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Abstract

Microwave sintering is a method presenting the following advantages for flash sintering:
contactless/volumetric heating, the possibility to control the heating cycle by the microwave
power. In this study, the transition from typical 100 K/min to ultra-rapid heating rate
500 K/min is studied. The heating homogeneity of the typical hybrid configuration using
silicon carbide susceptors is tested up to the stability limit of the system. We show that
zirconia specimen as thick as 10 mm can be heated and sintered up to 500 K/min heating rate
at which thermal cracks appear. However, the centimetric size of the specimens seems to
favor coarsening implying an important remaining porosity in the end. A comprehensive
simulation including the microwave heating and convection has allowed the determination of
the heating regime transition during the flash process and the quantification of each specimen

cooling fluxes.

Graphical Abstract

Hybrid Flash Electromagnetic-Thermal-Fluid-
microwave sintering Dynamic Simulation of the heating
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% Ultra-rapid microwave sintering of zirconia
% Electromagnetic-thermal-fluid-dynamic simulation of the heating

¢ Sintering kinetics analysis

Nomenclature

C, Heat capacity (J-kg™™K™)

T Temperature (K)

x Thermal conductivity (W-m™-K™)

Q, Heat source (W-m™)

®,s, Surface to ambient radiative heat flux (W-m™)
o, Stefan Boltzmann constant (5.67.x10°% W-m2K™)
€ Emissivity

Tair Air temperature (K)

®csq CoONvective heat flux (W-m)

h;, Surface conductivity (W-m?2.K™)

J Surface radiosity (W-m™)

G Irradiation flux (W-m™)

n Refractive index

e, (T) Surface radiation produced (W-m)

pr Reflectivity

¢rss Net inward radiative heat flux (W-m™)

U, Complex relative permeability

g, Complex relative permittivity

U, Relative permeability imaginary part

&, Relative permittivity imaginary part

k, Vacuum wave number (rad-m™)

o Electric conductivity (S:-m™)

&, Vacuum permittivity (8.854187817.x10 2 F-m™Y)
1o Vacuum permeability (1.2566370614.x10 ° T-m-A™)
J Imaginary unit

w Angular frequency (rad-Hz)

t Time (S)

E Electric field (V-m™)

H Magnetic field (A-m™)

Pp;p PID regulated Cavity length (m)

e(t) Regulated - measured temperature error (K)
K, PID proportional coefficient

K; PID integral coefficient

K, PID derivative coefficient

S11 Reflective scattering parameter



1. Introduction

Microwave energy is an efficient way to enable a fast heating of ceramics*>. Unlike resistive
processes, a microwaves cavity can be designed to significantly amplify the electric field by
resonance and allows the heating of dielectric materials* by dielectric dissipation®. Numerous
studies report a decrease of the sintering temperature by microwave assisted sintering*®’. The
ponderomotive forces is one of the most cited mechanisms for explaining such field effects®
1% Nevertheless, the latter phenomenon is not clearly evidenced'! and other thermal, kinetic

12-14

mechanisms may be present. In the field of 3D printing, debinding and industry,

1,15-18

microwave energy has an interest to provide a hybrid heating reducing the

temperature/debinding/sintering differences between the external surfaces and the core of
thick specimens (> 5 mm) where crack may appear'®?%. In the flash sintering domain®2,
previous cited advantages make microwave energy a very interesting way to provide a fast,
volumetric and contactless heating to the specimen. Despite this amazing prospect, there are

27-30

few studies on flash microwave sintering because the following technological issues need

to be addressed:

(1) in resistive flash sintering, the whole process can be controlled by a
voltage/current control transition making the control of the flash sintering
22,2431

relatively easy because highly sensitive to the electrical current response

Using microwaves, this way of controlling the flash event cannot be used:;

(i) for microwave sintering, the control needs to be done by non-contact temperature
measurement via a pyrometer where a PID (proportional integral derivative)

regulation drives the flash event avoiding uncontrolled thermal runaway;

(ili))  a microwave device requires managing numerous additional parameters closely
connected to each other such as the resonance and the efficiency of the heating of
the sample affected by the specimen dielectric properties changing with

temperature and the frequency variations of the magnetron source;
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(iv)  the last aspect is the heating stability. In the microwave sintering domain, the
direct heating is often very unstable and generates hot spots due to the cooling
fluxes at the surfaces and the NTC (negative temperature coefficient)

18,32,33

resistivity of some ceramics like zirconia, silicon carbide, zinc oxide, etc®*.

Susceptors are classically used to follow the heating cycle and balance the thermal

field in the specimen®.

The last point is the most important, if the specimen is directly heated, the sintering profile
starts from the center and slowly propagates toward the edge®’. This generally implies cracks
in the ceramic if the propagation front is too fast. Most of the time, the propagation front stops
as a thermal equilibrium is achieved between the center and the cooler edge. A core shell
microstructure distribution is generally observed”. In the design of a hybrid heated
microwave applicator, the source of cooling fluxes must be identified. In general, the three
cooling fluxes are the radiative/convective fluxes toward adjacent refactories insulators and
the thermal conduction in the refractory in contact. At high temperature (~1000°C) and for a
direct heating configuration, the proportion of each thermal fluxes loss is about 10%
conductive, 20% convective and 70% radiative®®. In function of the configuration, these
proportions may evolve depending on the mass of cold refractory in contact, the proportion of
air in the cavity (heat losses by convection) and the total area of cold adjacent refractories
surfaces, respectively. The multiphysics numerical tool is of great help for assessing these
fluxes'"#*¥40_If the cooling fluxes are too important, the thermal runaway may not appear®'.
The establishment of a flash sintering configuration should consider the thermal problem and
adjusts the critical size of the specimen®® with the thermal environment®“*®, This point is
discussed in ref**.

In this context, the present study focuses on the establishment of stable conditions of ultra-
rapid microwave sintering of centimetric size zirconia. This study uses a hybrid heating

configuration to decrease the specimen cooling fluxes and the thermal gradients in situ



generated. Interesting zirconia microstructure/mechanical properties where obtained by

microwave sintering *°%’

on few millimeters samples and for typical heating rates of about
50K/min. The purpose of this work is to estimate the sintering speed limit (heating rate limit)
of these thick specimen size in terms microstructures, cracks and heating stability. This study

includes in situ dilatometry to conduct a master sintering curve and investigate the sintering

regime of ultra-rapid heating.

2. Experiment and method
2.1. Experimental configuration

The microwave configuration is reported in figure 1. It includes a 2.45GHz microwave
generator adapted to an 86x43 mm? rectangular waveguide (WR340). This type of waveguide
is designed to propagate a 2.45GHz TEjo microwave mode. The microwave generator was a
2kW from Sairem (GMP20) coupled with a 2-ports waveguide isolator from Sairem
protecting the generator by absorbing the reflected power. This generator part is connected to
a resonant cavity made of a 32x36 mm? aperture iris and an automated movable short circuit
(PCCMOTSBS/EB WR340) from Sairem. In order to ensure a good transmission of the
microwaves towards the resonant cavity, a three-stubs impedance tuner (AI3SMWR340
D24x25 from Sairem) is placed between the iris and the isolator. The configuration in the
heating zone (applicator) is described in figure 1b, 1c, 1d. Two 20x20x6 mm? silicon carbide
susceptors are employed to heat in hybrid conditions the zirconia green specimen obtained by
cold isostatic pressing (CIP) at 400 MPa. In order to optimize the heating, these susceptors are
placed in the electrical field/wave vector plane. In this way, the microwave dissipation is
optimal and this configuration is less sensitive to the offsets of the maximum electric field
location **°. The pyrometer was placed under the heated sample to provide a measure
minimizing the influence of the radiation coming from the susceptor. In addition, this
configuration allows measuring the displacement of the specimen during the sintering by a
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displacement sensor placed on the top (magnescale DS812SLR purchased from sensel
measurements, with measure length 12 mm, resolution 1 pm). An alumina rod is used to
penetrate the microwave cavity and transmit the specimen displacement. Each test were
duplicated using a fully dense zirconia to retrieve the thermal expansion and calculate the
relative density curves. The microstructures have been analyzed via SEM on polished

surfaces with ZEISS Supra 55 scanning electron microscope (ZEISS, Oberkochen, Germany).

® (8) I<— Displacement
sensor
= E I g l ‘/7 R <+ Alumina rod
diris—ecn = 203,5mm diris—ech = 206,5 mm X )
< ><—7 ],“I k ®
- T
\ il
Iris J ! g l
Insulation box sic |
(C)_“ (applicator zone) :
z 3Y-Zr0o, |
(D)
SiC
3Y-2102 Pyrometer

Miror

Figure 1 Microwave sintering configuration, (a) applicator geometry, (b) cross-section view,
(c) top view photograph, (d) zirconia specimen initial dimensions.

2.2. Method

The objective of this work is to study the ultra-rapid microwave heating and sintering of
zirconia in order to determine its feasibility, the sintering Kinetics involved and its
technological limitations. A zirconia powder (3 mol% Y,;0; “TZ-3Y-E”, 40nm) was
purchased from Tosoh for this study. Similarly to a dilatometry protocol, a first experiment
was conducted to record the sintering shrinkage and a second one was done on a fully sintered
specimen to subtract the thermal expansion. The relative density curve is then calculated from
the corrected sample height curve, the heterogeneity of microwave heating compared to

conventional furnace implicates about 2 % of errors in the final relative density curves. The
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imposed sintering cycles are reported in figure 2. In the first three minutes, the autoadaptative
PID system (proportional integral derivative) applied two thermal pulses at a forward power
of 500 W to calculate the PID coefficients. This operation helps ensure a good regulation
quality. Nevertheless, as we apply ultra-rapid heating rates (500 K/min), a slowing of the
heating rate down to 50 K/min is applied starting from 1450°C. This slowing down is suitable
to avoid overshot and it helps stabilize the final stage while continuing the heating for one
minute. The obtained dilatometry data were used in a master sintering curve study via a

homemade octave-forge script.

]600 B - 1600
: T :
1400 7 Ppreneating / / - 1400
1 500w r .
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Figure 2 Programmed heating cycles of the study.

In order to complete this experimental study and gain a better understanding of the
electromagnetic-thermal behavior of the cavity, a simulation study was conducted with the
software COMSOL Multiphysics 5.5. In the following, the model construction and boundary

conditions are defined.

3. Theory and calculations

3.1. Microwave heating physics



The simulation work was divided into two parts. In a first stage, a parametric study of a pure
electromagnetic problem was solved at room temperature to locate the cavity length at which
the resonance is taking place and to plot the internal distribution of the E and H fields. In
COMSOL, this problem is solved by Maxwell’s equations that can be combined in below

equation 7°%:

VX (U7t X Ep) = kG (&, — 22 ) E; €

w €
with E,. the harmonic electric field expression E = E,.exp(jwt).

Once the resonance cavity length was determined, this length was selected to model the
electromagnetic-thermal problem. This fully coupled model calculates the heat transfer (2)
based on the volumetric dissipated power (3). In return, the heating part helps actualize the

temperature dependent electromagnetic properties of the materials.

T
pCp Py V.(—kVT) = Q, (2)
Qe =~ (e0&/ E + popy H?) 3)

The heat transfer by air convection is modeled through the fluid dynamic equations previously
used in 242 The temperature dependent electromagnetic properties of the materials can be

found in the appendix table of ref*®

. In these data, the effective medium approximation
(EMA) was employed to determine the porosity dependence of electromagnetic and thermal
conductivity functions. For the density and specific heat product, we have the following

relation pCp = (1 — 6)PaenseCp aense I the porous zirconia specimen >,

3.2. Boundary conditions

A draw of the thermal boundary conditions is reported in figure 3. The external boundary of
the insulation box has two surfaces to ambient cooling fluxes conditions (convective and
radiative):

Ocsa = hig(Tair — T) (4)



Orsa = 05€(Tair" = T*) (5).
The emissivity € and convection coefficient h;, of 0.8 and 5W-m2K™, respectively, are
defined for the insulation box external surfaces™. For the internal solid/air interfaces surface-
to-surface thermal radiation is modeled in addition to the natural convection'’. The
relationship between the thermal power radiated e, (T) and the incoming thermal irradiation
G, is defined by the radiosity J:

] = p,G + ee,(T) = p.G + en?o,T* (6).
With the relationship between the emissivity and reflectivity:

e=1-p, (7).
The expression of the net inward radiative heat flux ¢, is:

Prss = €(G — ep(T)) (8).
The electromagnetic boundary conditions are simple: all internal metallic surfaces are
assumed perfectly reflective and a TEyo port is inserted at the generator location to simulate
both the generator and the isolator. The simulation also includes a numerical PID on the
forward microwave power which imposes the thermal cycle to the specimen bottom face (like

in the experiment). The PID has the following expression:

de(t)
dt

Poip = Kpe(t) + K, [ e(t)dr + Kp (9)



air
convection

hia =5W-m2K1

0.8

Insulation box

Figure 3 Radiative/convective boundary conditions in the heating zone, the emissivity € values
of each material and external conductance h;, are indicated.
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4. Results and discussions
4.1. Simulation of the electromagnetic fields

To locate the optimum cavity length from which the resonance phenomenon takes
place, the parametric simulation of the cavity has been conducted and is reported in figure 4a.
The reflective scattering parameter (S;1) indicates the resonance by a minimum value®. At
414mm of the cavity length, the S11 parameter is minimal and the electromagnetic fields
(reported in figure 4b) are maximum in the cavity. The distribution of the fields indicates a
partial shielding of the fields heated region like in “®. Nevertheless, the electrical field in the

zirconia specimen is relatively homogeneous without significant electrical field gradients.

Electric field (V.m")

x10*

(a) Arrow: Magnetic field

Cavity length (mm)
395 400 405 410 415 420 425
0

ot (

-04
-0.6 |
-08

1 b
-1.2 f
-1.4
-16 |
-1.8

S11 (dB)

Figure 4 Parametric electromagnetic simulation of the microwave cavity at room
temperature, (a) determination of the resonant cavity length, (b) electric/magnetic field
distribution at resonance.

4.2. Heating tests

The recorded microwave/thermal data for the experiments 100, 300, 500 K/min are plotted
in figure 5. Despite the ultra-rapid heating rates, the regulation follows the set temperature
cycle with minimal discrepancies (<1%). The dissipated power is between 200 and 400 W for
a transmission of about 65% at high temperature. The cavity and impedance tuner have been

fixed to ensure higher heating efficiency at high temperature. The length of the cavity was
11



maintained constant during the test to avoid multiple parameters changes. Only small
impedance adjustments were made during the test if needed.
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Figure 5 Recorded microwave/thermal data for the experiments at 100, 300, 500 K/min with,
the sample temperature (Tyyro), Set temperature cycle (Tcom), forward, reflected, dissipated
microwave power (P;, P, Pq4 respectively), return rate (n) and applicator length (Lappli).

If the heating of all samples was successful, a crack appears for the tests at 450 and
500 K/min. This suggests the thermal gradients become too high after 400 K/min and the
sintering shrinkage differences cause cracks. Thus, to determine which thermal gradient
threshold generates cracks, a simulation of the 400 K/min heating rate is conducted in the

following section.

4.3. Electromagnetic-thermal-fluid-dynamic simulation of the heating at 400 K/min

Many physics (electromagnetic waves, heat transfer, air convection and surface to surface
radiation) were considered to compute the electromagnetic and temperature fields. The fully
coupled electromagnetic-thermal-fluid-dynamic simulation was carried out on half of the
cavity to decrease the calculation time to about 2 h. The simulated temperature fields of the
400 K/min heating rate are reported in figure 6a, 6b, 6¢. With increasing temperatures, the

penetration depth of SiC evolve into millimetric range (near 1200°C **) while the zirconia
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specimen dielectric behavior evolves from quasi-dielectric behavior at room temperature to
semiconducting NTC type after 400°C *"*'. Consequently, between 400 and 1200°C, a
heating regime transition from the SiC heating to zirconia heating is expected. During this
transition, the cooling fluxes are expected to increase at the zirconia boundary implying
higher temperatures in the center of the sample, leading to thermal gradients at high
temperatures. To characterize the temperature evolution in the specimen, 5 temperature
probes were virtually introduced at different locations (figure 6d). As observed, SiC
susceptors heat preferentially at the beginning of the thermal cycle up to T ~ 580 °C. Then the
heating regime of the overall process switches with a preferential heating of the 3Y-ZrO,
sample. Thermal gradients appear and increase drastically to a value of 122 K/mm with a final
maximum temperature difference of about 730 °C between the middle (T = 1680 °C) and the
top of the sample (T =950 °C) where the cold alumina probe is in contact. This temperature
gradient within the sample generates shrinkage differences and a stress that may exceed the
resistance of the porous skeleton during sintering. Fully sintered tosoh® zirconia has a
bending stress of 1200 MPa> but the resistance of the porous skeleton during sintering is
much lower than this value®® and may generate the cracks experimentally observed for higher
heating rates.

This high thermal heterogeneity originates from an important cooling by radiation,
convection and conduction. To estimate the relative magnitude of those cooling fluxes at the
specimen boundaries, the integral of the radiative and convective fluxes in the air/sample
interfaces and the integral of the conductive flux (sample/alumina, sample/insulation
interfaces) are reported in figure 6e. Using these curves, the ratio of each flux contribution can
be determined regarding the process temperature giving the graph presented in figure 6f. It
shows a significant drop of the radiative and convective contributions around T ~ 580°C and
demonstrates the switch of the heating regime from SiC susceptors to the 3Y-ZrO, sample.
This phenomenon is also illustrated by the inversion of the convective velocity field motion

during all the process. A video is available in supplementary file. At low temperature, the
13



convection fluxes follow a circular motion from the SiC, as observed in figure 6g. This
phenomenon partially stabilizes the heating and contributes (with surface radiation), to
heating of the sample. When zirconia starts to heat preferentially, the radiative flux becomes
preeminent until it reaches around 78% of the total thermal flux losses. Then, the circular
motion of the convection fluxes originates from the sample and represents 17% of the thermal
losses (figure 6f and g). Finally, at high temperature, the conductive part, located at the
sample/insulation and the sample/alumina rod boundaries, represents only 5 %, which is

consistent with the proportion of thermal fluxes loss for a direct heating configuration .
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Figure 6 Electromagnetic-thermal-fluid-dynamic simulation of the 400 K/min test, simulated
thermal field at (a) t=90 s (b) t= 180s and (c)=280s, (d) temperature evolution during
microwave heating, the PID was based on the average bottom specimen surface temperature,
(e) integral of the cooling fluxes through zirconia specimen surfaces and corresponding
cooling fluxes ratio diagram (f), simulated air convection relative velocity and temperature at
t=100s and 300s (g).
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4.4. Dilatometry and sintering kinetics analysis

The relative density curves are reported in figure 7. The first graph on the left shows the
evolution of the relative density as a function of time, the sintering times evolve from 6
minutes for 100 K/min to value close to 1 min for 400 K/min. A high hybrid heating rate
allows to significantly decrease the sintering time to values approaching flash sintering
(<60 sec). In the graph on the right, we can see the sintering temperatures range is 1000-
1500°C with about 1250°C of sintering inflection point. It is interesting to compare this with

conventional sintering of the same powder °’

at 3, 6, 10 K/min where the sintering
temperature are between 1000 and 1300°C. The microwave sintering temperatures are similar
to those of conventional sintering while lower sintering values are often observed in
microwave sintering “®”. However, it should be cautiously interpreted as an underestimation
of the temperature can be made (see the temperature differences simulated in the specimen
itself in figure 6). The important coupling of zirconia at high temperature tends to generate

higher temperatures in the center and sometime hot spots *"**

, which generate cracks like
those occurring on materials subjected to heating rates higher than 400 K/min.
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Figure 7 Relative density curves calculated from the displacement sensor and retrieving the
thermal expansion by separates tests on fully dense zirconia for the 100, 200,300, 400 K/min
tests (the black dashed line indicates the sintering curves inflection point which is about
1250°C).
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Nevertheless, obtaining an estimation of the temperature in the core and at the edge of the
sample is very challenging and a microwave or kinetic effects cannot be excluded. To go
further with this ultra-rapid microwave dilatometry data, a master sintering curve is conducted
with the tests at 100, 200, 400 K/min. The results are reported in figure 8. We obtained an
activation energy of 225 kJ/mol which is significantly lower than the 625 kJ/mol obtained by
conventional sintering at the heating rates of 3, 6, 10 K/min *’. The specimen temperature
gradients may disturb the sintering kinetics on such a big specimen for high heating rates.
Beside the latter issues which are still difficult to address experimentally, this result suggests
that the ultra-rapid microwave sintering has a very different sintering regime compared to
conventional sintering. Numerous phenomena may explain this different behavior, such as the
ponderomotive forces, a difference on driving force, concentration of defects, by resulting
from the fields and also kinetics effects such as a delay in the pore surface diffusion due to the

hlgh heating rate32,8,9,12,14,58.
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Figure 8 Master sintering curve study of the 100, 200 and 400 K/min tests.
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4.5. Microstructures

The SEM images of the sintered specimens are reported in figure 9. All of them show
submicronic microstructures with similar grains size close to 350 nm. A high level of porosity
(about 10 %) is observed in accordance with the dilatometry curves in figure 7. Compared to
conventional sintering, the ultra-rapid sintering seems to favor the fast sintering of highly
agglomerated zones (like reported for TEM images of the powder®®) generating bigger
surrounding pores (see figure 9). For the test at 100 and 400 K/min, it is interesting to see the
shape of the internal pore triple point. The later exhibits a very sharp shape suggesting a
significant delay of the pore coarsening by surface diffusion. In conventional sintering, the
long sintering time typically allowing the pore surface diffusion to quickly stabilize the pore
surfaces that become nearly spherical.

The presence of large size porosity for increasing heating rates is observed. This may be
due to different potential hypothesis like a boating effect of residual organic/carbon pollution
as fully densified zones are also present. In principle, this powder is binderless. However,
trace of binder, dispersant or plasticizer may still be present. Another explanation can be the
difference of the core/edge sintering speed due to the thermal gradient (see simulation

figure 6) that may favor coarsening rather than sintering.

19



100 K/min 200 K/min

300 K/min 400 K/min

Figure 9 SEM images of the sintered samples at 100, 200, 300, and 400 K/min

5. Conclusion

In this work, the microwave sintering of zirconia from typical (100 K. min™) to ultra-rapid
(500 K.min™) heating rates has been studied, using typical hybrid heating configuration.

The sintering of zirconia was successful until 400 K.min™, allowing sintering time
values close of about 60s. High remaining porosity is still present possibly due to the thermal
gradients or remaining carbon pollution. Based on dilatometry measurements, a master
sintering curve has been conducted. Both ultra-rapid microwave and conventional sintering
have been compared. With respectively 225 kJ.mol™ and 625 kJ.mol™, the low activation
energy obtained for the ultra-rapid microwave sintering suggests a different sintering regime
due to the high heating rates, but precautions must be taken for the interpretation as
temperature measurement is always an uneasy task during microwave sintering.

The fully coupled electromagnetic-thermal-fluid-dynamic simulation at 400 K.min™

demonstrated important thermal gradients. A difference of 570°C has been therefore
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simulated between the core and the top of the sample, where the cold alumina probe is in
contact. This temperature difference undoubtedly led to shrinkage differences during the
sintering, responsible for the cracks experimentally observed for the higher heating rates. The
contribution of the conductive, convective and radiative cooling fluxes has been also studied
during all the process. The switch of the heating regime, from SiC susceptors to the 3Y-ZrO,
sample around T = 580°C (obtained from modeling), comes with a significant drop of the
radiative exchange and the inversion of the convective motion. At high temperature, the
quantification of each cooling flux gives 78% radiative, 17% convective, 5% conductive. This
numerical tool will allow improving the design of the hybrid configuration to reduce cooling

effects and achieve optimal conditions for fast microwave sintering.

Supplementary material

S1 Video of the 500K/min test simulated air temperature and convection motion.
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Figure captions

Figure 1 Microwave sintering configuration, (a) applicator geometry, (b) cross-section view,
(c) top view photograph, (d) zirconia specimen initial dimensions.

Figure 2 Programmed heating cycles of the study.

Figure 3 Radiative/convective boundary conditions in the heating zone, the emissivity €
values of each material and external conductance hj, are indicated.

Figure 4 Parametric electromagnetic simulation of the microwave cavity at room temperature,
(a) determination of the resonant cavity length, (b) electric/magnetic field distribution at
resonance.

Figure 5 Recorded microwave/thermal data for the experiments at 100, 300, 500 K/min with,
the sample temperature (Tpyro), Set temperature cycle (Tcom), forward, reflected, dissipated
microwave power (P;, Py, P4 respectively), return rate (n) and applicator length (Lappli).
Figure 6 Electromagnetic-thermal-fluid-dynamic simulation of the 400 K/min test, simulated
thermal field at (a) t=90 s (b) t= 180s and (c)=280s, (d) temperature evolution during
microwave heating, the PID was based on the average bottom specimen surface temperature,
(e) integral of the cooling fluxes through zirconia specimen surfaces and corresponding
cooling fluxes ratio diagram (f), simulated air convection relative velocity and temperature at
t=100s and 300s (g).

Figure 7 Relative density curves calculated from the displacement sensor and retrieving the
thermal expansion by separates tests on fully dense zirconia for the 100, 200,300, 400 K/min
tests (the black dashed line indicates the sintering curves inflection point which is about
1250°C).

Figure 8 Master sintering curve study of the 100, 200 and 400 K/min tests.

Figure 9 SEM images of the sintered samples at 100, 200, 300, and 400 K/min
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