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Outline 

 Dielectric Heating with Microwaves – What can electromagnetic 
simulations contribute? 
 

 Examples 
 

1. Simulations for a novel tool concept to cure fibre reinforced 
composites 
 

2. Tuning the dielectric properties of a reactive resin by microwave 
susceptible particles 
 



© Fraunhofer IAP 

Heating of Matter with Microwaves – 
Benefits 

 Volumetric heating (penetration depth) 
 
 Higher heating rates 
 Lower enery consumption 
 shorter process times 
 

     compared with conventional heating processes 
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Microwave Ovens at Fraunhofer IAP – 
„Hephaistos“-Chamber 

 volume: ca. 8 m³ 
 L/ W/ H: 3 m/ 1,8 m/ 1,55 m 
 36 magnetrons  

0,85 kW; f=2,45 GHz 
  max. total power: 30,6 kW 
 homogeneous el.-mag. field by 

hexagonal cross section 
 temperature control by fibre-

optical sensors and IR camera  
 controlled operation 
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Cycling Microwave Oven – 
Monomode- and Multimode-Applicator 

 monomode applicator 
(up to 7 mm part height) 

 6 Magnetrons 
1,3 kW; 2,45 GHz 

 multimode applicator 
(up to 80 mm part height)  

 10 Magnetrons 
1,3 kW; 2,45 GHz 

 2 Magnetrons  
0,8 kW; 5,8 GHz 

 6 IR-radiators à 6 kW 

 temperature control  
 - integrated pyrometers 
 - fibre-optical sensors 
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 Simulation of standing waves as superposition of two identical waves with 
opposite propagation 

Monomode-Applicator – Model (I) 
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 Cross section through upper half of wave guide 
 2 sample plates (green) on conveyor belt (white) 

 
 

Monomode-Applicator – Model (II) 
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Dielectric Heating by Microwaves – Basics 

 Dissipative reorientation of dipoles in an external variable  
   electromagnetic field 

 

 Power loss density (PLD) p = P/V = 2 π f ε0 ε‘‘ E²         p ~ f ε‘‘        
    (f = 2,45 GHz) 

 

 Penetration depth   Dp = λvac ·(ε‘)1/2 / 2 π ε‘‘          Dp~ (ε‘)1/2 / ε‘‘ / fvac 
 

 Complex dielectric function ε*(ω,T)=ε‘(ω,T)-iε‘‘(ω,T),  ω = 2πf 
 

 Broadband dielectric spectroscopy 
 
 

 



© Fraunhofer PYCO 

9 

 Frequency range: 
LF: 10-6 bis 107 Hz    alpha-Analyzer (Novocontrol) 
HF: 106 bis 3·109 Hz   E 4991A Impedance Analyzer (Agilent) 

 Temperature range: -160°C bis +400°C (N2 gas heating) 
  Definition of materials in CST Microwave Studio 

 

LF measuring cell dielectric spectrometer HF measuring cell 

Broadband Dielectric Spectroscopy  
Complex Dielectric Function ε*(ω,T)   
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Heating of Matter by Microwaves –  
What can Simulations contribute? 
 (Construction) and adjustment of microwave applicators 

 
 Evaluation of: 
 Applied electrical field strength and power density 
 Energy conversion in matter: power loss density (PLD, [W m-3]) 
 

 With the knowledge of ε∗(ω,Τ) : 
 Qualitative prediction of initial heating of matter 
 Prediction of potential „hot spots“ 

 
 Finite integral method  CST Microwave Studio 
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Example 1 

 Simulations to validate a tool concept for composite curing by 
indirect microwave heating 

 
 Fraunhofer IAP-PYCO as subcontractor in the EC-funded project 

„MU-TOOL – Novel tooling for composites curing under microwave 
heating”, project ID: 286717 
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Novel Tool Concept for Curing of Fibre 
Reinforced Plastics via Indirect Heating by 
Microwaves 

 Fuel filler bucket (GFRP/CFRP) 

 Two shells enclosing the bucket: 

 Ferromagnetic absorber layer (yellow), 
ε‘=5,2; tan δ=0,0423077 @ 2,45 GHz 

 Thermal insulation (red, Al2O3) 

 GFRP-bucket 
ε‘=3,8; tan δ=0,00973684 @ 2,45 GHz 
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Model Cross Section 

 Orientation of the bucket inside the Hephaistos chamber with hidden 
outer layers 
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Cross section – GFRP-bucket, power loss density 

 Microwave absorption (almost) only in the ferrite absorber 
 „indirect“ heating by mirowaves 

bucket 

Al2O3 

absorber: ferrite 
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Novel Tool Concept for indirect Heating – 
Practical Results 

source: final project report „MU-TOOL – Novel tooling for composites curing under microwave heating” – projct ID 286717 

bucket + ferrite layer GFRP bucket 

CFRP bucket 
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Example 2 

 Tuning the dielectric parameters ε‘ and ε‘‘ of an commercial cyanate 
ester resin (L10) by modifiying the resin with particle fillers 

 Impact of altered ε‘ and ε‘‘ on electrical field strength, penetration 
depth and power loss density?  Simulation 

 Fillers (1% and 3%): 
 Graphene 
 SiC 
 (Conducting carbon black) 
 (CNT) 
 (MWCNT) 
 (Graphite) 
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Variation of ε‘ and ε‘‘ via Particle Fillers, 
their Concentration and Temperature 

 Matrix resin: L10 
 Dielectric 

parameters 
depend strongly  
on 
 Particle type 
 Concentration 
 Temperature 

(relaxation) 

25°C 

60°C 
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Effect of Temperature on Electrical Field 
and Power Loss Density in Pure L10 
electrical field strength 

power loss density 

25°C 

25°C 60°C 

60°C 

electrical field strength 

power loss density 
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Impact of Temperature, Filler Type and 
Concentration on the Power Loss Density of 
Modified L10 

25°C  

60°C  

L10 

L10 

L10+3% SiC 

L10+3% SiC 

L10+3% graphene 

L10+3% graphene 

 Strong decrease of power loss density for L10 modified with graphene at 60°C 

 Moderate increase of power loss density in L10 modified with SiC at 25°C 
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Conclusions 

 Simulation of electromagnetic fields + knowledge of the measured 
complex dielectric function ε∗(ω,Τ): 

 

 Simulation of electrical field strength and power loss density in 
materials heated by microwaves 

 
  Proving a novel tool concept for microwave assisted curing of 

fibre reinforced plastics (fuel filler bucket) 
 

  Evaluation of impact of altered dielectric parameters ε‘ and ε‘‘ 
on the heating of a standard reactive resin (L10) 
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 Shielding of the electrical field within the bucket by the absorber layer 

Cross section – GFRP-bucket, electrical field 
strength 
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Impact of Temperature, Filler Type and 
Concentration on the Electrical Field 
Strength of Modified L10 

 Strong decrease of the penetration depth for L10 modified with graphene at 60°C 

 Moderate increase of electrical field strength in L10 modified with SiC at room temperature 

 

25°C  

60°C  

L10 

L10 

L10+3% SiC 

L10+3% SiC 

L10+3% graphene 

L10+3% graphene 
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