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Abstract

In microwave (MW) sintering, samples directly heat by absorption of the electromagnetic field,
leading to a fast volumetric heating. Thus, the materials are heated thanks to their own dielectric
properties. In multimode cavities, samples are always heated with a sintering cell in order to
get an insulation of the samples and a heating homogeneity. However, to date, very limited
research has been carried out to study the effects of materials used in the sintering cell. In this
paper the microstructure and densification of Al.Oz and 3Y-TZP were investigated and
compared between three different sintering cells. The used sintering cell contains three main
elements: thermal insulators, a SiC susceptor and a protective mullite tube. Higher final
densities (98.3+0.6% and 98.6 £0.6% of T.D. for Al>Os and 3Y-TZP respectively), lower
densification temperatures and better microstructure homogeneity were obtained by using the
sintering cell containing both mullite tube and SiC susceptor. But, sintering using the sintering
cell without the SiC susceptor was also possible, especially for the lowest lossy material,i.e.,
Al>Oz. This can be explained by a possible susceptor effect of the mullite tube. However, the
microstructural observations showed a difference of homogeneity in the microstructure for
Al;03 and 3Y-TZP with some sintering cells. It can be linked to the difference of dielectric
properties of the two materials. The influence of the sintering cell is less critical for 3Y-TZP,

which couples better with MW than Al>Os. It was also observed that densification curves were
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switched to higher temperatures during sintering with the presence of SiC susceptor and without

mullite tube. These results were justified by an error in the temperature measurement of the IR-

pyrometer.
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1. Introduction

Ceramics are widely used in several applications. These materials demonstrate advantageous
properties such as high temperature stability, corrosion resistance, wear resistance and attractive
mechanical properties. Alumina (Al203), zirconia (ZrOz) and bioactive ceramics (i.e., calcium
phosphates) are, today, the most known and used ceramics especially in biomedical applications
[1-3]. Ceramic processing involves three main steps: synthesis of powders, shaping and
sintering. In general, conventional (CV) sintering consumes a high amount of energy and time
due to the long duration and high temperatures required. Meanwhile novel processes as Spark
Plasma Sintering (SPS) [4,5], induction sintering [6,7], flash sintering [8,9] and microwave
(MW) sintering [10] were developed in order to be faster and more efficient. MW sintering has
been studied in recent decades and it is considered as an interesting alternative method of
sintering for fabrication of ceramic materials [10]. In MW sintering, the material interacts
directly with the electromagnetic field, causing a volume heating of the samples [11].
Consequently, it leads to higher heating rates and to a uniform temperature distribution within
the solid. Compared to CV sintering, MW sintering can reduce processing times and lead to
energy savings [10,11]. Under MW field, a material heats by its own dielectric properties. Two
principal dielectric properties are responsible of coupling capability of materials: the complex
permittivity (€*) and the loss tangent (tan o) [12]. €* can be defined by the following formula:
e* = ¢ —je" where €' is the dielectric constant and € is the dielectric loss factor. The loss
tangent is defined as tan(a) = €'’ /€’. The higher dielectric loss factor, the more material
couples with the electromagnetic field (EM) and heats up quickly.

For an effective MW sintering, samples must always be placed in an insulation box. This
insulation system contains the susceptor and thermal insulators. The latter are used to minimize
heat losses from the sample and the susceptor by conduction and radiation. Alumina or

aluminosilicate based materials are usually used as thermal insulators because they follow the



main requirements for MW applications: transparency to microwave, stability at high
temperature and low thermal conduction [13]. To ensure better insulation, some studies have
used multilayer thermal barriers of materials that remain transparent in microwaves above
1000°C [14]. Even if these thermal insulators used in the sintering cell are chosen for their
transparency, some studies showed that they can absorb a part of the MW. For example,
Garnault et al. [15] tested different sintering cells for MW sintering of Al,Ozand 3Y-TZP in a
single-mode cavity. They demonstrated that the sintering cell could act as a susceptor in some
conditions. The influence of the sintering cell can become more important when the sample is
sintered in a multimode cavity. In this type of cavities, the weight of thermal insulators is
generally higher than the weight of the sample to sinter. Therefore, the influence of the sintering
cell is possibly more important in a multimode cavity, compared to a single-mode one.

Many authors worked about microwave sintering of oxide ceramics, especially alumina and 3
mol% yttria tetragonal zirconia polycrystal (3Y-TZP) [16-18]. Literature shows that these
materials are often sintered with the help of a susceptor. The susceptor is a material which
strongly couples with MW and can transmit heat to the sample, mainly via radiation [13]. In
the case where a susceptor is used, MW heating is called hybrid or indirect heating. Silicon
carbide (SiC) is often used as a susceptor to sinter materials with low dielectric loss as Al20O3
[19] or materials with brutal changes of dielectric properties as 3Y-TZP. This later couples
better with MW than Al>Osz but its loss tangent increases sharply with temperature [20,21].
Without susceptor, this behavior can create difficulties to control its heating rate under MW,
and thus to control the sintering cycle [15,22].

The susceptor can take different shapes as rod-like (picket fence arrangement), tubular, rings or
powdered form. The advantage of the picket fence arrangement is that the positioning of these
rods does not make a screen to MW due to the gap between the used bars. This gap is generally

filled with the insulation material in order to prevent heat loss. Janney et al. [23] sintered



zirconia samples with a direct and indirect configuration in a 2,45 GHz MW cavity. In this
study, they used a "picket fence™ arrangement in order to provide a hybrid MW sintering of
zirconia samples. In this arrangement, the samples were surrounded by SiC rods and zirconia
bulk fiber insulation [23]. Compared to the direct sintering, using the picket fence allowed to
achieve higher final densities and to prevent crack during sintering. Powdered susceptor was
also very used for alumina and zirconia MW sintering [14]. In this case, the samples are
embedded within the susceptor powder. The quantity of susceptor powder should be determined
in order to ensure that the sample was adequately exposed to the electric field. Ramesh et al.
used this type of susceptor for alumina and zirconia hybrid MW sintering [14]. High densities
of 99% and above 95 % were achieved for yttria stabilized zirconia and alumina, respectively
[24]. Then, susceptors with a tubular configuration were used but presented some problems
[24]. The tube surrounding the samples can lead to a screen effect for MW. Zhao et al. [25]
used a tubular SiC susceptor during a single mode cavity sintering of alumina and zirconia.
They demonstrated that MW can partially penetrate the thin susceptor and give a hybrid
sintering of the ceramics. Nowadays, the most used susceptors are rings [16] and plates [26].

The nature of susceptor can also have an influence on the efficiency of the hybrid MW sintering.
Heuguet et al. studied the influence of the materials used as susceptor to sinter alumina [27].
They demonstrated that a zirconia susceptor favors a direct MW/alumina interaction whereas a

SiC susceptor leads to a mainly indirect heating.

As reported above, various studies of MW sintering of ceramics have been performed with
different types of sintering cells (i.e., materials, geometries). But, the influence of these
sintering cells is more rarely addressed. It has to be noted that the use of MW sintering at
industrial scale is possible in 2,45 GHz multimode cavities because their dimensions enable to

sinter large pieces (contrary to single-mode cavities). Therefore, understanding the role of each



material placed in the cavity is important in order to optimize the design of future cavities and
sintering cells.

The aim of this work is to study the effect of a sintering cell during MW sintering of alumina
and zirconia in a multimode cavity. Alpha alumina (a-Al203) and 3Y-TZP were chosen due to
their different dielectric behavior as mentioned previously. This work was performed in a MW
instrumented cavity designed during previous studies [15,27]. This MW device allows for
heating ceramic materials with a precise control of heating cycles and it is equipped with
pyrometers and optical dilatometry to monitor sintering [28]. The sintering cell used in this
work contains different elements and was also designed during previous studies [20,21].
Alumina and 3Y-TZP pellets were sintered in this cavity, using different configurations of the
sintering cell. The sintered materials were characterized in terms of final densities and grain

sizes.

2. Experimental procedures

2.1. Samples preparation

High purity (99.999%) commercial a-Al>2O3 powder with an average particle size of 125 nm
and a specific surface area of 15 m?/g (BMA-15, Baikowski International, France) and 3Y-TZP
powder (99.99% of purity, TOSOH Corporation, Japan) with an average particle size of 40 nm
and a specific surface area of 16 m?/g, were used as starting materials. The compositions of a-
Al>,Oz and 3Y-TZP powders are given in Erreur ! Source du renvoi introuvable. and Erreur !
Source du renvoi introuvable., respectively. The powders were prepared by colloidal process.
The suspensions were prepared by adding the powders to an aqueous solution of 2.7 wt% of
dispersant (DARVAN CN, Vanderbilt minerals, LLC). The pH of the solution was adjusted to
10 by addition of NaOH. After adding of 2 wt% of polyvinyl alcohol (PVA) binder (Rhodoviol

4/125; Prolabo, France) and 1 wt% polyethylene glycol (PEG) plasticizer (Mw 1500; Prolabo,



France), the suspensions were ball-milled using 2 mm Al>Os balls for 18 hours. Finally, the
suspensions were spray-dried with a spray-dryer (Mini Spray-Dryer Buchi 190)

The spray-dried powders were shaped into disks by uniaxial pressing (12 mm diameter with 4
mm thickness) at 50 MPa and then isostatically pressed at 300 MPa. The organic additives were
removed with a heating treatment at 1°C/min up to 600°C with a dwell of 1 hour in air. The
green bodies had a density from 50% to 53% of T.D (theoretical densities, which are 3.987

g/cm?® and 6.07 g/cm? for Al,O3z and 3Y-TZP, respectively).

2.2. The multimode MW cavity

MW sintering experiments were performed in an instrumented MW heating system designed
and described by Zymelka et al. [39]. The main elements of the device are presented in this
section: the cavity itself, the pyrometer, the optical dilatometry and the Labview software.

The MW furnace was a multimode cuboid cavity (dimensions of 430 mm x 430 mm x 490
mm). MW were produced by a magnetron powered by a 3kW generator (GMP30K, SAIREM,
France) working at a fixed frequency of 2.45 GHz. This cavity was equipped with a IR
pyrometer to follow the thermal cycle and a CCD camera to follow the shrinkage.

A bichromatic pyrometer (Lumasense Technology, Germany) sensitive to the wavelength
between 2 and 2.5 um, working in the 250-1800 °C temperature range was used. To obtain an
accurate value of temperature, it is necessary to know the ratio of apparent emissivity k in the
experimental conditions. Therefore, a calibration method based on the melting point of a
metallic calibration material was used as described by Zymetka et al. [28,29]. In this study,
palladium (melting temperature of 1550 °C) was used as the calibrating material. A small
amount of this material was inserted in a small hole engraved in the sample’s surface. When
the metal started to melt, the ratio k of the pyrometers was calculated to match the pellet
temperature with the one of the palladium melting temperature. The calculated average values

of the ratio k were 1.01 and 0.9547 for Al>Os and 3Y-TZP, respectively.



Optical dilatometry was used to record the pellet’s shrinkage during sintering. The procedure
used in this work was previously described by Zymelka et al. [28], Zuo et al. [16] and Meunier
et al. [30]. A high-resolution CCD camera (SLC2050MTLGEC; 14-bit, 1600 9 1200, SVS-
VISTEK, Seefeld, Germany), recorded pictures of the flat circular surface of the pellet during
the thermal cycle. Then, the recorded images were processed by a dedicated homemade
Labview® software (National Instruments, USA) which detected the pellets’ edges to measure
the diameter. The program finally output the evolution of the pellet’s diameter during sintering.
Then, these data were used to plot the evolution of the instantaneous density versus temperature.
For this purpose, the instantaneous density during sintering was calculated thanks to Eq. 1,

taking into account the anisotropy shrinkage ratio o (Eq. 2).
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Where p(?) is the instantaneous density of the sample, ps the final density, hs the final height, ho
the initial height, D the final diameter, Do the initial diameter and D(t) the instantaneous
diameter.

The thermal cycle was controlled by a specific homemade LabVIEW software. It used a PID
controller based on the temperature measured by the pyrometer. The incident power delivered
by the generator was continuously adjusted during the sintering cycle to match the measured
temperature with the set temperature. It also recorded the data (microwave power, temperature,

images) useful to control the thermal treatment and to plot the dilatometric curves.



2.3. The sintering cell

The green samples were positioned in a sintering cell (Figure 1) in order to optimize their
insulation and guarantee their homogeneous heating. The sintering cell used in this study was
mainly made of different plates of aluminosilicate fibers (KVS 184-400, RATH®, Germany) as
thermal insulator. This material was used because it meets the requirements of MW
applications: transparency to MW, stability at high temperature (to 1800 °C) and low thermal
conductivity (0.33 W.m LK™ at 1400 °C). Inside the cell, the sample was placed on two
alumina sample holders to record images of its flat surface. A SiC ring was used as susceptor
to initiate samples’ heating. A low lossy mullite tube (C610, AMTS, France) surrounded the
sample. This tube was used to minimize the susceptor radiation to the sample at high

temperature.

2.4. Sintering experiments and samples characterization

The MW thermal cycles were performed in the multimode cavity described in the section 2.2.
In order to study the influence of the elements of the sintering cell, the samples were sintered
with three different sintering cells presented in Table 3. The three different sintering cells
contained the thermal insulators and differed by the presence or absence of the SiC ring and the
mullite tube. Table 5 describes the three sintering cells, noted S, M and SM.

The following thermal cycle was applied for all the MW sintering experiments: heating to
1550°C at a heating rate of 25°C/min and a dwell time of 10 min at the peak temperature. A
unique thermal cycle was used for Al,Oz and 3Y-TZP to facilitate the comparison between
them. The sintering temperature was chosen according to dilatometric experiments carried out
in a conventional dilatometer with the pellets, not shown here. Densities were measured by
Archimedes’ method with absolute ethanol as the liquid medium. Theoretical densities of 3.987

g.cm and 6.07 g.cm™ were used to calculate the relative densities for Al.Os and 3Y-TZP,



respectively. The microstructures were observed using Scanning Electronic Microscopy (SEM,
Zeiss SUPRAB5VP, Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Before observation,
the samples were cut, polished until mirror surface finishing and thermally etched at 1480 °C
during 10 min. The average grain sizes of Al,Oz and 3Y-TZP samples were measured by image
analysis using the ImageJ software by the linear intercept method on at least 400 grains. This

was carried out at different locations on the cut surface (near the surface and in the center).

3. Results
3.1. Power evolution during sintering

Figure 2 and Figure 3 present the evolution of temperature, incident (Pi) and absorbed (Pabs)
MW powers during the sintering cycles of Al>O3 and 3Y-TZP, respectively for the various
sintering cells.

Figure 9(a) compares the power evolution during sintering of Al>O3 between the SM and M

sintering cells. It can be noticed that heating started earlier with the presence of the susceptor.
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Without the susceptor (sintering cell M), the samples needed higher Pi and longer time (1200
W and 19 min) to start heating in comparison with the sintering cell SM (600 W and 5 min)
(Figure 3(a)). The Pi value is lower with the sintering cell SM compared to the sintering cell M
until 1360 °C. Then at higher temperatures, Pi for the sintering cell SM increased and became
higher compared to Pi with the sintering cell M. This latter value is almost stable for the three
sintering cycles after the beginning of the heating. The Pabs values follow the same tendency
as the incident power. Before the beginning of the heating, the absorbed power is the highest
for the sintering cell M. From a temperature of around 1360 °C, the Pabs values for the sintering
cell SM increased and became higher than for the sintering cell M.

The comparison of the sintering cells SM and S (

Figure 9 (b)) shows that without the mullite tube, heating starts immediately after the beginning
of the heating. Then, the Pi and Pabs values are lower during the whole thermal cycle without
the mullite tube (

11



Figure 9 (b)).

For the 3Y-TZP sample (see Figure 3), the effect of the susceptor is the same as observed for
the AloO3 sample. Both samples needed lower values of Pi and shorter time to start heating with
the sintering cell SM in comparison with the sintering cell M (Figure 3(a)). Heating starts after
only 3 min with only 200 W with the use of the SiC susceptor, while for the sintering cell M,
the beginning of the heating takes more time (14 min) and needs a higher power (1200 W). In
the figure 3(a), it is observed that during almost the entire cycle of sintering with the sintering
cell SM, the Pi values are lower than for the sintering cell S. Figure 3(a) also shows that the
absorbed power is higher in the case of the sintering cell M until the temperature of 566 °C
when it becomes almost equal to the values measured with the sintering cell SM.

With the sintering cell S (Figure 3(b)), the heating starts immediately with a lower incident
power in comparison with the sintering cell SM. The incident power is lower when the sintering
cell S is used in comparison with the sintering cell SM until 1250 °C. At this temperature, it

increased until the end of the thermal cycle. The situation is similar for the absorbed power: the
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values are the lowest ones in the case of the sintering cell S at the beginning of the heating and

becomes the highest one when the peak temperature is reached.

3.2. Densification behavior

Figure 4 shows the densification curves for each material with the three sintering cells. For the
Al>,O3 samples, the densification started at the temperatures of about 1045 °C, 1150 °C and
1330 °C for the cells SM, M and S, respectively (Figure 4(a)). The temperature of the onset
densification of the 3Y-TZP samples are about 1000 °C for the sintering cells SM and M and
about 1290 °C for the sintering cell S (Figure 4(b)). This difference of temperature between the
various sintering cells is observed for the initial and intermediate stages of sintering. But, during
the final stage of sintering (relative density > 90 %), this difference between the densification
curves decreases. This is confirmed by the final relative densities of the sintered samples (

13



Table 6). All the samples have a high relative density (> 97.5 %). No significant difference can

be found between the different sintering cells for a given material.
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Table 7 presents the temperatures at which a relative density of 75 % is reached (corresponding
to the intermediate stage of sintering) for the different sintering cells and for both materials.
The difference of these temperatures for two sintering cells is also presented. The difference of
temperature between the sintering cells SM and M (ATwm-sm in Table 3) shows that the presence
of the SiC susceptor enables to densify at a lower temperature in the intermediate stage of
sintering. The difference of temperature between the sintering cells S and SM also shows that
the densification took place at a higher temperature without the mullite tube. The sintering cells
S and M both led to a higher temperature needed to reach a relative density of 75 %, in
comparison with the sintering cell SM. But, the effect of the mullite tube on the temperature is
more important than that of the SiC ring. Moreover, the effect of the sintering cell is different
for the two materials. For example, the ATm-sm value is higher for the Al2Os pellet than that of

the 3Y-TZP pellet.

3.3. Microstructure of sintered samples

The SEM observations were carried out in order to study Al>O3z and 3Y-TZP microstructures
and average grain size evolution.

15



Figure 11 and Erreur ! Source du renvoi introuvable. show the SEM images of the Al.O3
and 3Y-TZP pellets respectively, sintered with the three sintering cells. For each sample,
representative images taken near the surface and in the center of the polished surface are

presented.

The sintered Al>Os pellets present a bimodal grain size distribution with a grain size in the range
1-2 um. Some abnormally grown grains are visible (see

16



Figure 11a and 5b). The presence of some pores in the sintered Al,O3 sample with the sintering
cell M (

Figure 11 (b) and 5 (e)) can be linked with its slightly lower final relative density (see Table 5).

In the opposite, the 3Y-TZP pellets present a very fine microstructure with grain sizes in the

17



submicrometer range (from 0.35 to 0.46 um) with almost similar microstructures with the three
sintering cells (Erreur ! Source du renvoi introuvable.).

Figure 7 presents the Al.Oz and 3Y-TZP average grain sizes and standard deviations for the
different sintering cells. A higher difference of average grain sizes between the surface and the
center of the samples is visible for the Al,Os samples, compared with the 3Y-TZP ones. This
difference is more pronounced when the Al2Oz pellet was sintered with the sintering cells M
and S. Conversely, it is low when the specimen was sintered with the sintering cell SM. A
slightly higher average grain size was reached in the center than at the surface for the two
sintering cells with the SiC ring. Instead, the average grain size is slightly higher at the surface
with the sintering cell M. A standard deviation of the grain size of around 1 um is observed for
the three sintering cells. For the 3Y-TZP samples, a more homogeneous microstructure is
obtained whatever the sintering cell used. The standard deviation of the grain size distribution

is only around 0.2 — 0.4 um.

4. Discussion
4.1. Effect of the SiC susceptor

The results obtained with the sintering cell S shows that the densification curves are shifted to
higher temperatures. This result can be at first eyesight surprising because a lot of authors used
sintering cells containing only thermal insulators and SiC and demonstrated lower densification
temperature. These results can be explained by the radiation of the SiC received by the sample.
This can lead to errors in the temperature measurement given by the pyrometers, in relation
with the values of emissivity ratio in the different sintering cells. In order to make sure about
this hypothesis, a new calibration of the IR-pyrometer with the 3Y-TZP sample has been done

using the sintering cells S and M (
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Table 8). Comparing the sintering cells SM and M, the ratio k is almost similar. It means that
the environment of the sample was quite similar in the presence of the mullite tube. Conversely,
the recalculated ratio k was higher (k = 1.111) for the sintering cell S in comparison with the
sintering cell SM. In this case, when the calibration material started melting, the measured
temperature was 1672 °C with k = 0,955 while the value should have been at 1550 °C (melting
temperature of palladium). Thus, the densification curves shown in Figure 4 for the sintering

cell S have probably an offset of temperature related to an error in temperature measurement
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by the pyrometer. This highlights the possible important role of the mullite tube in the sintering

cell, as a protective element from the SiC radiations.

4.2. Effect of the mullite tube

Direct MW heating of ceramic materials with low dielectric properties such as Al>Oz in a
multimode MW cavity is often viewed as impossible. However, in this study, the Al,O3 sample
was sintered until full densification in the multimode cavity with the sintering cell M (i.e.,
without the SiC susceptor). This could be explained by a probable susceptor effect of the mullite
tube. It can be linked to a probable variation of its dielectric properties with temperature.
Samuels et al. show that the dielectric loss tangent of ceramics such as Al,Os increases with
temperature [31]. It can be hypothesized here that such a variation also occurs to mullite.
Consequently, this transparent material at ambient temperature can become a MW absorber at
higher temperature. The 3Y-TZP pellets was also successfully sintered without the SiC
susceptor. The heating cycle of 3Y-TZP was correctly controlled and no hot spot was observed
with the sintering cell M. However, these problems are often observed during direct MW
sintering of 3Y-TZP [14] and often justify the use of an external susceptor [21]. Therefore,
sintering of the 3Y-TZP pellet with the sintering cell M cannot be considered as a direct MW
sintering. This confirms that the mullite tube plays a role of susceptor in the sintering cell. But,
it acts as a less efficient susceptor than the the SiC ring. This is supported by the higher
temperature needed to reach a given relative density (
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Table 7) using the sintering cell M in comparison with the sintering cell SM.

Moreover, the comparison between the different sintering cells and the two materials highlights
the difference of coupling capability between alumina and zirconia. These differences are
visible even in a multimode cavity. Figure 4 shows that the densification curves of the 3Y-TZP
pellets with the sintering cells SM and M were almost similar. This can be linked to the high
dielectric loss tangent of yttria-stabilized zirconia. Thus, it is not influenced by the efficiency
of the susceptor. This is not the case for the Al.O3 specimen for which the densification curve
with the sintering cell M is shifted to the higher temperatures. It highlights the importance of
the careful choice of the sintering cells and especially of the susceptors for the low coupling

materials.

4.3. Effect of the sintering cell on the microstructure

The Al>O3 grain size was quite affected by the change of the sintering cell. On the contrary, the
difference of grain sizes between the center and the surface is smaller for the 3Y-TZP pellets.
A more homogeneous microstructure between the center and the surface of AlOs is obtained
with the sintering cell SM, in comparison with the two other ones (as shown in

21



Figure 11). This homogeneity and lower densification temperatures can be related to the
combined effect of a double susceptor effect of SiC and the mullite tube. The positioning of the
sample inside the mullite tube probably helps to obtain homogeneous heating which can explain
the more homogeneous microstructure obtained with the sintering cell SM. It confirms the
important effect played by the sintering cell, as already pointed out the section 4.2.

With the sintering cell M, the average grain size of Al,Oz at the surface is higher than the one
in the center. This result confirms the susceptor effect of the mullite tube. When the mullite
tube acts as a susceptor, the surface remains at higher temperature, which can explain the higher
grain size in this area of the sample. However, in the case of the sintering cell S, the average
grain size in the center of the sintered sample is higher than the one in the surface. It means that
the bulk of the sample was hotter than the surface. But, the electromagnetic field usually heats
preferentially the SiC ring, which then heats the samples by radiation. Thus, it should have led
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to a higher temperature at the surface and so, to a higher average grain size at the surface. The
hypothesis of a higher MW/alumina interactions leading to a bulk heating is unlikely because
of the dielectric properties of alumina and of the presence of the SiC ring. In this case, the
simulation of the propagation of the electromagnetic field with these sintering cells could help
to understand this reverse effect with the sintering cell S. For these materials, the sintering cell
SM seems the best choice to combine the SiC susceptor and the protective role of mullite.

Probably due to its high dielectric loss tangent, the microstructure and densification behavior
of 3Y-TZP is less affected by the change of the sintering cell. In particular, MW sintering of
3Y-TZP with or without the SiC ring (sintering cells SM and M, see Figure 4 and Figure 7) led

to similar results in terms of densification curves, final density and microstructure.

5. Conclusion

The aim of this paper was to investigate the effect of materials of the sintering cell on the
microstructure and the densification of the samples. For this purpose, Al.Oz and 3Y-TZP pellets
were sintered in a MW multimode instrumented cavity with three different sintering cells. The
sintering cell contains three elements: thermal insulators, a SiC ring used as susceptor and a
protective mullite tube.

Our results highlight the importance of a careful choice of the material constituting the sintering
cell, in relation with the material to sinter. This is particularly important for the use of MW
sintering at an industrial scale, for which multimode cavity is the only possible cavity to sinter
large pieces. The sintering experiments with Al2O3 and 3Y-TZP confirm that the presence of
SiC and mullite tube contributes to a homogeneous heating of the pellets, leading to a
homogeneous microstructure. The sintering cell M allows for a heating without thermal
runaway for 3Y-TZP and a homogeneous microstructure of both Al>O3 and 3Y-TZP pellets. It

shows that the absence of the SiC ring did not lead to a direct MW sintering. The mullite tube
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probably plays the role of susceptor and helps to obtain a homogeneous heating, even if it
couples less with MW than SiC. The densification curves and the grain size values show that
Al>,O3 was more affected by the efficiency of the external susceptor.

Deeper investigations could be carried out to better understand the role of the mullite tube. In
particular, the thermal cycles performed with the sintering cell with the SiC ring and without
the mullite tube were not helpful because of a probable error in the temperature measurement.
Simulations of the propagation of the electromagnetic field with different sintering cells could
also be interesting to complete the experimental work. Furthermore, other materials could be

tested to play the role of thermal insulator, protective tube and susceptor.
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Tables’ and figures’ captions

Table 1: Average particle size and chemical composition of the Al.Osz as-received powder (data
from the supplier)

Table 2: Average particle size and chemical composition of the 3Y-TZP as-received powder
(data from the supplier)

Table 1: Description of the different sintering cells used in this work for the MW thermal cycles
Table 2: Green and sintered relative densities of the Al,Oz and 3Y-TZP pellets

Table 3: Temperatures at which a relative density of 75% is reached during sintering with the
three sintering cells and difference between these temperatures

Table 4: Emissivity ratio k for the 3Y-TZP pellets in the case of the three sintering cells

Figure 1: Schematic of the sintering cell used to sinter the samples in the MW cavity

Figure 2: Evolution of powers and temperature vs time during sintering of the Al,03 samples:
(a) effect of susceptor and (b) effect of the mullite tube

Figure 3: Evolution of powers and temperature vs time during sintering of the 3Y-TZP samples:

(a) effect of susceptor and (b) effect of the mullite tube
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Figure 4: Densification curves with the three sintering cells for the (a) Al.Oz and (b) 3Y-TZP
samples

Figure 5: SEM micrographs of the sintered Al.O3 samples at the surface (black frame) and in
the center (red frame) of the sample, sintered with the sintering cells (a, d) SM, (b, ) M and (c,
f)S

Figure 6: SEM micrographs of the sintered 3Y-TZP samples at the surface (black frame) and
in the center (red frame) of the sample, sintered with the sintering cells (a, d) SM, (b,e) M and
(cf)S

Figure 7: Al,O3 and 3Y-TZP average grain sizes in the center and at the surface of the samples

for the different sintering cells
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Table 3:

Particle size (um)

Na (ppm)

Si (ppm)

Fe (ppm)

Ca (ppm)

K (ppm)

0.125

10

5

5

4

15
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Table 4:

Particle size (um) Y203 HfO: Al203 SiO2 Fe20s3 Na20
(Wt%) (Wt%o) (Wt%) (Wt%o) (Wt%)  (wt%o)
0.04 52+£05 <5.0 0.1~0.4 <0.02 <0.01 <0.04
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Table 5:

Name

Type of sintering cell

SM

M

S

Presence of the SiC ring and the mullite tube
Presence of the mullite tube and absence of the SiC susceptor

Presence of the SiC susceptor and absence of the mullite tube
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Table 6:

Samples Sintering cells po (%0) pr(%0)
SM 52.5 98.3+0.6
Al2O3 M 52.0 97.5+0.2
S 53.1 98.5+0.4
SM 515 98,6+0.6
3Y-TZP M 52.4 97.6+0.3
S 52.2 98.7+0.1
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Table 7:

ATwm-sm ATs-sm
Samples T7s0-sm  T75%-m T75%-s
=T75%-M- T75%-sMm =T75%-5- T 75%-5M
AlxO3 1333 1398 1507 66 174
3Y-TZP 1291 1302 1480 11 189
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Table 8:

Sintering cells

SM

M

S

Emissivity Ratio k

0.955

0.959

1.111
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Figure 8:
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Figure 3:
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Figure 10:
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