (LaPO,) ceramics were obtained by using hydrothermal prepared powders and

solid-state reaction prepared powders in a sintering temperature range of 1030-1340°C and 1300-1460°C, respectively.

The sintering and microwave dielectric properties of hydrothermal processed LaPO, ceramics were compared with

those of solid-state reaction processed LaPO,. The results showed that hydrothermal processed LaPO4 had a higher

sinterability and better microwave dielectric properties due to its much finer particle size when compared with

solid-state reaction processed LaPO,. The best microwave dielectric properties of the hydrothermal processed LaPO,

ceramics were obtained when the ceramics sintered at 1260°C for 2 h with a permittivity~10.2, a O%f value about

129704 GHz (at 10.2 GHz) and a temperature coefficient value of —58.6x10°%/°C. The Qxf value of hydrothermal

processed LaPO, ceramics was 2.47 times greater than that of solid-state reaction processed LaPO, ceramics, while the

sintering temperature of the former was 140°C lower than that of the latter in the literature.
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With the rapid development of the wireless communi-
cations, the requirements for the properties of the micro-
wave devices grow rapidly, which in turn stimulate to im-
prove the properties of the microwave dielectric ceramics.
Advanced substrate materials for microwave integrated
circuits require a low dielectric constant (g, about 10), a
high quality factor (0x%f), and a near-zero temperature co-
efficient of resonance frequency (z)!'?. In most cases,
microwave dielectric materials are produced by a conven-
tional solid-state reaction process. Unfortunately, a fatal
shortcoming of this process is that the as-prepared samples
are inhomogeneous with large particle size and low sur-
face area due to the high-temperature sintering. Compared
with the solid-state method, hydrothermal reactions are
usually performed in moderate conditions, do not require
expensive precursors or equipment, and may yield homo-
geneous crystalline powders. Since sintering behavior and
dielectric properties partly depend on the crystalline
structure, the grain size, and the morphology, the prepara-
tion of the powders with nanostructures is of prime im-
portance for microwave ceramics”*.

Lanthanum orthophosphate (LaPO,) is used as a new
sensor!®), composite[é], laser host”), fibre coating[g] and
phosphor®'?! due to its novel chemical and physical prop-
erties. When doped with cerium and terbium****, LaPO,

is a commercially applied lamp phosphor. The low fre-
quency (10°-10" Hz) dielectric properties of LaPO, were
reported by Narasimha, e al™! early in 1988. Bregiroux,
et al™ investigated the effect of LaP;0, powder prepara-
tion on the sintering behavior and the microstructural
structrue of LaPO,. Recent study showed that LaPO, ce-
ramics, produced by a conventional solid-state reaction
process, had a high O%f value (64556 GHz) and low per-
mittivity (e, = 10.4), which was suitable for the application
of  dielectric  resonators and  substrates  for
high-temperature superconducting microwave devices'>".
However the synthesis temperature and sintering tem-
perature of solid-state reaction processed LaPO, were too
high, which were about 1100°C and 1400°C, respectively.
As reported, there are several approaches to reduce the
sintering temperature of dielectric ceramics: the addition
of low melting point compounds such as B,0;, Bi,0;,
CaF, and V,0Os, the development of new compositions,
and chemical processing to produce smaller particle size
of starting powders?*?”). To date there are few reports on
the LaPO, ceramics using hydrothermal prepared powders.
In this present work, LaPO, ceramics was made by
hydrothermal processed powders in order to reduce the
sintering temperature. The dielectric properties of the
hydrothermal processed ceramics were compared with
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those of LaPO, prepared by a solid-state reaction method.
The sintering and microwave dielectric properties of
LaPO, ceramics at various sintering temperatures were
studied.

1 Experimental procedure

All the reagents used in the experiments are analytically
pure without further purification. The typical hydrother-
mal process was as follows: Lanthanum nitrate
(La(NO3);:6H,0), ammonium dihydrogen phosphate
(NH4H,PO,) and distilled water were put into a beaker at
20°C under the magnetic stirring until La(NO3);:6H,0
and NH;H,PO, were dissolved. The mixed solution was
adjusted to pH = 5.0 with dilute NH; and dilute HNO;
using a pH meter. Then the solution was transferred into a
Teflon lined steel autoclave. The autoclave was main-
tained at 150°C for about 15 h. After the autoclave was
naturally cooled to room temperature, the products were
washed several times by water and alcohol. The products
were placed in an oven at 80°C for 8 h and then calcined
at 900°C for 2 h. The as-calcined powders (hereafter de-
noted as H-LaPO,4) were pressed into cylinders (12 mm in
diameter and 4 mm in height) in a steel die with 5wt%
PVA binder addition under a uniaxial pressure of 15 MPa.
The cylinders were sintered in the temperature range from
1030°C to 1340°C for 2 h to obtain the H-LaPO, ceram-
ics. For comparison, LaPO,4 ceramics was also prepared by
using solid-state reaction processed LaPO, powders:
Stoichiometric mixtures of La,O; and (NH4)H,PO,4 were
put into an agate mortar, grounded in ethanol for 2 h, and
then calcined at 1025°C for 2 h. The as-calcined powders

were re-grounded and re-calcined at 1025°C for 2 h
(hereafter denoted as SSR-LaPO,). The SSR-LaPO, pow-
ders were used to prepared ceramics using a similar proc-
ess to the H-LaPO,4 ceramics except the sintering tem-
perature.

Powder X-ray diffraction (XRD) patterns were taken at
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room temperature by using a Bruker D8 Advance diffrac
tometer with Cu Ka radiation. Microstructures of sintered
ceramics were observed on the fractured surface with
scanning electron microscopy (SEM) (JSM-6390A, JEOL,
Japan). The size and morphology of hydrothermal
nanoparticles were determined by a transmission electron
microscope (TEM) (JEM-3010, JEOL, Japan) at 300 kV
and the chemical composition of the material was ana-
lyzed by energy dispersive X-ray analysis (EDAX). The
apparent densities of sintered ceramics were measured by
Archimedes’ method. The relative densities were calcu-
lated to be the ratio of the apparent densities and the theo-
retical densities. Dielectric behaviors at microwave fre-
quency were measured with the TEg; shielded cavity
method with a network analyzer (8720ES, Agilent, Palo
Alto, CA) and a temperature chamber (Delta 9023, Delta
Design, Poway, CA) in the temperature range from 25°C
to 85°C. The temperature coefficient of resonant frequency
7¢ (TCF) was calculated with the following formula:

TCF s Ss ppm/C )

f>5(85=25)
Where fgs and fps were the TE;5 resonant frequencies at 85°C
and 25°C, respectively.

2 Results and discussion

Figure 1 showed TEM, high-resolution TEM images and
EDAX spectrum of the H-LaPO, powders. As shown in
Fig. 1(a), the product was primarily composed of nanoparti-
cles ranging in size from about 10 nm to 200 nm, with mean
widths of 20 nm and lengths of up to about 200 nm. The
high-resolution TEM image in Fig. 1(b) showed that the
nanoparticles were structurally uniform with interplanar
spacing of about 0.522 nm, 0.351 nm, which corresponded
to the (101) and (020) lattice spacing of monoclinic
LaPO,. The particles showed well-defined lattice fringes
with different spacing, indicating that hydrothermal
methods yield materials of high crystallinity. EDAX re
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TEM, high-resolution TEM images and EDAX spectrum of the H-LaPO, powders

(a) TEM images; (b) High-resolution TEM images; (c) EDAX spectrum
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sults in Fig. 1(c) gave the atomic ratio of 14.04:14.28:
71.28 (1.0:1.017:5.077) for La:P:0O, which was close to the
ideal value of 1:1:4.

Figure 2 showed the XRD patterns of the LaPO4 powders
and ceramics under different conditions. All reflection peaks
of the hydrothermal processed powders in Fig. 1(a) showed
a single phase of LaPO, and could be indexed to themono-
clinic LaPO, (space group: P2,/n, No. 14) with cell parame-
ters a = 0.6837 nm, b = 0.7077 nm, and ¢ = 0.651 nm
(JCPDS 32-0493). The peaks were broadened, indicating
that the H- LaPO, particles were nanosized which was in
good agreement with the results of Curve 2(a). The crys-
tallite size was calculated from the XRD line broadening
using Scherrer relationship, Dy, = 0.894/ (B cos6), where
hkl was the index of the diffracting plane, Dy, was the
average thickness of the crystal in a direction normal to
the diffracting plane hkl in nm, S, was the crystallite size
contribution to the peak width (full width at half maxi-
mum) in radians, A was the wavelength of X-rays. The
crystallite sizes, D, , Dago, and Dy, were calculated to be

17 nm, 27 nm, and 29 nm, respectively. For SSR-LaPO,
powders calcined at 1025°C, major phase of LaPO, with
impurities phase of the LaP;0y (JCPDS 33-0717, denoted
by the asterisk) were observed, as shown in Curve 2(b).
The behavior of SSR-LaPO, was similar to that of the
samples prepared by an aqueous precipitation method. The
phase LaP;0y was formed at about 950°C from a reaction
between LaPO, and (NH4),HPO, residual species ad-
sorbed at the particle surface, which decomposed by in-
congruent melting in the 1050-1235°C temperature
range™*’!. Curve 2c-d showed the XRD patterns of the
H-LaPO, ceramics at 1260°C and SSR-LaPO, ceramics at
1300°C. Both the two ceramics showed a single phase of
LaPO, and the intensities were strong which meant high
crystallinity. No additional peaks were found in the pat-
terns, indicating that there were no other impurity phases
in the LaPO, ceramics synthesized by two methods. Single
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Fig.2 XRD patterns of the LaPO, powders and ceramics

(a) H-LaPO, powders; (b) SSR-LaPO4 powders calcined at 1025°C; (c)
H-LaPO, ceramics sintered at 1260°C; (d) SSR-LaPO, ceramics sintered
at 1300°C

phase of LaPO, can be synthesized by solid-state method
when the temperature was 1235°C, which was 335°C
higher than that in the hydrothermal process.

Figure 3 showed the SEM photos of fractured surfaces
of the H-LaPO, ceramics sintered from 1140°C to1340°C
for 2 h. At all temperatures, dense microstructures with
almost no pores in the grain boundary were revealed in the
samples, indicating that LaPO,4 was easy to be densified.
The increase of sintering temperature seemed to promote
the grain growth and the density of the samples. The grain
size, which was several tens of microns, was not homoge-
neous in all cases. Many pits with 1-2 microns or less
were systematically found in the samples sintered from
1140°C to 1340°C, as shown in Fig. 3(a)-(e), which might
be due to intergranular pores®. When the temperature
reached 1340°C, relative fine grains were grown, as shown
in Fig. 3(f).

Figure 4 showed the relative densities of LaPO, ceram-
ics by the two methods as a function of sintering tempera-
ture. In all cases, the relative densities were greater than
92%, indicating that LaPO, was easy to be densified when
the temperature between 1100°C and 1460°C. As can be
seen, the relative densities of H-LaPO, ceramics increased
to a maximum of 97.1% at 1300°C and thereafter it de-
creased with increasing sintering temperature. This sintering
temperature was very close to the LaPO, prepared by a pre-
cipitation method™”". The relative densities of SSR-LaPO,
ceramics slightly decreased from 95.8% at 1300°C to
92.1% at 1460°C with increasing sintering temperature.

The microwave dielectric properties of LaPO, ceramics
by the two methods were compared in Fig. 5. Since

Fig. 3 SEM images of fractured surfaces of the H-LaPO, ce-
ramics sintered at different temperatures
(a) 1140°C; (b) 1180°C; (c) 1220°C; (d) 1260°C; (e) 1300°C; (f) 1340°C
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cant. The difference of the dielectric properties between
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Fig. 4 Relative densities of H-LaPO, ceramics and SSR-LaPO,
ceramics
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Fig. 5 Microwave dielectric properties (permittivity, Oxf value)
of H-LaPO, ceramics and SSR-LaPO, ceramics as a function of

sintering temperature
(a) H-LaPO, ceramics; (b) SSR-LaPO, ceramics

permittivity was related to density, almost same trend of
the density was observed for the permittivity. The permit-
tivity of H-LaPO, ceramics firstly increased to a maxi-
mum of 10.47 at 1300°C and thereafter it decreased with
increasing the sintering temperature. The permittivity of
SSR-LaPO, ceramics decreased with increasing sintering
temperature. In addition, the O%f values at different sinter-
ing temperatures also showed a slightly different but similar
trend with that of the density. The maximum Qxf value of
the H-LaPO, ceramics was found at 1260°C, which was
129704 GHz (at 10.2 GHz). The degradation of O*f when
the temperature was higher than 1260°C might be attributed
to the rapid grain growth as observed in Fig. 3(e)-(f).
Therefore, the optimum sintering temperature of H-LaPO,
ceramic was 1260°C. The temperature coefficient value of
H-LaPO, ceramic sintered at 1260°C was measured to be
—58.6x10°%/°C. Compared with the H-LaPO, ceramics, the
SSR-LaPOy4 ceramics had a smaller permittivity and an
obvious smaller Oxf value, which were ¢, = 8.7 and Oxf =
52421 GHz (at 10.6 GHz) at maximum, respectively. The
temperature coefficient value of SSR-LaPO, ceramics
sintered at 1300°C was measured to be —62.7x10°/°C.
The 7; values of the ceramics by the two methods and the

attributed to the different size of the two powders. Due to
the finer nanoparticle size of the H-LaPO, powders, the
H-LaPO, ceramics showed much higher sinterability than
the SSR-LaPO, ceramics. Compared with the results of
Cho, et al™, the Oxfvalue of SSR-LaPO, ceramics in this
work was slight less. However the Oxf value of H-LaPO,
ceramics in this work was nearly 2 times than that of Cho,
et al, and the sintering temperature was 140°C lower.
Therefore the hydrothermal method was undoubtedly a
useful process for producing powders with fine particle
size in the manufacturing the LaPO, ceramics.

3 Conclusion

Single phase of LaPO, powders was synthesized by a
hydrothermal method. The properties of H-LaPO, ceram-
ics are better than that of SSR-LaPO, ceramics. The best
properties of the H-LaPO, ceramics with ¢ = 10.2, and
Oxf= 129, 704 (at 10.2 GHz) were obtained at sintering
temperature 1260°C for 2 h. The Oxf value of H-LaPO,
ceramics was 2.47 times more than that of SSR-LaPO,
ceramics. In addition, the H-LaPO4 powders had a higher
sinterability than that of the SSR-LaPO, powders. The
sintering temperature of H-LaPO, ceramics was 140°C
lower than that of SSR-LaPO, ceramics. The hydrothermal
method was considered to be an appropriate method in the
manufacture of materials for microwave applications.
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