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Abstract – An approach for consecutive electromagnetic simulations by FDTD and thermal 
simulation by FEM is developed with respect to change in sample volume during microwave 
sintering. Volume-related heat dissipation by microwaves is calculated as a step function of 
temperature and material porosity with help of FDTD simulations. The material of choice for this 
study is fully yttria-stabilized zirconia (FYSZ). A cylindrical green body with 50% porosity is 
virtually sintered to >99% theoretical density, i.e. the sample shrinks by 50%. The transfer of 
dissipated heat data from microwave modeling to thermal modeling follows a pragmatic volume-by-
volume method for faster results but at the expense of local accuracy. The thermal model includes 
radiative and convective heat transfer to environment. A feedback loop ensures constant heating rates 
in order to achieve comparable results on different sintering setups. 
 
 
Introduction 
 
Microwave heating and sintering at lab scale and prototype scale is typically performed at 
2.45 GHz with λ0 = 122 mm in free space. In this field of application the size of heated 
objects is often in the same size range as the microwave wavelength. From investigations on 
optical scattering it is known that the absorption of electromagnetic waves is prone to 
resonances in this so-called Mie range [1]. Absorption and scattering of electromagnetic 
waves for single, isolated spherical objects can be calculated by the Mie theory [2]. A useful 
C code is provided in [2], which is extended and used here to calculate the absorption at 2.45 
GHz of an isolated FYSZ sphere in air for radius R = 0.5 to 200 mm and temperature T =    
20°C to 1200°C (see Fig. 1) [3]. The permittivity of dense FYSZ is taken from [4]. This 
behavior is the reason to consider microwave absorption to be a function of permittivity and 
sample volume as described by [5]. The permittivity in turn is depending on the material 
composition, microwave frequency, porosity and temperature. 

However, Mie calculations cannot be transferred to microwave processing in closed 
resonators, because they provide their own resonance conditions. The resonator geometry is a 
key parameter for designing microwave processes, see e.g. [6]. For the present investigation a 
pre-densified green body of FYSZ will be virtually microwave heated to >1400 °C, and thus 
change its volume and porosity. The influence of decreasing sample volume is implemented 
by stepwise volume reduction. Its thermal behavior is evaluated by coupling of microwave 
and thermal simulation. 
 
Technique  
 
In recent years electromagnetic simulation has been extended to multiphysics simulation of 
microwave processes in order to couple electromagnetic interactions with material changes in 
order to evaluate e.g. thermal [7], radiative [8] or fluid flow interactions with microwave 
heating [9]. This requires either real multiphysics software packages, which combine all 
physical models into one tool, or coupling results from two or more specialized software 
tools externally [10]. For microwave modeling the FDTD-based software QuickWave-3D  
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Fig. 1: Volume specific absorption of a single FYSZ sphere as a function of radius and temperature. 

 
 
(v.7.5c) is used. For thermal simulation the FEM-based COMSOL Multiphysics (v.3.5a) is 
chosen. A cubic microwave cavity is selected with a dominating TE031 mode (length 200 mm, 
width 190 mm and height 162 mm). A cylindrical FYSZ sample is placed exactly in the 
center, levitating in air (see Fig. 2a). A standard WR340 waveguide connects the applicator to 
the microwave source. The frequency f of the incident wave is 2.45 GHz, and the amplitude 
is 20, i.e. the time-averaged microwave power is 200 W. The walls of the applicator and 
waveguide are considered to be loss-free conductors and to be tempered to ambient 
temperature T∞. The initial diameter d0 and height h0 of the cylindrical sample is 48 mm, 
initial Mie coefficient is x0 = 1.24 and initial porosity is 50%. After reaching temperatures 
above 1400 °C the final diameter (and height) is shrunken to 38.1 mm, and Mie coefficient is 
decreased to 0.98. 

Two sintering setups are considered: (1) direct microwave heating from room 
temperature to 1430 °C (T∞ = 25 °C), and (2) microwave hybrid heating from 800 °C to 1430 
°C (T∞ = 800 °C). In the latter case the complete microwave applicator is considered to be 
heated to 800 °C by conventional heating means and is kept at this level while microwave 
heating brings the sample to the final temperature. The sintering behavior of YSZ is taken 
from [11] by extracting the relation of theoretical density to temperature curve. Until 800 °C 
no volume shrinkage is observed. From 800 °C to 1400 °C the volume of the sample is 
modified in 13 steps from d0 = 48 mm to dn = 38.1 mm in temperature step widths of ∆T = 
25…50 K (∆d = 0.1…1.5 mm). For each step in sample size, a separate microwave (and 
thermal) simulation is performed. The permittivity of the FYSZ sample is defined, as 
mentioned above, as a function of temperature and porosity. The influence of the voids 
fraction  on permittivity is calculated from the generalized mixing rule described in [12] 
with εair = 1 and the coefficient  = 2.3, which was determined experimentally [3]. The results 
for permittivity calculation are presented in Fig. 2. 

 

  

 

The mesh size smesh for FDTD modeling depends on wavelength λ0 and relative permittivity εr 
(and permeability μr) of the material and follows the rule [13]: 

 

 

 

Accordingly, the mesh size for FYSZ is initially 3.7 mm and finally 2.2 mm at 1400 °C. 
The air-filled area has a mesh size of 10 mm. The number of cells increases from 700,000 to 
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Fig. 2: Temperature dependent permittivity of dense FYSZ and as a function of the densification 

during sintering. 
 
 

more than 2 million, and thus demand for RAM increases from 60 to 200 MB. The FDTD 
simulations are carried out on a quad-core processor with 3 GHZ and 8 GB RAM without use 
of multithreading. After passing a transient initial phase in FDTD calculation of 50,000 to 
60,000 iterations, a time-averaging envelope phase is started to reach stationary results after 
at least 25,000 additional iterations. The simulation is stopped arbitrarily after passing this 
mark. The initialization phase takes about 0.5 to 2 hours; the enveloping phase takes about 4 
to 22 hours depending on model size. 

The coupling between microwave and thermal simulation is done consecutively, i.e. 
first microwave simulations are completed and a temperature-related function for the 
absorbed microwave power is generated (see Fig. 2b). This approach differs from other 
approaches as reported by others [10] where a serial cycling between microwave and thermal 
model is realized in a semi-closed loop with appropriate selection of time steps and a reliable 
data transfer. According to the different meshing methods of FDTD and FEM, point-to-point 
transfer of Joule heat data necessitates additional interpolation routines [14]. In the present 
work the Joule heat information is instead transferred by a volume-to-volume approach. The 
FYSZ sample is divided into adequate areas like outer shell and inner core, representing 65% 
of total volume (for more complex arrangements the number of sub-volumes will be 
increased). Microwave dissipation is extracted for these two sub-volumes as volume-specific, 
temperature dependent step-functions. 

The thermal model in COMSOL Multiphysics® is using the “general heat transfer” 
module, which includes thermal radiation. According to rotational symmetry of the 
cylindrical sample and the constant ambient temperature of the surrounding applicator the 
thermal model is reduced to 2D, which reduces the cell number to 3150 elements and 
accelerates the thermal simulation while maintaining a sufficient level of accuracy. The mesh 
size is coupled to volume shrinkage of the FYSZ sample. For each size/temperature range a 
separate thermal simulation is performed, where the results of the previous step are used as 
initial conditions. Temperature dependent values for heat conductivity and capacity are found 
in [15, 16]. The effective heat conductivity of the porous FYSZ is calculated by simplified 
Maxwell’s equations [15]. The total emissivity is assumed to be constant with temperature 
[17]. The convective heat loss to the surrounding gas phase is calculated by Nusselt, Rayleigh 
and Prandtl numbers for natural convection [18]. The temperature of the surrounding gas  
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Fig 3. Geometrical model of microwave cavity and cylindrical sample levitating at central position (a); 
procedure of serial coupling of microwave and thermal simulation in the present approach (b). 

 
 

phase is equal to the ambient applicator temperature. Properties for air are taken from the 
software's material database. 
 

 

 

A feedback control loop, which is designed as a PID algorithm, controls the total 
amount of microwave heating power needed to keep track of the defined heating rates of 5 
K/min and 20 K/min. Reference point is the center of the sample. The constants KP, KI and 
KD are determined by the Ziegler-Nichols method [20] with some individual adjustments. 

 

 

 

Results  
 
Fig. 4a shows the calculated microwave absorption of the sample as a function of sample 
temperature and diameter. At temperatures below 200 °C microwave absorption of FYSZ is 
quite low due to the low permittivity of FYSZ. The maximum microwave dissipation occurs 
at 800 to 1100 °C (d = 48 to 43 mm), reaching almost 100% microwave absorption. After 
passing this maximum range, microwave efficiency decreases to about 65% at 1400 °C. The 
ratio of absorbed power in the inner core and outer shell changes significantly with increasing 
temperature, changing from volumetric to surface heating above 1000 °C. The result of 
thermal simulation is demonstrated in Fig. 4b, showing the average temperature of the FYSZ 
samples and the required microwave power as function of time with respect to heating rate 
and microwave heating method. High heating rate and hybrid heating result in less energy 
consumption as expected. In the present case hybrid heating demands about 18% less heating 
energy and 20 K/min heating rate saves about 80% energy. 
 
Conclusion  
 
Although the presented volume-by-volume approach for coupling models fulfills the law of 
conservation of energy, it is not considered to highly resolve heat distribution inside the 
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         (a)          (b) 

 

Fig. 4. Extracted total microwave absorption of the sample as function of temperature and diameter (a); 
temperature-time and power-time curves for direct microwave heating (T0 = 25 °C) and hybrid 
microwave heating (T0 = 800 °C) of a cylindrical FYSZ sample (di = 48 mm) with heating rates  

of 5 and 20 K/min (b). 
 
 
sample in comparison to other approaches [19]. In particular, thermal runaway or hot spot 
formation will be missed due to the “smoothing” effect of this approach. The confidence 
level of this volume-by-volume method is about 90%. However, its consecutive approach 
offers the possibility for early re-designing a microwave cavity in order to increase the 
microwave heating efficiency with respect to maximum power absorption at highest process 
temperature, resonator geometry and changes in object size. The presented method can be 
used for basic engineering of microwave processes, providing sturdy estimates on microwave 
heating. 
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