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Abstract

‘We report in this paper the synthesis, the sintering and the properties of Lag gStg ,MnO; (LSMO) and BaZrO; (BZ) compound using microwave
heating. The starting raw material was prepared by solid state reaction. Synthesis and sintering were carried out using an indirect microwave
heating process. SiC susceptor tube was utilized to produce the indirect heating in a microwave symmetrical single mode cavity TE10p. The LSMO
and BZ phases have been successfully sintered in a microwave cavity in a very short time. Scanning electron microscopy (SEM), X-ray diffraction
(XRD), magnetic or dielectric and electrical properties were carried out for both processing conditions, i.e., using classical and microwave heating.
The results and advantages of this microwave process to synthesize many materials with various physicals properties are discussed.
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1. Introduction

Microwave heating is generally used to treat dielectric
materials such as alumina [1], silica or perovskites (Ba(Zny,
3Tay;3)05 [2], Ba(Mg;/3Tay3)O5 [3]). Heating is hence
produced by dielectrics losses consecutively to the interaction
between the material and the electric field. The well known
Eq. (1) gives the relation between the dissipated power (Py) and
the electrical field (E) (f is the frequency, ¢ is the imaginary
part of the permittivity and tan (8) is the dielectric losses [4]).
Nevertheless, other works have investigated the contribution of
the magnetic field (H) to the heating of materials with non
negligible conductivity (o ~ 1072 Q" cm™"). The microwave
sintering of various materials such as LaCrOj [5], LiFesOg [6],
YBa,Cu307_5[7,9] highlights this mechanism. In this case, the
dissipated power is proportional to the square of the magnetic
field (Eq. (2)).
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From a practical point of view, the use of a susceptor can be
envisaged when materials are poorly absorbing. This method
consists in using an absorbing susceptor which transmits the
energy to the sample by infra-red radiation. This ‘indirect’
microwave heating could reduce the heating anomalies like cut-
off, run-away, etc. [4]. Moreover, large range of materials
(semi-metallic to insulator) could be easily performed with
this process because, using a susceptor, the materials properties
have low influence on the heating process. In this article, we
report the high temperature sintering of LaggSrg,MnOj
(LSMO) and BaZrO5 (BZ) compounds by indirect microwave
process exploiting the contribution of the magnetic field. These
materials have different properties (LSMO is magneto-resistive
and BZ is insulator). The goal is to demonstrate how microwave
heating, owing to an appropriate susceptor, can be successfully
used to sinter rapidly a large variety of refractory materials.

2. Experimental procedure
2.1. Microwave process

The starting chemical pure lanthanum hydroxide, La(OH);
(Rectapur 99.9%), strontium carbonate SrCO; (Diopma
99.99%) and manganese oxide MnO, (Cerac 99%) reagents
have been mixed according to the stoichiometric proportions
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Fig. 1. Pictures of indirect microwave single-mode cavity process.

using semi-planetary grinder (Fritsch) for 45 min in dried
condition. In the case of BZ, commercial powder was utilized
(Johnson Matthey 99%). Cylindrical samples (5 mm diameter
and 120 mm height) were made from precursor powder using
cold isostatic pressure of 3000 bar. The cylinder bar was fixed
in a rotary support and placed in the center of the microwave
cavity where a dense SiC tube is located to act as susceptor
(show Fig. 1). The bar as well as the susceptor is positioned
perpendicularly to the electrical field. This bar could be
translated vertically at various speeds. The equipment
constitutes of a microwave generator (2.45 GHz Sairem
GMP20KSM) which delivers variable power from 0 to
2000 W. A rectangular waveguide (WR340) allows the
transport of the microwave radiation to the rectangular
TE10p cavity [8]. This specific symmetrical resonant cavity
[8] allows the transfer of the microwave energy to the susceptor.
Optimal transfer is achieved owing to:

(i) the tuner (impedance agreement accord);

(i) the movable distance between the coupling iris and the short
circuit piston which is tuned to be at the TE;p, mode.
During the process, temperatures were measured by bicolour

pyrometer (Williamson).

2.2. Materials characterizations

All the materials synthesized were characterized by
scanning electron microscope-SEM (Philips FEG XL’30)
couple to EDX (Oxford). The X-ray powder diffraction pattern
was recorded at room temperature by Rigaku apparatus using
Cu Ka radiation. Magnetic moment and transport properties
were measured using a SQUID and a PPMS set-up from
Quantum Design, respectively. In the case of BZ, the dielectric
measurements performed at 1 MHz were carried out versus
temperature (—60 to 160 °C) using an RLC Bridge (Flucke
PM6306) and the resistivity was measured using a SEFELEC
DMS500A megohmmeter at 1 kV.

3. Results and discussion
3.1. LSMO sintering study

Bar samples of LSMO were positioned into the cavity and no
transition was applied. The microwave exposure time was fixed
at 10 min. Several microwaves input powers have been
selected: 700, 750, 800, 900, 950 and 1000 W. Each sample
is named, respectively, MW700, MW750, MW800, MW900,
MW950 and MW 1000 according to the power used to treat it.

Temperature—time curves (Fig. 2) recording during the
microwave process shows two different behaviours and
highlight incident power threshold. If the microwave power
is higher than or equal to 800 W, sample temperatures achieve
values higher than the detection limit (2000 °C). Kinetic
heating acceleration (thermal run-away) is observed when
temperatures are above 1500 °C. If the microwave power is
lower than or equal to 750 W, the achieved temperature is about
1400 °C and no thermal run-away occurs. At the end of the
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Fig. 2. Temperature vs. time during LSMO sintering.
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Fig. 3. X-ray diffraction varying as a function of incident microwave power
((%) impurity).

heating, a selected area (1 cm of height) was cut from the
middle of each sample, and characterizations were done on this
selected part.

X-ray analyses were performed on all samples (Fig. 3).
LSMO phase and traces of precursor were observed for samples
MW700 and MW750. In these cases incident microwave
powers were too low for full LSMO synthesis, temperature and/
or process time may be too low. In contrast, the X-ray diagrams
of MW800, MW900, MW950, MW 1000 samples show that a
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unique LSMO phase was obtained. Crystallographic para-
meters were refined by JANA2000 software and these data are
in good agreement with usual parameters [10,11] (for MW900
Rp% =4.79, Rwp% = 6.35, space group: R-3c, a =5.5323 A,
c=13.3776 A).

Samples were sintered in a conventional furnace (ConV) at
1500 °C during 24 h. Raw surface microstructure of conven-
tional sample (ConV) and MW samples (MW800, MW900,
MW950 and MW1000) are shown in Fig. 4. ConV sample
microstructure shows grains poorly connected revealing an
initial stage of the sintering (grains consolidation). In contrast,
MW samples microstructures reveals a dense microstructure
showing that the sintering process is completed.

Grain size statistic analyses (Fig. 5) were performed from
image Fig. 4. Grains sizes distributions are really different
between ConV sample and MW samples except for MW800.
On MW samples, increasing grain size is observed when
microwave incident power increase from 800 to 950 W.

Ferromagnetic-paramagnetic transition on LSMO samples
is shown in Fig. 6. Sharp transition and high magnetic moment
in ferromagnetic state are researched. Temperature transition is
close to 320 K for all MW samples. In the case of MW700,
MW750 and MWS800, samples transitions (150 K) are larger
than those samples MW900, MW950 and MW1000 (40 K).
The largest transition in the case of MW700 and MW750 are
explained by the crystallized impurity phase (see Fig. 3). In the
case of MW800, observed magnetic behaviour could not be
explained so easily, because crystallized impurity phase is not
observed for this sample (Fig. 3). The observed magnetic
behaviour may be explained by the presence of an amorphous
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Fig. 4. SEM of LSMO samples.
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Fig. 5. Grain size image analysis.

impurity, a variation of the oxygen content or by grain boundary

effects [11]. Further investigations are needed to clarify this

point. In the cases of MW900, MW950 and MW 1000, expected

curves of magnetic moment are obtained [11].
Magnetoresistance can be calculated by formula (3) from

resistance at 0 T (Rg) and 7 T (Ry).

MR% = Ru = Ro X

Ry

100 3)
Fig. 7 shows the MR% curves versus temperature for MW
samples. Samples MW800 and MW900 show temperature
transition close to 310K and samples MWO950 and
MW1000 show temperature transition near 320 K. This shift
of temperature transition may be explained by grain size
difference [12]. The highest magnetoresistance values are
measured for sample MW 800, but the magnetic moment versus
temperature of this sample is redhibitory (too large transition
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Fig. 7. Magnetoresistance of MW samples.

see Fig. 6). Magnetoresistance values of samples MW900,
MWO950 and MW1000 are in good agreement with values
usually observed [11]. The sample processed at 900W has
satisfying properties.

A last experiment was done to evaluate the possibility to
have a continuous process. Power was fixed to 900 W and
samples were translated at 4 cmh™'. Physical properties
variation along the bar was studied in order to control the
homogeneity of the properties (Fig. 8). One could underline
that properties were not function of the position except for the
end of the bar where properties were degraded. Average
values of temperature Insulator-Metal transition (71_y) at O
and 7T were close to 326 and 384 K, respectively.
Magnetoresistance peak intensity (MR) was close to 60%
at 307 K (Tmax(MR)). Samples were hence successfully
obtained and properties were comparable to those measured
on static samples. Acceptable microwave radiation leakages
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Fig. 6. Magnetic moment vs. temperatures.
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Fig. 9. BaZrO; dielectric measurement and picture of BZ sample.

were measured when samples were exiting the device (lower
than 10 mW cm ™2 at 5 cm).

3.2. BZ sintering study

BZ samples were sintered by the same process, at 900 W and
4 cmh™'. Relative density of BZ samples (Fig. 9) is measured
by Helium pycnometer is near 96.4% of theoretical density. X-
ray diffraction and refinement exhibit the BaZrO; phase (SG:
Pm-3m, a =4.1932(1) A Rp: 6.12%, Rw: 8.35%). Dielectric
properties at 25 °C (Fig. 9) of BZ sintered in our experimental
condition exhibit satisfying values [13]: relative permittivity,

=27.8; dielectric losses, tan (§) < 10~* and insulator res-
istivity, p; = 1.4 x 10" Q cm.

4. Conclusion

This work reports the synthesis and the sintering of LSMO
phase using a microwave TE10p cavity. The use of a susceptor
in SiC appropriatively positioned into the cavity, has
demonstrated that it is possible to synthesize by solid state
LSMO phase and to sinter at the same time. The properties
found of the ceramic are as good as the properties obtained
classically. It is also shown the possibility to have a continuous
process. The described process has also permitted the sintering
of BZ, a dielectric material. These results highlight again the
efficiency of the process.

Acknowledgment

D. Grossin is grateful to the “French Minister of Education,
Research and technologies” for his Ph.D. fellowship.

References

[1] W.H. Sutton, Microwave processing of ceramic materials, Ceram. Bull. 68
(1989) 376-386.

[2] B. Vaidhyanathan, D.K. Agrawal, T.R. Shrout, Fang Yi, Microwave
synthesis and sintering of Ba(Mg;,3Ta,3)O3, Mater. Lett. 42 (2000)
207-211.

[3] D.K. Agrawal, Microwave processing of ceramics, Curr. Opin. Solid State
Mater. Sci. 3 (1998) 480-485.

[4] S. Marinel, Microwave processing of materials: from fundamental aspects

to a practical approach, Recent. Res. Dev. Mater. Sci. Eng. 1 (2002) 163—

176.

H.K. Park, Y.S. Han, D.K. Kim, Synthesis of LaCrO; powders by

microwave induced combustion of metal nitrate—urea mixture solution,

J. Mater. Sci. Lett. 17 (1998) 785-787.

M. Aliouat, L. Mazo, G. Desgardin, B. Raveau, Microwave sintering of

spinel-type oxides, J. Am. Ceram. Soc. 73 (1990) 2515-2518.

D.R. Baghurst, A.M. Chippindale, D.M.P. Migos, Microwave syntheses

for superconducting ceramics, Nature 332 (1988) 311.

S. Marinel, G. Desgardin, A New inductive furnace based on microwave

irradiation for growing long YBa,Cu;0;_s single-domain bars, Adv.

Mater. 10 (1998) 1448-1452.

[9] S. Marinel, D. Grossin, O. Perez, F. Delorme, Z.H. He, C.Y. Lu, Crystal
growth orientation and microstructure of YgoCag1Ba,Cu;0;_s melt
grown bars, J. Cryst. Growth 277 (2005) 437-444.

[10] A. Hassini, M. Gervais, S. Roger, P. Simon, J. Lecomte, N. Raimboux, F.
Gervais, Upshift of ferromagnetic—paramagnetic phase transition tem-
perature of LaggSro,Mn;_,Ru,O; probed by electron spin resonance,
Solid State Sci. 4 (2002) 907-910.

[11] D. Grossin, J.-G. Noudem, Synthesis of fine Lag gSro,MnO; powder by
different ways, Solid State Sci. 6 (2004) 939-944.

[12] N. Zhang, W. Ding, W. Zhong, D. Xing, Y. Du, Tunnel-type giant
magnetoresistance in the granular perovskite LaggsSrg1sMnO3, Phys.
Rev. B. 56 (1997) 8138-8142.

[13] A.-M. Azad, S. Subramaniam, Temperature dependence of the dielectric
response of BaZrO; by immittance spectroscopy, Mater. Res. Bull. 37
(2002) 11-21.

[5]

[6]
[7]

[8]



	Materials processed by indirect microwave heating in a �single-mode cavity
	Introduction
	Experimental procedure
	Microwave process
	Materials characterizations

	Results and discussion
	LSMO sintering study
	BZ sintering study

	Conclusion
	Acknowledgment
	References


