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The objective of this work is to study the changes in the physical and mechanical properties of strontium-doped
lanthanum manganite (LSM) material and LSM-YSZ (ZrO doped with 8 mol% yttria) composite, obtained by
colloidal processing and sintered by 2.45 GHz microwave sintering at 1200 and 1300 °C using two different
single-mode cavities. One circular cavity with TE;;; mode that has maximum in the electric field (E-field) and
one rectangular cavity with TE;p2 mode that has maximum in the magnetic field (H-field). As compared to

conventional sintering at 1300 and 1400 °C, the microwave-heated samples exhibited a denser structure for
shorter sintering times. LSM-based materials showed higher heating behavior in H-field, which translates into
higher energy absorption. This fact can be attributed to an electromagnetic pressure induced by the combined
effect of current loops subjected to H-field. Therefore, the interaction between the material and the electro-
magnetic waves depends on the dominant field of them.

1. Introduction

Strontium doped lanthanum manganite (LSM) with general formula
La; _4xSryMnOs belongs to the family of perovskite materials. Manganite-
based perovskite-type oxides have attracted much attention for the
different technological applications that can be built through their
peculiar electronic and magnetic features [1,2]. Technically applied
stoichiometries have been developed based on a compromise between
their conductivity, thermo-chemical properties and long-term chemical
stability, as well as their electrochemical properties within composites
[3,4]. LSM exhibits ferromagnetic behaviour at room temperature due to
properties like the colossal magnetoresistance and magnetocaloric effect
[5]. Unfortunately, LSM materials exhibit poor ionic conductivity [6].

Some material properties such as ferromagnetism and electronic
conductivity are fundamental for the sinterability by microwave tech-
nology. Electromagnetic waves are composed by an electric field (E) and
a magnetic field (H) that are perpendicular to each other. The processing
of a material using microwave technology depends on its dielectric and
magnetic properties as the electric field and magnetic field components
interact with the material during irradiation [7]. The mechanism of heat
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generation during microwave-material interaction is complex. The
electric and magnetic field components of microwave induce changes in
the orientation, position and motion of dipoles, free electrons, domain
wall and electron spin during material processing [8]. The electric field
component of microwave is responsible for the dielectric heating. In the
frequency range of microwaves, the dielectric heating is affected via two
primary mechanisms, dipolar polarization and ionic conduction. The
dipolar polarization mechanism is the primary principle of microwave
dielectric heating that involves the heating of electrically insulating
materials by dielectric loss [9]. In the conduction mechanism, an electric
current is created due to the movement back and forth of the mobile
charge carriers under the effect of the microwave E-field.

Recently, the microwave magnetic field (H) heating has received
increasing attention over the electric field heating due to its superior
advantages for some materials [10]. Peng et al. reported that microwave
magnetic field was more efficient than electric field and magnetic loss
can be in the order of four times greater than the dielectric loss in the
microwave heating of ferrites [10]. Furthermore, in microwave heating
of ferromagnetic powders a strong contribution by the H-field interac-
tion with matter has been reported, which can be significantly higher
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Fig. 1. Detail of the sample mounting inside the mono-mode circular cavity.

than the electric field in regions of predominant magnetic field [11-14].
Nowadays, the main mechanisms for microwave H-field heating are
eddy current losses, hysteresis losses, magnetic resonance losses and
residual losses [9]. Other authors englobed the magnetic resonance
losses inside the residual losses, leaving three principal: eddy current
losses, hysteresis losses and residual losses [15]. The eddy currents are
generated in conductor materials that are exposed to a changing mag-
netic field during microwave processing. These eddy currents are
induced in the form of close loops on all magnetic domains that are
present at the surface layer of a conductor. Hysteresis loss is caused by
the irreversible magnetization process in the alternating magnetic field
[16]. When a magnetic material is exposed to an alternating magnetic
field an oscillation of the magnetic dipoles occurs as the magnetic poles
change their polar orientation. This rapid flipping generates a substan-
tial friction and heating inside the material. The residual losses
contribute to the heating but in a small proportion compared with the
eddy current losses and hysteresis losses [16,17]. Domain wall reso-
nance losses and electron spin losses are considered residual losses
components [18].

Due to their ferromagnetic and electric conductivity properties
Lag gSrp.oMnOs materials can be sintered using both electric and mag-
netic fields. To this day, no studies have been found concerning the ef-
fect of a constant electric or magnetic field on the physical properties of
LSM-based ceramics during sintering. The aim of this work is to study
the sinterability of LSM and LSM-YSZ ceramic materials through two
different microwave cavities, one with maximum E-field and another
one with maximum H-field. The microstructural features and the me-
chanical properties are also studied in order to evaluate the possible
differences caused by the different heating mechanisms.

2. Experimental procedure
2.1. Raw materials processing and conventional sintering

Commercial Lag gSrp.2MnOs powder (INFRAMAT, Advanced Mate-
rials, USA) with an average particle size of dsp = 0.25 pm, a BET specific
surface area of 2.8 m2/g and a density of 6.31 g/cm® and commercial,
high-purity yttria stabilized zirconia (YSZ) with 8 mol% Y503 (TZ8YS,
Tosoh Corp., Japan), with an average particle size of 0.4 ym, a BET
specific surface area of 4.7 m?/g and a density of 5.90 g/cm® were used
as raw materials.

The preparation of the mixtures was performed after optimizing the
zeta potential of both LSM and YSZ suspensions and the rheological
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Fig. 2. Detail of the mono-mode rectangular cavity, with the pyrometer and the
sample inside.

behavior of the mixture LSM-YSZ. Concentrated suspensions of LSM and
LSM-YSZ were prepared in water at a solid loading of 30 vol%. The
mixtures were prepared with a relative volume content of 50:50
following a sequential addition, adding first the deflocculant necessary
to disperse YSZ (0.5 wt% on a dry solid basis) and then the YSZ powder,
and thereafter the deflocculant needed for the LSM (1.5 wt% on a dry
solid basis) prior to the LSM powder. The optimized slurry of the mixture
was then frozen using a rotavapor (IKA, Germany) in a liquid-N; bath
and subsequently freeze-dried (Cryodos-50, Telstar, Spain) at — 50 °C
and 0.3 mPa for 24 h to sublimate the ice.

Freeze-dried powders were compacted by uniaxial pressing at 100
MPa in a cylindrical steel die with a height of 3 mm and a diameter of 10
mm. These compacts were sintered via conventional sintering (CS) at
1300 °C and 1400 °C with a holding time of 2 h, and a heating rate of
10 °C/min, in atmospheric conditions (air). The samples were then
cooled freely to room temperature.

2.2. Design of the microwave cavities

The microwave sintering was performed using two different
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experimental microwave set-ups: A single-mode cylindrical cavity
operating in the TE;;; mode with maximum E-field in the centre of the
cavity [19] (Fig. 1), and a rectangular microwave cavity operating in the
TE102 mode with maximum H-field in the centre of the cavity (Fig. 2). In
both cavities, the sintering process was performed with a frequency of
2.45 GHz and using a maximum power of 350 W. The final sintering
temperatures were 1200 °C and 1300 °C, with a holding time of 15 min
in atmospheric conditions (air). In order to avoid thermal tensions and
cracks in the samples during the sintering process it was stablished an
optimum heating rate of 50 °C/min. Sintering temperatures were
measured on the sample surface with the aid of an optical pyrometer
(OPTRIS GmbH, Berlin, Germany) previously calibrated (emissivity) for
the selected temperatures.

A key factor to obtain reproducible heating cycles with identical
heating ramps is the proper insulation of the sample. Thermal insulation
plays a major role since it must not only minimize the heat loss from the
surface, but will help optimize power distribution between the sample
and the insulating material. Xu et al. [20] reported the impact of insu-
lation on the increase in heating rates and the reduction of temperature
gradients.

As can be seen in Figs. 1 and 2, the sample is placed in the center of
the cavity inside a quartz tube. Inside this tube, the sample is placed in a
box surrounded by alumina fiber, which is totally transparent to mi-
crowaves and helps to create a good thermal insulation, reducing the
thermal radiation on the sample. Due to the high and runaway heating
microwave radiation absorption of the LSM materials, it is necessary to
perform a setup for the electric and magnetic heating, as shown in Fig. 1
right (sample mounting), in which a SiC ring (very microwave absorbing
material) is placed between two alumina fiber layers, to assure that the
sample is not in contact with the SiC ring. Therefore, one way to avoid
the heating runaway of LSM materials inside a microwave cavity is to
use another material that absorbs part of the microwaves penetrating the
cavity and this helps to control the LSM from absorbing all the radiation
present. The susceptors are classically used to follow the heating cycle
and balance the thermal field in the sample [21]. The aim is to control
the heating rate of the LSM and LSM-YSZ materials homogeneously and
with a controlled heating ramp of 50 °C/min.

Fig. 2 shows the magnetic heating cell, consisting of a rectangular
waveguide where the resonant mode is TEjpp. The last number (2)
means that the electric field has a minimum in the center, and, conse-
quently, there is a maximum of the magnetic field. To match the working
frequency, and similarly to the circular cavity (Fig. 1), a tuning engine is
located at the end of the cavity to match the resonant frequency to the
one provided by the magnetron. The tuning engine consist of a movable
short-circuit that tunes the cavity.

2.3. Characterization methods

The materials present electric and magnetic effects that have not
been measured individually but validated by the perturbation method. It
consists of introducing the sample at different positions, with a
maximum of electric field, to probe the permittivity effect, and in a
maximum of magnetic field, to probe the permeability effect.

The permittivity and permeability values are represented by the
following complex values [22]:

£ =& e o
B=H =Tk
Where ¢, is the dielectric relative constant, expressing the ability of the
material to store electric energy from an external source, and u, the
permeability relative constant measureing the ability to store magnetic
energy. The imaginaries part (¢/ and y) are the loss factors, that in-
dicates the ability of the material to convert this energy into heat [23].

The relative densities of specimens were determined by the
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Fig. 3. Microwave absorbed power and temperature profile during heating/
cooling cycle of the LSM material.

Archimedes’ method following the ASTM-C-373 standard [24]. Theo-
retical densities values of 6.57 and 6.41 g/cm® were used for LSM and
LSM-YSZ, respectively, to estimate the relative density of the sintered
specimens.

Vickers hardness, Hy, values were obtained with a Shimadzu HMV-20
micro-indenter applying a load of 2.93 N for 10 s, and 16 measurements
were taken for each specimen. All samples were polished with 1 ym
diamond paste for a mirror shine finish.

The microstructure and grain size were analyzed in a field emission
scanning electron microscopy (FE-SEM, S4800 Hitachi, Japan). The
grain size was measured using the line interception method following
the ASTM E112 standard [25], with 10 interception lines being traced in
each sample using Image software.

3. Results and discussion
3.1. Microwave absorbed power of the material

For the electric heating, a cavity is designed and adapted to measure
the aboserbed microwave power. To carry out a study under the same
conditions, the quantity of energy supplied by the equipment was
monitored during the complete heating stage to avoid overheating of the
material. The power supplied to the equipment was switched off during
the cooling stage and the samples were cooled freely, without micro-
wave radiation. Fig. 3 presents the absorbed microwave power profile
and the temperature evolution during the complete sintering cycle
(heating and cooling stage) of the LSM material. The peak power
absorbed by the sample during the cycle is achieved at the maximum

Table 1
Sintering conditions, relative density and grain size of materials sintered under
different heating modes.

Material  Sintering Final temperature Relative Grain Size
Method and dwell time Density (%) (um)

LSM CS 1200°C_2h 87.5+£0.1 1.8 £ 0.09
1300°C_2h 94.1 £0.1 3.5+ 0.07
1400°C_2h 96.0 £ 0.1 4.3 +0.09

E-MW 1200°C_15min 75.5£0.1 1.7 £ 0.08
1300°C_15min 88.2 +£0.1 2.1 +0.09
H-MW 1200°C_15min 86.3 £ 0.1 1.3 +0.07
1300°C_15min 96.4 £ 0.1 2.1 +0.08

LSM- CS 1200 °C_2h 88.3 £0.1 0.6 +£0.03

YSZ 1300°C_2h 94.9 £ 0.1 1.5+ 0.09
1400°C_2h 98.1 £0.1 1.8 +0.07

E-MW 1200°C_15min 82.3£0.1 0.7 £0.03
1300°C_15min 94.5 £ 0.1 1.1 +0.04

H-MW 1200°C_15min 89.9£0.1 0.9 +£0.01
1300°C_15min 97.6 £0.1 1.5+ 0.07
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Fig. 4. FE-SEM microstructures of LSM materials sintered by conventional sintering: a) 1300°C_2h, b) 1400 C_2h, E-MW: ¢) 1200°C_15min and d) 1300°C_15min and

H-MW: e) 1200°C_15min and f) 1300°C_15min.

temperature (1200 °C) and was only 140 W. The heating duration is just
70 min and all the complete cycle, until room temperature, is reduced to
90 min, at a cooling rate of 60 °C/min. Therefore, the reduction in
processing time between the conventional and microwave process is
quite remarkable.

In general terms, energy absorption increases linearly with temper-
ature until the maximum peak is reached, and no significant effect is
observed. The material absorbs energy in a controlled way.

3.2. Densification and microstructural evolution

Relative density and grain size values for LSM and LSM-YSZ mate-
rials were evaluated as a function of final sintering temperature and
heating mode, including; electric field (E-MW), magnetic field (H-MW)
and conventional (CS). The obtained values are summarized in Table 1.
It can be appreciated, for both materials, that there are significant dif-
ferences in relative density and grain size behaviour depending on the
heating mechanisms used. At a quick glance, it can be observed that
materials obtained by microwave technology with TE;9, mode (H-MW)
show higher density values compared to materials obtained with TE;;;

5627

mode (E-MW).

The effect of the final sintering temperature was of paramount
importance, as samples sintered at lower temperature (1200 °C) showed
lower consolidation in all heating modes, either by microwave or con-
ventional. Regarding LSM materials, the highest value of relative density
(96.4%) was obtained at 1300 °C in H-MW, which is ~9% higher
compared to that obtained in E-MW under the same conditions (88.2%).
This value is higher than that of the same material sintered in CS at
1300 °C with a longer holding time (2 h) and very similar when using a
final temperature of 1400 °C-2 h.

Figs. 4 and 5, show the FESEM microstructures of polished LSM and
LSM-YSZ samples obtained by CS, E-MW and H-MW. In general, all the
sintering methods follow the same trend and the largest average grain
sizes were obtained at the highest sintering temperatures, where higher
densification is reached. However, some residual porosity can be
observed in all samples.

Grain size values of LSM materials are between 1 um and 5 pm,
approximately. It can be observed that large and small grains coexist and
that at 1400 °C by CS grain growth occurs, reaching a maximum average
grain size value of 4.3 ym. At a temperature of 1300 °C, the value
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Fig. 5. FE-SEM microstructures of LSM-YSZ composites sintered by conventional sintering: a) 1300°C_2h, b) 1400 °C_2h, E-MW: c) 1200°C_15min and d)

1300°C_15min and H-MW: e) 1200°C_15min and f) 1300°C_15min.

obtained for the LSM sample by CS is 40% higher than that obtained by
microwave in both heating modes. Therefore, the microstructure of
samples obtained by microwave, using both heating modes has a much
smaller grain size. Consequently, for better control of grain growth
mechanisms and to obtain high densities at lower temperatures, the use
of microwave sintering is very important, with emphasis on the TE1¢2
heating mode.

On the contrary, as can be seen, the average grain size of the LSM-
YSZ composites is much smaller than that of the LSM materials, all
below 2 pm, and the introduction of a second phase of YSZ has a more
significant effect on the composites obtained by CS than on those ob-
tained by microwave. The final grain size at both 1300 °C and 1400 °C is
~60% smaller than that of the LSM materials obtained by CS (Fig. 4a
and b). With respect to the composites obtained by E-MW and H-MW the
grain size is 45% and 30% smaller, respectively, than LSM material
(Fig. 4c, d, e and f). In general, the microstructure observed is very
homogeneous and similar in all LSM-YSZ composites. The grain size
obtained at 1300 °C by CS is equivalent to that obtained by H-MW at
1300 °C (1.5 pm). An important fact to consider is that LSM-YSZ com-
posites are denser than LSM samples under all sintering conditions.
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In addition, Figs. 4 and 5 show that better sintering behaviour occurs
under controlled magnetic field. The densities for a 15 min holding time
for the LSM-YSZ composites heated by microwave at 1300 °C in E and H
field are 94.5% and 97.6%, respectively. The final densities after
120 min residence time at 1300 °C in CS are 94.9%.

Roy et al. reported that compared to conventional heating, higher
mass and charge transfer occurs in E-MW and H-MW ceramics [26]. The
authors reported that the different materials show different heating
behaviour in the E and H field, respectively. Regarding LSM and
LSM-YSZ, both can be heated using pure E and H fields, but it was
observed that they show much higher absorption in the pure magnetic
field, thus generating higher heating rates. In semiconductor materials,
it is well accepted today that the H-field induces current loops that are
responsible for the heating of the samples [27].

Badev et al. [15] proposed that Laplace forces act as an electro-
magnetic pressure induced by the combined effects of current loops
under a microwave electromagnetic field. The interaction of the current
loops with the H-field could be assumed to result in radial Laplace forces
applied on the grain, which in turn leads to improved particle contact
and enhances the diffusion mechanisms. This can create a
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Fig. 6. Hardness vs sintering temperature of sintered LSM material and LSM-YSZ composite with different heating modes.

rearrangement of the particles in the material, thereby increasing the
kinetics of densification and grain growth.

The higher relative density values obtained by the sinterability
through TE;o microwave at the same temperature (1300 °C) enhances
the importance of the magnetic losses that in the case of these materials
have a huge repercussion on their densification and also on the me-
chanical properties that will be exposed afterwards. The basic use of
these materials is as electrolyte in solid oxide fuel cells (SOFCs) com-
ponents, which require about 95% of densification. Related to this, high
densities have been achieved showing the high potential of the micro-
wave sintering technique, being able to fabricate ceramics with
controlled porosity by reducing the temperature and dwell times.

It is known that in conventional process the heat transfer is per-
formed by radiation of the resistors to the sample surface and trans-
mitted to the core through conduction. On the other hand, microwave
radiation is absorbed by the material from the core of the sample to the
surface; this is volumetric heating.

3.3. Hardness behaviour

Fig. 6 shows the evolution of the hardness as a function of the final
sintering temperature of the LSM materials and the LSM-YSZ composites
obtained by microwave technology (E and H heating-modes) in com-
parison with the conventional sintering method. It can be observed that
the density and the final grain size obtained have an important role in
achieving high hardness values. At a first glance, it can be seen that the
samples with lower densities have the lowest hardness values.

In general, the LSM-YSZ composite exhibits higher hardness values
compared with the LSM material. This increase in the hardness values is
due to the reinforcing properties of zirconia. All composites have a
hardness higher than 6 GPa, reaching maximum values > 11 GPa. This
is a considerable increase with respect to the LSM material, whose
hardness values are in the range of > 2 and ~7 GPa. On the other hand,
a clear difference can be observed with respect to microwave sintered
materials. LSM obtained by magnetic mode presents a hardness between
25% and 45% higher than those obtained by electrical mode at 1200 °C
and 1300 °C, respectively. With respect to CS sintering, both at 1200 °C
and 1300 °C, hardness values below those obtained by H-field sintering
are also obtained. As discussed above, higher densities are achieved with
H-MW cavity, thus leading to better mechanical properties. This
behavior is also observed in the composite. Samples sintered by mag-
netic field exhibit improved hardness values, evidencing the great
impact of H-field interaction with ferromagnetic materials such as LSM
and its composites.
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4. Conclusions

The sintering behaviour results of LSM and LSM-YSZ samples show
that an almost fully dense ceramic with grain growth suppression can be
obtained using electric and magnetic microwave sintering cycles. As
compared to conventional sintering, the use of the rapid microwave
heating technique led to higher densification of LSM and LSM-YSZ
materials at lower sintering temperatures. The use of H-field micro-
wave heating resulted in denser and more uniform microstructures in
comparison to E-field microwave sintering. This superior heating
behaviour in H-field is due to the field-induced current loops and the
subsequent generation of Laplace forces applied to the grain, which
enhances the diffusion mechanisms promoted by densification. These
are very promising results facing the achievement of controlled and
tailored microstructures in ceramic materials.

In summary, an efficient microwave sintering process would allow
the fabrication of components with controllable macroscopic shape and
structure characteristics (such as grain size). Solving such problems re-
quires multiscale approaches and special optimization techniques. The
incorporation of new advances in studies of the microwave electro-
magnetic field on mass transport phenomena should lead to the devel-
opment and industrial mastery of a microwave sintering technology
capable of producing high quality materials with novel microstructures
and unique properties.
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