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Microwave (MW)processingwas used to cure a sol-gel type silicone resin coating that normally requires thermal
curing over 250 °C. The study focused on coatings applied on polycarbonate and poly(methyl methacrylate) sub-
strates and processing temperatures did not exceed 100 °C when using Silicone Carbide, Carbon, and Aluminium
susceptors at 5% concentration by weight. Heating performance of the susceptors in bulk silicone resin matrix as
well as in thin layers was compared.
The results presented show that the heating response of the additivesmeasured in bulkwas significant. However,
results for thin layers indicated that the effects of MW heating on the coatings containing the susceptors were
limited, and samples microwaved at 800 W for 4 h imparted insignificant increase of the coating hardness.
This outcome was supported by AFM Phase images which revealed no distinctive layer near the susceptor parti-
cles. This suggests that the heat dissipation to the substrate and air with limited heating performance of the
susceptors does not allow for an effective in-situ curing in thin layer.
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1. Introduction

Microwave (MW)material processing has been available for a num-
ber of years, yet this technology remains relatively underutilized despite
a number of factors making it potentially very attractive for industry.
Rapid curing or drying, energy saving and the ability to provide targeted
treatment are the signature benefits that could be expected from MW.

Typical silicate-based sol-gel coatings impart excellent mechanical
properties, but they also require elevated temperatures in excess of
200 °C to be effectively cured. This limits the application of such coatings
to metal or ceramic substrates. Sol-gel coatings that can be applied onto
thermoplastic substrates to enhance their hardness are typically cured
with the help of UV radiation. Still, the mechanical properties of such
layers, i.e. hardness, may not fulfill some of the requirements associated
with the standard, polycondensation-based coatings when thermally
cured above 300 °C. A variety of conductive and dielectricmaterials gen-
erate heat while exposed to MW radiation [5–17]. It is postulated that
such materials in the form of micro or nano-particles could be added
to the coating matrix and upon MW irradiation act as in-situ heaters.
This may allow selective heating of the coating while limiting the
temperature exposure of the substrate. Attempts reported in the litera-
ture concerning curing various coatings with MW are limited [1–4].

MW susceptors (or MW lossymaterials)mentioned in the literature
as suitable for heating applications are typically from the group of con-
ductors, semiconductors and dielectric materials. Frequently used
susceptors include Aluminium, different types of carbon-based mate-
rials, Strontium and Barium Titanates, zeolites and clays, ferromagnetic
materials with sufficiently high Curie point and Silicon Carbide.

In this paperwe describe results of the effects ofMWcuring on coat-
ingswith the use of selectedMWsusceptors. To our best knowledge the
attempt to employ MW susceptors to cure silicate-based coatings typi-
cally requiring high temperature processing has not been reported. As
the base polymer SILRES 610 was used, a solid silicone resin chemically
similar to linear, oligomeric methyltrimethoxy silane analogues and
thus capable to undergo effective polycondensation above 250 °C.

Although curing of such resins can be catalyzed, for the following
reasons we opted for an uncatalyzed system: overall simplicity of the
approach – adding a catalyst would be an additional factor influencing
the reactions; some of the catalysts (i.e. Alumina) may affect the
coating's appearance; also, from our experience, the catalysts used at
lower temperatures (b100 °C) do not allow to obtain coatings with
the properties comparable to these of un-catalyzed systems cured at el-
evated temperatures; lastly, our ultimate goal was to see if the
susceptors can cure the resin acting as in-situ heaters, rather than to ob-
tain well cured layers.
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The coatings were applied and cured on polycarbonate (PC) and
poly(methyl methacrylate) (PMMA) substrates both using convection
heating and the microwaves.

2. Materials and methods

Aluminium, powder, ≥91%; Carbon, nanopowder, b100 nm particle
size (nano-Carbon); Montmorillonite clay (Clay); Graphite, powder,
b20 μm, synthetic; Molecular Sieve (Mol.sieve) 4A, powder, activated,
325 mesh; Silicone Carbide (SiC), 200–450 mesh particle size; Silicone
Carbide nanopowder (nano-SiC), b100 nm particle size; Strontium Tita-
nate (SrTi), nanopowder, b100 nm particle size, 99% trace metals basis
(SrTi); Zeolite; O-(2-Aminopropyl)-O′-(2-methoxyethyl)polypropylene
glycol, Jeffamine® M-600 (Jeffamine), D.E.R.™ 736 (DER), a resin based
on epichlorohydrin and dipropylene glycol, were all supplied by Sigma-
Aldrich. SILRES 610, melting point ~55 °C; TES 40WN (TES40WN) oligo-
meric ethyl silicate were ordered from Wacker Chemie AG; Ethanol,
99.9%. All the materials were used as received.

SILRES-based coatings were prepared by dissolution in Ethanol
using SILRES 610 (93 wt%), TES40WN (2 wt%) and suspended in the
mixture 5 wt% of the susceptor. The total concentration of solids in the
mixture varied in the range 20–40 wt%. The lacquer was applied by
air-spray onto 2 mm thick polycarbonate (PC), Bayer, Lexan and
poly(methyl methacrylate) (PMMA), PolyA, substrates. The coatings
were left for 5 min to dry and subsequently transferred to a forced con-
vection oven (12 h at 100 °C). Under these conditions the coating fused
resulting in smooth, glossy layers of the thickness in the 50–100 μm
range. TES40WN was used as a reactive plasticizer improving the flow
(leveling) of the coatings during the oven fusion process.

For the bulk-heating experiments the same fractions of SILRES,
TES40WN and the susceptors were used, but the samples were pre-
pared by grinding/mixing all the non-solvent components in a ceramic
pestle and fusing such obtained powder in a forced convection oven for
12 h at 100 °C using silicone molds with cylindrical dimensions of d =
2.5 cm, h = 12–14 mm, resulting in a typical amount of material in
the order of 8.5 g. The DER epoxy resin was used as a reference matrix
material. In this case the samples were synthesized by mixing the DER
resin with the Jeffamine in 1:1 M ratio, adding the susceptors (5 wt%)
and curing the mixture in the forced convection oven for 12 h at 60 °C.

Hardness measurements were performed with a Matsuzawa MMT-
X3Hardness Testerwith 50 g indentation loads. Each hardness value in-
cluded in Table 2 is based on at least three data points. Optical images
were obtainedwith anopticalMicroscope, Axiotron, ASEB, Zeiss. Atomic
Force Microscopy images where recorded with Bruker Dimension
FastScan AFM in tapping Phase mode imaging. Temperature measure-
ments of the samples and thermo-imaging were performed with an IR
Digital Thermometer, Fluke VT02.

Microwave curing was performed using a custom modified
Panasonic NN-CF874, domesticmicrowave oven (2.45 GHz). To prevent
damaging, the oven was fitted with a water container connected to a
chiller via a circulation pump. This allowed continued operation with
Fig. 1. Microwave treatment of the coatings and bulk samples. (a) Schematic overview of the o
indicate the distance from the oven's floor. Dark areas indicate exposure to elevated tempera
coated substrate placed 6 mm above the oven's floor and exposed to microwave radiation at t
any excess of the microwave energy being removed. A schematic view
of the setup is presented in Fig. 1a.

Microwave standing waves and radiation uniformity were mapped
using thermally sensitive fax paper radiated for 30 s at the 1000 W
power setting at different distances (flat planes) from the oven's floor.
The results are shown in Fig. 1b. Darker areas correspond to elevated
temperatures. From the images it may be concluded that the highest ra-
diation uniformity should be expected when placing the samples 6 mm
from thefloor of the oven. It should be noted that the dark areas only in-
dicate that a certain temperaturewas reached. The actual power density
distribution within the areas may still vary.

Actual heating uniformity of a coating as applied on a PC substrate is
shown in Fig. 1c. The sample was placed 6 mm above the floor of the
oven and radiated with the 1000 W setting for 3 min. The image indi-
cates good heating uniformity.

3. Results and discussion

The basic heating effects of the used susceptors were examined
using bulk samples (cylinders, containing 8.5 g of material) where the
samples were radiated for a duration of 3 min at the 1000 W setting.
This step was included as the intended concentration of the additives
was low and fixed at 5 wt%. The reason for the relatively low concentra-
tion was to limit the effects of the additives on the coating appearance/
clarity and possibly other properties of the coatings. At 5 wt% the ap-
pearance of the samples was already substantially altered. The results
of the bulk heating experiments are presented in Table 1.

The epoxy-based samples were used as a reference to compare the
heating effects of the susceptors suspended in a typical, purely organic
polymer matrix. Heating the samples resulted in presence of tempera-
ture gradient in the majority of the investigated cases. For this reason
the temperature of the sample was measured at its bottom surface,
which is the side directly exposed to the MW radiation, as well as at
its top surface, after the radiation passed through the sample, rather
than measuring bulk average values.

From the results included in the Table it is clear that the SILRES ma-
trix itself is practically MW transparent (change in temperature 2.9 °C
only). A very different effect is observed for the epoxy resin where
3 min of radiation allows the temperature to rise by N50 °C. The higher
temperature on the top surface may suggest a higher density of the ra-
diation near the top of the samples as compared to its bottom.

The effects of the individual susceptors vary both between them and
between the matrices. Aluminium powder imparts the most pro-
nounced heating effect for both SILRES and Epoxy samples. It is evident
that even at the 5 wt% concentration this susceptor absorbs or reflects
significant fraction of the MW energy; hence effectively shielding the
top part of the sample leading to clearly lower temperature for the top
parts for both SILRES and epoxy matrices. This is the only susceptor
showing such strong effect. The other additives from the group of elec-
tric conductors, nano-Carbon and Graphite, also show clear heating im-
pact but only for the SILRES-based samples.
ven; (b) Mapping the microwave radiation with thermally sensitive paper: the numbers
tures; (c) Heating uniformity of the radiation for a square 10 cm × 10 cm polycarbonate,
he set value of 1000 W for 3 min.



Table 1
Heating response of the microwave susceptors suspended in SILRES and Epoxy matrices.
The numbers are the differences in initial temperatures, and after the samplesweremicro-
wave radiated for 3 min at 1000W power setting. Top and bottom refers to the tempera-
tures measured at the respective part of the sample.

Matrix
SILRES Epoxy

Susceptor Difference in
temperature [°C]

bottom top bottom top

None (matrix) 2.9 2.9 54.3 72.5
Aluminium 11.9 9.4 69.9 37.8
nano-Carbon 12.8 11.4 55.3 77.9
Clay – – 52.5 69.3
Graphite 11.5 11.8 53.8 79.5
Mol.sieve 4A – – 57.1 78.6
SiC 5.7 5.9 60.3 77.4
nano-Sic 6.1 6.2 60.2 77.6
SrTi 3.7 2.9 53.6 71.1
Zeolite 7.5 7.8 56.4 78.2

Fig. 2. Optical images of the SILRES layers containing selected microwave susceptors. The
samples were cured in the microwave for 4 h at a power setting of 800 W power.

Table 2
The effect of microwave heating (4 h, 800 W) and forced convection oven heating (96 h,
100 °C) on the hardness of SILRES-based coatings containing selected susceptors. CH –
convection heating; MW – microwave heating; Δ – the difference in hardness between
the untreated coating and after the treatment; σ – standard deviation.

Susceptor Hardness Treatment Hardness

Sample not
treated

Sample
treated

Δ [%]

[HV] σ [HV] σ

Aluminium 6.46 0.21 CH 6.47 0.24 0.17
7.11 0.23 MWH 7.13 0.22 0.31

Graphite 7.10 0.24 CH 7.13 0.22 0.47
6.75 0.25 MWH 7.38 0.19 9.38

nano-Carbon 7.06 0.29 CH 7.13 0.13 0.94
7.04 0.18 MWH 7.33 0.17 4.02

SiC 7.38 0.17 CH 7.37 0.19 -0.23
7.29 0.16 MWH 7.58 0.17 3.89

nano-Sic 6.73 0.22 CH 6.78 0.15 0.66
7.33 0.25 MWH 7.49 0.17 2.28

No susceptor (SILRES 610) 6.89 0.11 CH 6.90 0.19 0.10
6.81 0.24 MWH 6.81 0.19 -0.10
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It was not possible to prepare bulk SILRES-based samples containing
Montmorillonite Clay and Molecular Sieve. During the fusion process
these samples were intensively foaming and resulting in large pores
with foam-like structures. This was attributed to the effect of residual
water, but it should also be mentioned that the possibility of the
foaming due to polycondensation water release as a result of catalytic
action of this group of susceptors cannot be ruled out in this study.
The effects of these two additives on the heating of the Epoxy-based
samples appear very limited. Zeolite also caused some foaming of the
SILRES sample, but it was still acceptable for sample processing and
analysis. For this susceptor the heating effect is mostly visible in the
SILRES sample.

As mentioned earlier Silicon Carbide is reported in a number of pa-
pers [4,6] as an effective MW susceptor, but it also carries the potential
benefit of some improvement of hardness to be expected based on its
high mechanical strength. While exposed to the MW, SILRES-based
samples containing SiC show clear but limited heating effects compared
to Aluminium and Carbon susceptors.

The last susceptor included in this study – SrTi - shows none to very
limited heating effects in both of the matrices.

Based on the results, the susceptors with highest heating impact on
the SILRES matrix were selected to be incorporated in the SILRES-based
coatings. Zeolite was excluded from those studies due to the foaming
issue.

SILRES-based coatings prepared using the method described in
Section 2, were treated using two different processes. The first process,
MW treatment involved exposing the samples for 4 h to themicrowave
radiation at a power setting of 800 W. A separate set of the samples
were thermally treated by heating them in a forced convection oven
at 100 °C for 96 h.

Optical microscopy was used to examine the distribution of the
susceptor particles within the coatings. The images for samples contain-
ing different susceptors as well as the coating containing no additives
are shown in Fig. 2. The morphology of the layers reveals generally
well distributed susceptor particles with no major voids visible in the
coatings. In case of Aluminium, SiC and Graphite some agglomerates
are present, but generally the additive particles seem to be well dis-
persed within the coating's matrix.

Changes to the coating's hardness as the effect of the different treat-
ment (MW or convection heating) were examined using Vickers hard-
ness measurements. Prior to the measurements and directly after the
corresponding treatments all the samples were conditioned by keeping
them at 24 °C for 48 h. The results of the measurements are listed in
Table 2 and indicate no significant differences between freshly prepared
(not treated) coatings and the coatings processed with the respective
treatments.
Some increase in the values of the hardness is observed for all the
susceptors containing samples, and this increase is slightly bigger for
the MW samples, but all the observed changes are not significant and
within the measurement error.

Unlike the bulk samples, coatingswere applied as a thin layer so heat
transfer (dissipation) to the substrate or air was expected. If the heat
generated by the susceptor particles was more significant than the
heat dissipated to the surrounding, this should allow the heat accumu-
lation and an increase of the temperature. Only under such condition
could effective curing happen. The results presented here indicate that
the heat generated by the particles did not allow heating of the matrix
to the desired level.

To examinewhether any significant temperature risewas generated
in the SILRES layers directly surrounding the susceptors particles, the
sampleswere cross-sectioned and the surface scannedwith AFM.Mate-
rials of different mechanical properties can typically be distinguished in
AFMPhase imaging. If a part of thematrix surrounding the particleswas
cured, a difference between this layer, the particles and the surrounding
uncuredmatrix should appear as a contrast in the Phase images. A direct
surrounding of an Aluminium particle is shown in Fig. 3 (Aluminium).

The left image provides an overview of the area within a fewmicro-
meters around the particle. The right image is a zoom-in image showing
details of the particle-matrix interface. The Phase contrast between the
particle and the matrix is clearly visible but no additional transition
layer surrounding the particle could be found. Similar observations are
valid for the other coatings containing SiC and Graphite and presented



Fig. 3. AFM Phase images of the SILRES matrix containing Aluminium, Silicon Carbide and Graphite particles. The sample was cured with in the microwave for 4 h at a power setting of
800 W. The X-Y dimensions of the areas presented in the images are equal.
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in Fig. 3. Again, no distinctive contrasting layer that can be contributed
to the cured SILRES matrix is visible. The AFM imaging was also per-
formed for the coatings containing nano-Carbon and nano-SiC, but
the size of the particle did not allow sufficient contrast differentia-
tion between the particles and the surrounding matrix. Lastly, the
AFM morphology of the SILRES coatings containing no additives
also showed no distinctive features (images not included). It resem-
bled the morphology in the areas between the susceptor particles, as
visible in Fig. 3.
The results of AFMPhase imaging suggest that the heat generated by
the susceptors is not sufficient to generate required curing tempera-
tures; even in the direct surrounding layer around the particles.

4. Summary and conclusion

Selected microwave susceptors incorporated at the concentration of
5 wt% to silicate sol-gel type coating based on SILRES 610 were used to
assess curability of such coatings by microwave radiation. The heating
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effects of the susceptors were first examined in bulk and as expected
were found to be significant for conductive susceptors; However, the
heating effects were not sufficient to cure the material applied as a
thin coating layer onto polycarbonate and poly(methyl methacrylate)
substrates. The coatings subjected to microwave radiation for 4 h -
and as a reference heated in the convection oven for 96 h - showed no
significant increase in hardness and no significant difference compared
to the thermal heating. The optical image morphology showed the
susceptor particles well distributed in the coating matrix. AFM phase
imaging showed clear contrast between the susceptor particles and
the coatingmatrices. This suggests that the heat generated by the parti-
cles upon microwave radiation is likely insufficient to overcome its dis-
sipation to the substrate and air.

Acknowledgements

The authorwould like to thank Singapore Institute ofManufacturing
Technology for funding this work.

References

[1] L. Sowntharya, R. Subasri, Ceram. Int. 39 (2013) 4689–4693.
[2] P. Fabbri, C. Leonelli, M. Messori, J. Appl. Polym. Sci. 108 (2008) 1426–1436.
[3] A. Jaroenworaluck, T. Panyathanmaporn, B. Soontornworajit, Proceedings of the

11th European conference on applications of surface and Interface Anlaysis, Vienna,
Austria 2005, Surf. Interface Anal. 38 (2006) 765–768.

[4] J.N. Hart, Y.B. Cheng, G.P. Simon, Proceedings of the 2nd international conference on
advances of thin films and coating technology, Singapore, 2004, Surf. Coat. Technol.
198 (2005) 20–23.

[5] Handbook of Microwave Technology for Food Application (Food Science and Tech-
nology), Marcel Dekker Inc., 2001

[6] US Patent Application, US4190757 A, 1980.
[7] United States Patent, US 4968726 A, 1985.
[8] Canadian Patent, CA 2008013 1990, p. A1.
[9] US Patent Application, US 20080248489 A1, 2008.

[10] US Patent Application, US 8431414 B2, 2013.
[11] European Patent Application, EP 2268222 A2, 2011.
[12] U. Roland, M. Kraus, U. Trommler, Chem. Ing. Tech. 83 (2011) 2260–2269.
[13] R.A. Hayn, J.R. Owens, S.A. Boyer, J. Mater. Sci. 46 (2011) 2503–2509.
[14] S. Vukusic, G. Bischof, S. Flincec, D. Katovic, Proceedings of the conference: 5th Bien-

nial Conference on Advanced Materials and Nanotechnology (AMN-5)Wellington,
New Zealand 2011.

[15] S.C. Medeiros, F.D. Menezes, R.R. Neves, Ceram. Int. 41 (2015) 7501–7510.
[16] United States Patent, US4721738 A, 1988.
[17] Canadian Patent, CA 1153196 A1, 1983.

http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0005
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0010
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0015
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0015
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0015
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0020
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0020
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0020
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0025
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0025
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0030
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0035
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0040
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0045
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0050
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0055
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0060
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0065
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0070
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0070
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0070
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0075
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0080
http://refhub.elsevier.com/S0257-8972(17)30173-1/rf0085

	Low temperature microwave processing of silicone resin coatings containing microwave susceptors
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Summary and conclusion
	Acknowledgements
	References


