
2013 International Nuclear Atlantic Conference - INAC 2013 
Recife, PE, Brazil, November 24-29, 2013 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 
ISBN: 978-85-99141-05-2 

 

EVALUATION OF THE USE OF INORGANIC PIGMENTS AND 
FILLERS IN CURE OF EPOXY RESINS BY MICROWAVE 

IRRADIATION 
 

Daniel Kersting 1,2, Hélio Wiebeck 1  
 

1 Departamento de Engenharia Metalúrgica e de Materiais - Escola Politécnica 
Universidade de São Paulo 

Av. Professor Mello Moraes, 2463 
05508-030 São Paulo, SP, Brazil 

hwiebeck@usp.br 
 

2 Centro Tecnológico da Marinha em São Paulo (CTMSP) 
Av. Professor Lineu Prestes 2468 
05508-000 São Paulo, SP, Brazil 

daniel.kersting@usp.br  
 
 

 

 
 

ABSTRACT 
 
The use of microwave in chemical processes began soon after the WW II. The mechanism of curing via 
microwave heating is independent of the thermal conductivity of the irradiated material and offers a good 
solution to operate with materials that do not have a good thermal conductivity, such as polymers. Despite these 
advantages, the use of multimode microwave ovens, the main source used today, indicates some challenges to 
overcome. Associated with the use of epoxy resins in various applications, the use of pigments and inorganic 
fillers has added more variables to be studied. Much of the inorganic fillers used commercially are good 
absorbers of microwave providing changes in the amount of radiation absorbed, and thus the amount of heat 
transferred to the epoxy resin curing process. After selecting the key fillers and pigments traditionally used in 
the production of parts with epoxy resins they were subjected to the same microwave irradiation for evaluation 
of their behavior alone. In order to observe the effect of mixtures 1, 2, and 5% by weight of filler were added to 
epoxy resin, and it was verified these effects in the curing process. The preliminary results are promising, 
because for the same cure cycle for different types of fillers added separately, gains in curing time were 
obtained, making the process of cure via microwave quick and efficient without substantial losses in thermal 
properties of the final products obtained. 

 
 

1. INTRODUCTION 
 

1.1. History 

 
The use of microwave as a heating source took another invention that arose during the 
Second World War: the RADAR ("Radio Detection And Ranging). British scientists have 
developed a device that generated microwaves, known as magnetron, which was the heart of 
RADAR. Due to technical difficulties and production in England, they were seeking support 
in the U.S., so they could use the American industrial park to produce the magnetron, 
essential to equip the system of defense of their country against German air attacks. 
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After a brief contact with the MIT (Massachusetts Institute of Technology), there was a 
meeting of scientists with the British engineer Percy L. Spencer, owner of a small company 
called Raytheon. After an analysis of the British project, changes were proposed to the 
original design, making it easier to produce and more efficient. The British accepted the 
modifications, so that at the end of the war Raytheon was responsible for 80% of 
manufacturing magnetrons produced, then becoming an industry giant in electronics and 
telecommunications. The use of microwaves as the heating source was the next step. 
 
British scientists were aware that the operation of magnetrons generated microwave and heat 
as well, but it was Spencer who realized he could use electromagnetic radiation to heat food. 
In 1945, Spencer noticed that a candy bar in his pocket melted when he stood in front of a 
connected magnetron. Intrigued by what happened, he performed a series of experiments with 
other foods, resulting the filing of the first patent for a microwave to heat food from the use 
of microwaves in 1946. In 1947, Raytheon marketed the first commercial microwave oven 
[1]. 
 
Studies of polymer processing via microwave in the early 1960’s led to many successful 
applications in rubber, textile materials, and in the food industry. The first use of microwave 
irradiation combined with polymers was described in 1968 with the curing of epoxy resins 
making use of a domestic microwave oven. Reported in the literature are some 
polymerizations or copolymerizations, mainly chain involving different types of monomers. 
In 1980, this was renewed interest due to inherent properties in the application of microwaves 
[2,3]. 
 

1.2. Interaction Microwaves versus Materials 

 
In general, there are three types materials which, when irradiated with microwaves, can be 
classified as to their interaction (dielectric properties): 
- Transparent materials (materials with low dielectric loss): The radiation passes through the 
material with little or no interference from the material over the field of microwaves; 
- Opaque materials: The radiation is reflected and does not penetrate the material; and 
- Absorbing materials (materials with high dielectric loss): They absorb energy by irradiation 
with microwave to a certain level according to the coefficient of dielectric loss. 
 
A fourth type of interaction can also be observed when there is addition of an absorbing 
material to a material transparent to microwaves. It's the kind of interaction observed in 
composites or multiphase materials where one of the constituent materials have high values 
of dielectric loss. A mixture of absorbers are made in order to take advantage of the selective 
heating with of microwave irradiation [4]. Fig.1 shows the behavior of the three groups of 
materials and microwave. A material with added absorbers is also shown. 
 
For the heat to be generated within the material, the microwaves should be able to enter the 
material and be absorbed by the transmited power, as was presented above. The dielectric 
constant ( ') and dielectric loss factor ('') are physical properties that quantify the ability of 
converting energy within a material absorbing microwaves. Specifically, the dielectric 
constant is a measure which indicates the polarity of a material or substance, and the 
dielectric loss factor indicates the efficiency of conversion of electromagnetic energy into 
heat [5]. 
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These values are frequently expressed in term of complex dielectric constant (*), as showed 
on Equation 1: 
 

* = ’ – i ’’ (1) 

 
 

 
 

Figure 1: Comparison between different types of materials: transparent, opaque, and 
absorbing (natural and dopped). 

 
The processes of energy transfer between molecules, in absorbing materials, can be of two 
kinds: rotation of dipole, and/or ionic conduction. 
 
For high frequency radiation (such as ultraviolet, for example), the dipoles cannot follow the 
changes of the electric field, and for very low frequencies (such as radio waves, for example) 
the molecular reorientation is much faster than the switching fields. For both cases the 
heating of the material will not occur for frequencies between these two limiting cases, the 
electric dipoles follow the changes of the electric field and part of the electromagnetic energy 
is stored, turning into heat due to friction with the dipoles of neighboring molecules [6]. 
 
The heat from the rotation of dipoles relates to the alignment of the molecules (which has 
permanent or induced dipoles) with the applied electric field. When the field is removed, the 
molecules return to a disordered state, and the energy that was absorbed to this guidance in 
these dipoles is dissipated as heat [1].  
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For the ionic conduction, the heating is generated by friction that occurs through the 
migration of ions when dissolved under the action of the electromagnetic field. This 
generation depends on the size, charge, conductivity of dissolved ions, and interaction of the 
latter with the solvent. Unlike the rotation mechanism of the dipole, the temperature rise 
during the heating of the material also results in increased mobility of ions and consequently 
the efficiency of heating by the ionic conduction mechanism [6]. 
 

1.3. Characteristics of Microwave Heating  

 
The mechanism of heating via microwave is independent of the thermal conductivity of the 
irradiated material and offers a good solution to operation with materials which do not have a 
good thermal conductivity, such as polymers. This relatively new form of energy transfer 
offers several distinct advantages of heating with kilns or with conventional ovens: 

- It´s highly selective;  
- It´s fast (almost instantaneous), and  
- It´s controllable. 

 
The energy transmitted via microwave has a large wavelength compared to other radiations, 
and offers a greater penetrating power than other radiations, such as ultraviolet or electron 
beam. Despite this advantage, the frequency of microwave energy is not enough to provide 
the breaking of chemical bonds, promoting only dissipative heating rate. This leads to a quick 
distribution of energy through the volume of the material [3]. 
 
The various mechanisms of energy transfer in heating ovens also result in several new 
challenges for materials processing. As energy is transferred by electromagnetic field, any 
non-uniformities in the electromagnetic field will result in uneven heating. Furthermore, to 
the extent that different types of materials are processed, physical and structural changes 
occur that affect their dielectric properties. Pronounced changes in the capacity of microwave 
absorption by the material can cause difficulties with the process modeling and control. 
Understanding the interaction of materials with microwave is an important step in the 
processing. 
 

2. EXPERIMENTAL 
 

2.1. Materials 

 
For the present work, one type of epoxy-anhydride-amine system, normally used for curing 
on kilns, or ovens, was chosen: bifunctional epoxy – diglycidyl ether of bisphenol A 
(DGEBA), methyltetrahydrophthalic anhydride (MTHPA), and benzyldimethyl amine 
(BDMA). It’s a epoxy system with a long pot-life, generally used for the production of 
composites materials by filament winding and manual lamination (hand lay-up, for example). 
 
The resin, hardener, and accelerator were provided by Araltec Ltda., a Huntsman distributor. 
The commercial codes for the resin (DGEBA), hardener (MTHPA), and accelerator (BDMA) 
are MY750, HY917, and DY062, respectively. The proportion used in this study was 
100:85:0,5 (by weight) for resin, hardener, and accelerator, according to the suppliers. 
The chemical formulae of the epoxy formulation is presented in Fig. 2. 
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Figure 2: Chemical formulae of components of the epoxy system 

(MY750/HY917/DY062). 
 
The absorbers evaluated in this study were:  

- Additive: activated carbon;  
- Fillers: calcium oxide (CaO), calcium carbonate (CaCO3), silicon dioxide (SiO2), and 

aluminum oxide (Al2O3); and  
- Pigments: titanium dioxide (TiO2), carbon black, and iron oxide (Fe2O3). 

 
The choice was based on materials normally used associated with epoxy resins in production 
of composite materials. . In order to observe the effect of mixtures 1, 2, and 5% by weight of 
filler were added to epoxy resin, and it was verified these effects in the curing process. All the 
chemicals were commercial-grade and were used as received. 

 

2.2. Methods 

 

2.2.1. Sample preparation 
 
After good mixing, air bubbles were released from the samples before they were poured into 
a mold. The absorbers were added after the preparation of the epoxy system, in the quantities 
above indicated. A circular polypropilene mold (6,5cm diameter X 0,5 cm depth) was used 
for microwave curing. The amount of the final mixture with each absorber was weighed to 
control the thickness of the specimens. 
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Microwave curing was performed in a Continental MOCT022SD2A1BR commercial 
microwave oven at a frequency of 2.45 GHz. This microwave oven was calibrated to 
facilitate the processing. It consisted of 10 power levels, with the maximum theorical level 
equal to 800 W. In this work, the applied power was based on the physical performance of the 
cured samples. 
 
No air bubbles and no burning were the criteria for good specimens. The microwave cure 
schedules were optimized using different power–time combinations, taking utmost care to 
minimize the appearance of localized hotspots in the samples. 
 

2.2.2. Calibration of power levels of the microwave oven 
 

The calibration procedure used was that described in Pecoraro [7]. The power output of the 
magnetron can be determined indirectly by measuring the temperature increase, in degree 
Celsius, for l liter of water heated for 2 minutes. Through Equation 2, the values of output 
power can be determinated:  
 

P = Cp K ∆T m / t (2) 

 
where, P is the power absorbed by the water (Watts); K is the conversion factor from Calories 
to Watts; Cp is the heat capacity (cal. ºC); m is the sample mass (g); and t is the time (s). The 
accuracy of measurements depends on locating the sample in the same place inside the cavity 
and the use of the same container. 
 

2.2.3. Evaluation of microwave absorbers 
 

The evaluation of microwave absorbers was made in a similar way to that presented by 
Pickles [8]. The power absorbed was estimated indirectly through temperature measures 
before and after irradiation with microwaves. 
 
Small quantities of each absorber (1,5 grams approximately) were put in polypropylene 
container, a poor microwave absorber. Each sample was spread in a container so that it was 
1mm thick. All container were positioned in the center of the base of the microwave oven 
chamber. The time for irradiation was thirty seconds, and the temperature was registered with 
a digital, non-contact type infrared pyrometer. 
 
After the evaluation, the best absorbers were mixed separately with the resin and heated in 
order to observe and confirm the behavior presented. 
 

2.2.4. Determination of glass transition temperature (Tg) 
 

The glass transition temperature (Tg) of the microwave-cured samples was determined using 
a differential scanning calorimeter, model DSC 822, by Mettler-Toledo. A common heating 



INAC 2013, Recife, PE, Brazil. 
 

rate of 20ºC/min was employed for evaluating the Tg values, from 25 to 300ºC. The 
maximum Tg (known) indicating complete crosslinking for microwave-cured specimens 
without absorbers was taken as the basis for confirming completion of cure in samples with 
absorbers. In order to prevent risks to the DSC equipment, a previous test in a 
thermogravimetric analyzer, model TGA/SDTA 851, by Mettler-Toledo, was performed. The 
degradation temperature of the materials was determined with a heating rate of 10ºC/min, 
from 25 to 800ºC. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Calibration of power levels of the microwave oven 
 

The calibration results are present on the Fig.3. From the graph, the differences between the 
theoretical value and the measured value of power can be observed. The measured value will 
indicate the amount of energy being employed to the cure epoxy system with different types 
and amounts of absorbers. For the theoretical maximum of 800W, the value of 516W was 
obtained, indicating a loss of the order of 35%. 
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Figure 3: Graphic obtained for calibration of microwave oven. 

 
This value is consistent with other studies that have also made use of domestic microwave 
ovens adapted for use in laboratory [5]. Top best absorbers convert the radiated energy into 
heat, helping to heat the epoxy system, which results in accelerating the curing reaction. In 
item 3.2., the results obtained are presented individually for each of the absorbers measured. 
 

3.2. Evaluation of microwave absorbers 
 

The evaluation of different absorbers is presented in Fig. 4, 5, 6 and 7. The additive and 
pigments were tested, and the results obtained follow in Fig. 4. The additive activated carbon, 
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and the pigments carbon black and Fe2O3 exhibited the best results in comparison with the 
resin alone. For power level 5, carbon black, activated carbon, and Fe2O3 attained 
respectively 115, 27 and 9 ºC, while the resin attained 46ºC for thirty seconds of irradiation 
with microwaves. In other words, if the initial temperature of carbon black, activated carbon, 
Fe2O3, and the resin were 25ºC, the obtained temperatures would be 140, 52, 34, and 71ºC. 
For power level 10, activated carbon and Fe2O3 attained 79 and 17ºC, respectively, and the 
resin attained 102ºC. In power level 10, the measure for carbon black could not be made 
because of security reasons. The carbon black heats a lot, promoting risks to the experiment.  
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Figure 4: Additive and pigments irradiated for thirty seconds, with different levels of 
power. 

 
The fillers were tested and the results obtained follow in Fig. 5. For the fillers CaO, Al2O3, 
and CaCO3 a low capacity to absorb microwaves was observed, in accordance with what 
other authors [ 8]. For SiO2 a medium capacity of absorb microwaves was observed, with a 
variation of temperature equal to 13ºC for power level 5, and 32ºC for power level 10.This 
results of microwave absorbtion was better than Fe2O3  
 

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10

Power Levels

d
T

 (
°C

)

Resin SiO2 CaO Al2O3 CaCO3

Figure 5: Fillers irradiated by thirty seconds, with different levels of power. 
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In order to verify the results obtained, all materials (additive, pigments, and fillers) were 
tested also with one and five minutes of irradiation with microwaves in power level 10. Fig. 6 
presents the values obtained for each material tested. 
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Figure 6: Materials irradiated for 30 secs, 1 and 5 minutes, in power level 10. 
 
Activated carbon and carbon black do not appears in Fig. 6 because the measures were not 
made for security reasons. Both materials absorbed greats quantities of power, promoting 
risks to execute the evaluation. Other results are presented above, confirming previous tests 
for different levels of power with thirty seconds of irradiation. 
 
After the test of the additive, pigments and fillers alone, tests mixing individually each of the 
best absorbers with resin at a proportion of 5% in weight were performed: carbon black, 
activated carbon, Fe2O3, and SiO2. Preliminary tests with 1 and 2% in weight present similar 
results to 5%, so 5% in weight was selected in order to facilitate the sample preparation. The 
samples were irradiated in power level 1, and the results obtained are presented in Fig. 7. A 
test with excess (100%) of accelerator was made in order to compare with the addition of 
absorbers to the resin. 
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Figure 7: Absorber materials mixed with resin evaluated in a curing process promoted 

by microwave irradiation. 
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All tests were performed until the temperature of 95ºC, approximately was reached. This 
temperature is above the limit suggested by Huntsman [9] for the curing process of bisphenol 
A based resins, and it is also a limit for safety operation with polypropylene molds. At this 
temperature, the resin started the curing process, and the polypropylene molds started to melt. 
 
At power level 1, the resin does not attained 65ºC, resulting in an incomplete cure of the 
material. For the other conditions, the mixtures studied reached 85ºC, starting the curing 
process. The absorbers tested provided a better heating, resulting in an option to accelerators. 
The sample of resin, with excess of accelerator, reached 92,21ºC in 36 minutes. For Fe2O3, 
the less effective absorber, the temperature obtained was 84,42ºC, in 21 minutes.  
 

3.3. Determination of glass transition temperature (Tg) 
 

The resin processed by irradiation with microwaves was evaluated in a TGA/SDTA in order 
to determinate the temperature of degradation. This information is an important reference to 
safe operation in DSC and an indicator to level of crosslinking, observed by the Tg attained 
by the resin. For some types of epoxy resins, higher values on temperature of degradation 
suggest a high level of cross-linking, and indirectly, higher values of Tg. [10]. The results 
obtained follows in the Fig. 8. 
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Figure 8: Thermogravimetric Analysis (TGA) of a sample resin irradiated with power 
level 3. 

 
Most of the samples analysed presents similar results, with few differencies in temperature of 
degradation and final residues. The sample starts to loose weight near 200ºC, but only at 
350ºC the main loss of weight happens. The partial loss of weight between 200 and 350ºC is 
5,74%. The main loss of weight (85%) occurs between 330-480ºC, with 6-8% of final 
residue. Comparing with the curing process made on ovens and kilns for bisphenol A based 
resins [10], the curing process using microwaves, with or without absorbers offers a better 
thermal resistance. In the curing process by oven and kilns, the main loss of weight occurs at 
200ºC, approximatly, losing 85% or more on one step. 
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The determination of the glass transition temperature was started analysing the resin without 
absorbers. The same test was made with the other samples with absorbers. For both cases, 
with and without absorbers, the curing process does not occur completely , and the results can 
be observed in Fig. 9. 
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Figure 9: Diferential Scanning Calorimenter (DSC) of samples for evaluation of the 

curing process. 
 
The sample without absorbers, irradiated at power level 1, presented the higher values of 
curing heat, in comparison with the other samples with absorbers. This effect can be a result 
of a more effective heat faster in the microwave oven heating during microwave irradiation 
using absorbers. The samples with absorbers promoting a more advanced curing degree and, 
consequently, releasing less heat during DSC. In Fig. 9, it can be seen that the absorbers 
carbon black and activated carbon present similar results for curing heat, followed by Fe2O3, 
with higher curing heat, confirming the effects presented in Fig. 4 and 7. In order to provide a 
better curing degree, the samples were subjected to a pos-curing process, on an oven, for 60 
minutes at 200ºC [10]. The results obtained after the pos-curing process are presented in Fig. 
10. 
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Figure 10: Diferential Scanning Calorimenter (DSC) of samples for evaluation of curing 

process, after pos-curing procedure. 
 

After the pos-curing process, none heat was presented on DSC tests for the samples, 
indicating that the curing process occured completely. In Fig. 10 it can be sen that, after pos-
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curing procedure, two Tg occurs for the samples, a first Tg between 60-80ºC, and a second 
Tg between 170-190ºC. Comparing this results with the Tg obtained through tradicional 
curing processes, for bisphenol A based resins, it is possible to observe a gain of at least 50ºC 
in Tg value when using microwaves [10]. 
 
Another important factor is the time for curing. Although the process using microwaves, with 
or without absorbers, implies in the need of a pos-cure process, the total time involved is less 
than for traditional curing processes in ovens or kilns. According to the manufacturer of the 
epoxy resin system, a curing process of twelve hours (minimum time) is needed for 
conventional methods, while the process with microwaves needs only three hours, with the 
pos-curing process included [9]. 

 

4. CONCLUSIONS  
 
The use of absorbers can be an interesting option in the curing process promoted by 
irradiation with microwaves. Despite the necessity of a pos-cure procedure to obtain high 
levels of temperature of degradation and high glass transition temperatures, the use of 
absorbers offer a way to provide a faster curing of epoxy resins. The procedure with 
microwaves also offers better results if compared with curing processes in ovens or kilns. The 
studies of absorber quantities indicate that small quantities (5% in weight) added to the resin 
can offer good results.  
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