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ABSTRACT: The final goal of this study was to manufacture an epoxy—glass leaf spring by microwave processing. The physical proper-
ties of the final part to be manufactured, in particular, the mechanical properties, were directly related at the repartition of
microwave-source heating during the treatment. The major problem in microwave processing, however, is the attenuation of the
microwave source. Here, we propose a dielectric effect of attenuation inversion of the electromagnetic waves as a new method for the
uniform treatment of epoxy—glass by microwave energy. This solution used the dielectric properties of the mold to control the
microwave-heat-source attenuation into the composite to be treated. Many experiments were carried out to validate the proposed
solution. The results show that the microwave-source heating attenuation could controlled and inversed. We demonstrated the uni-
form treatment of epoxy—glass parts about 100 cm long by means of the compensation of microwave-source attenuation. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39908.
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INTRODUCTION

The production of auto parts with polymer-based composite
materials requires physicochemical transformation of the com-
ponents of the matrix. The application of this type of material
for large-scale and continuous industrial production of auto
parts is often difficult because of the excessive duration of the
manufacturing cycle at lower temperatures. Indeed, to shorten
this time, it is necessary to raise the temperature of the materi-
als to accelerate the physicochemical transformation. On the
other hand, it is well known that polymeric materials are usu-
ally low in thermal conductivity and high in thermal degrad-
ability. These characteristics inevitably limit the possible
increase in temperature and hence the possible reduction of the
production time.

The application of internal thermal sources created by the
dielectric hysteresis phenomenon offers an alternative' because
it makes it possible for them to act quickly on materials with
poor thermal conductivity in several minutes* without the risk
of overheating the material surface. The use of microwaves in
the manufacturing of polyurethane in car seats was first
reported by Morey in 1963.” In 1974, Kawasa and Hayakawa®
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reported the preparation of composite materials by the micro-
wave crosslinking of unsaturated polyester resins charged with
glass balls. In the following year, the same method was success-
fully applied to the reticulation of polycondensation resins, such
as polyamides, polyimide, and polyester resins, phenolic or
epoxydic.” Wilson and Salerno® studied the reaction kinetics of
the curing process of an epoxy resin with an amino hardener in
a microwave field. The reticulation of epoxy—glass, carbon—
epoxy, resin polyesters, polyurethane, and other varieties of
composite materials with microwave heating was studied exten-
sively during the 1980 s.”7"?

Research results reported by Jullien and coworkers'>* showed

that compared to conventional heating, the reticulation of com-
posite materials with microwaves could not only reduce the
processing time by a factor of up to 5and save energy consump-
tion by a factor of up to 10 but also improve the mechanical
performance of the final products. Other results'> showed that
the reticulation of pure epoxy resin (diglycidyl ether of bisphe-
nol A with diamino-4,4'-dimethyl-3 (DGEBA)-3'-dimethyldicy-
clohexylmethane (3DCM)) with microwaves the as energy
source improved its mechanical properties compared to those
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Figure 1. Without DEAI case: (a) waveguide filled by three materials and (b) the mold and the treated material.

obtained by a conventional process. These authors further stud-
ied the curing of epoxy resin and polyurethane in pulsed micro-

16-18 the use of

wave fields. According to their results,
microwaves in pulsed mode reduced the treatment time and, at
the same time, had no influence on the physicochemical struc-

ture of the prepared material.

Polymerization of the thermosetting matrices by microwave
heating has instigated great research interest.'*” Hord*® stud-
ied the transmission of waves at a frequency of 8.2 GHz from
one media to another media with a higher permittivity (¢') to
find a solution to minimize wave reflection at the interface.
Moreno® and Outifa®® experimentally optimized the bevel
shape for the best interface effect at frequencies of 8.2 and
2.45 GHz, respectively. Jules®® carried out thermal modeling of
microwave heating on a short sample (<20 cm in length) made
of epoxy—glass composite at a frequency of 2.45 GHz. Hug>
compared mechanical responses under a high-speed loading of
carbon—epoxy laminates prepared by a conventional thermal
curing process and by an alternative process based on micro-
wave heating. Hug used the alternative process to compensate
for the attenuation in the short sample (<20 cm in length).
Only a few research studies, however, focused their attention on
the issues of attenuation and repartition of microwave in long
composite parts, the length of which are typically no less than
20 cm.

Douadji and Delmotte®>™> proposed that uniform microwave

heating treatment could be achieved by the control of the repar-
tition of the electric field into composite materials. They carried
out a theoretical study on electromagnetics and thermal proper-
ties to demonstrate the possibility of using the dielectric effect
of attenuation inversion of electromagnetic waves (DEAI) for
the uniform treatment of long and thick parts made of materi-
als with strong electromagnetic absorption, such as epoxy—glass
composites.’™>° To achieve uniform thermal transformation of
a composite material by dielectric hysteresis, it is crucial to
ensure a uniform spatial distribution of the electric field. This
distribution depends directly the increase in the tempera-
ture.*®*! The propagation of an electromagnetic wave in an
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empty parallelepiped waveguide in fundamental mode (TEO1)
leads to the most uniform spatial distribution of the electric
field. Propagation in any other mode creates a not-so-uniform
spatial distribution of the electric field.

In the case of a waveguide filled symmetrically and completely
by three different dielectrics, as shown in Figure 1(a), the spatial
distribution of the electric field in the waveguide depends on
both the dielectric properties of the filling materials and their
dimensions. It is possible to maintain uniformity (TEOl) in a
waveguide filled by three different dielectrics through respect of
the conditions relating to these dielectric characteristics.*>** As
a matter of fact, in the direction X of the space, which is also
the direction of the electric field vector, the field amplitude is
constant. In direction Y, the amplitude of the electric field fol-
lows either a sinusoidal law with a maximum or an approxi-
mate law with a widened maximum plateau; this depends on
the properties of the filling dielectric materials. In direction Z,
the field amplitude is attenuated along the direction of wave
propagation because of energy absorption by material 3, which
is the treated material and placed in the middle, and the weaker
absorption by material 2, which represents the dielectric mold
[Figure 1(b)].

The results of electromagnetic modeling show that the longitu-
dinal distribution of the electric field in material 3 strongly
depends on the thickness of material 2. Therefore, it is reasona-
ble to believe that attenuation of the wave intensity in material
3 can be essentially eliminated*? by the proper variation of the
thickness of the dielectric mold (material 2) along the direction
of the electromagnetic wave propagation, as illustrated in Figure
2(a,b). For specific values of the dimensions of material 2, we
observed attenuation in the direction opposite to the electro-
magnetic propagation.’” This is the so-called DEAL In Figure
2(a), Rene and R.y; represent the ratios of the thickness of mate-
rial 2 to that of material 3 at the entrance and exit of material
3, respectively.

The experimental results reported in this article of the micro-
wave treatment of epoxy—glass matched our earlier theoretical
prediction and further suggested that DEAI is a way to ensure
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Figure 2. With DEAI case: (a) waveguide filled by three materials and (b) the mold and the treated material.

the uniform treatment of long composite parts in a microwave
field.

EXPERIMENTAL

Microwaves Process

The process microwaves required a parallelepiped waveguide
where the wave was propagated in TEO1 filled by three dielec-
trics, in which one (material 2) represented the mold of the
part to treated. The applicator or waveguide had a parallelepi-
ped form (0.12 X 0.25 X 2 m?) in aluminum (Figure 3). The
fundamentals of electromagnetic theory, dielectric response, and
applications of microwave heating to materials processing, espe-
cially fiber composites, were reviewed by Thostenson and
Chou.**

Materials

For all of the experiments, we used two completely different
materials on the dielectric and thermal plans. The first material
(material 1) used was polyethylene (PE) with a honeycomb
structure. The origin of this material was NIDAPLAST Compo-
sites Co., and the material was 10 mm thick. Because of these
dielectric properties, this material interacted little with the
waves, offering little reflection to the waves and little electro-
magnetic energy absorption. This material had an ¢ close to 1
(¢ =1.10) and a dielectric loss (&) of about 0.001. This mate-
rial thus played the role of support to maintain the mold

' 25cm

200cm

Figure 3. Waveguide in aluminum and their dimensions.
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Material 3 (Material to be treated)

(material 2) and the part (material 1) in the median plane of
the applicator (waveguide).

The second material (material 2) was the silicon glass composite.
The origin of this material was Isotac Isolant du Sud-Est Co. This
material represented the mold. Because of these dielectric proper-
ties, this material surrounded the part to obtain an effect of con-
centration of the waves in the median plane of the applicator.
This phenomenon was due to its dielectric properties, which were
much higher than those of the PE honeycomb. It had an & of
about 5 and a characteristic of absorption of about 0.03, that is,
30 times greater than that of the honeycomb PE.

The treated material was an epoxy—glass composite. This material
was preimpregnated Vicotex M10/46%/664-120 cm. The long
fibers glass were oriented in one direction and were impregnated
in the epoxy matrix. This matrix was named DGEBA~-dicyandia-
mide(DDA). The composite was of industrial origin and was pre-
sented under the long band aspect in the roller, whose layers were
protected by an intercalated sheet from PE to prevent the pasting
of the sheets between them.

The values of the dielectric properties (look Table 1) of the PE
and silicone glass composite were taken from the literature.””!
However, the epoxy—glass composite was characterized in the
Materials Engineering Laboratory by a conventional method.
The method used to obtain the dielectric properties of epoxy—
glass was called small disturbances of a cavity resonator.

This method was developed in the Materials Engineering Labo-
ratory in 1988 by Ollivon et al.,> and it has been applied since

Table 1. Dielectric Characteristics of the Three Materials

Material ¢ &’
Material 1: Epoxy-glass 5.50 0.30
Material 2: Silicone glass 4.50 0.03
Material 3: Honeycomb PE 1.10 0.001
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Figure 4. Variation of the dielectric characteristics at 915 MHz of the
epoxy—glass according to the temperature (the evolution follows the
arrows direction). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

then and remains one of the simplest and most precise meth-
ods. This method allows the measurement of ¢ and ¢’ simulta-
neously. The principle involves the placement of a small
amount of material into a rectangular resonant cavity TE;;
single-mode type. Dielectrics characterization was performed at
a frequency of 2.45 GHz on a sample of 0.12 g, and the results
were extrapolated to a frequency of 915 MHz of this measure-
ment according to the methods reported in the literature.*>™*’
The dielectric properties of the epoxy-glass composite were
obtained by the imposition of the thermal cycle in three stages.
The first stage consisted of an increase in the temperature from
room temperature to 200°C for 10 min. The second stage was
the maintenance of the temperature of 200°C for 2 min, and in
the third phase, we allowed the sample to cool down to room
temperature during a 10-min time period. For details of the
characterization, refer to the results in ref. 40.

The dielectric properties of these materials have important sig-
nificance in obtaining a uniform repartition of the electromag-
netic field in the materials to be treated. In our case, the
dielectric properties (Figure 4) of these materials explained the
idea of the solution used for the compensation of microwave-
source heating attenuation. The role of silicon glass (mold of
the part) was to obtain a concentration effect of the waves in
the median plan of the applicator, where the part was placed
and situated [see Figures 1(a) and 2(a)] and conserved mode
TEO1. However, the PE played a support role in maintaining
the mold (material 2) and the part (material 3) in the median
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plane of the applicator (material 1 had a characteristic of
absorption &” of about 0.001).

Experimental Equipment

The part of the epoxy—glass or the treated material was prepared
by the stacking of the strips cut from the roller of the preim-
pregnated epoxy—glass. After we obtained our wished thickness
of the part to be treated, the part was put into the mold and
the waveguide according to Figure 5. After this step, the probes
were inputted to center plan, where the part was situated and
where, according to electromagnetic and thermal modeling, the
maximum of the electric field and the temperature were located.
The part was installed within the mold in the waveguide for the
treatment for 1800 s with a 915-MHz frequency and a power of
1200 W.

In this study, we were interested on the compensation of
microwave-source heating attenuation into the epoxy—glass
composite. So, the temperature was an important parameter of
the process and depended the kinetic aspects related to the
matrix transformation. Therefore, it was thus necessary to take
a precise measurement of the temperature that would require
precautions on the material of measurement to be used. Most
of the temperature sensors existing were connected electrically
to the system processing the data. These electric connections
played the role of antennas. However, in general, the use of
these techniques in microwave processes is thus impossible
because of the problems of electromagnetic compatibility. The
heating of the thermocouple itself can considerably distort the
However, in special cases, a particular orientation of
the probes compared to the direction of the electric field can
limit the interferences but cannot to remove them. According to
results,*® these harmful effects are moderated in the case of low
power or in the case of strongly dissipative materials.

measures.48

On the other hand, there are compatible measurement techni-
ques in electromagnetism; they are used to eliminate the previ-
ous measure problems. The conducting connections in this case
are replaced by optical fibers, which do not interfere with elec-
tromagnetic fields. The thermometer used for the experiments
in this study was a fluoroptic thermometer from Nortech. It
had four connections to receive four simultaneous temperature
measurements. Then, it was possible to simultaneously follow
the change of the temperature in four different points of the
object to be treated. Moreover, it had a screen of posting, which
allowed a follow-up of the evolution of these temperatures.

Point1 Point2 Point 3

Mould

Point 4

Figure 5. Mold and the composite to be treated before assembling.
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The probes had an optical fiber that did not interfere with the
electric field.”® Each optical fiber was finished by a detector in
fluorogermanate of magnesium with dimensions on the order
of a millimeter. When this detector was excited by UV light, it
emitted a light wave of fluorescence whose intensity was a func-
tion of temperature.” ™ The signal was then treated with photo-
diodes; this made it possible to determine the temperature with a
precision of 0.1°. To prevent disturbances from the light signals of
excitation and emission by ambient light, the glass fiber that con-
veyed these signals was covered with pigment in Teflon. The pig-
ment was also used to protect the fiber from this environment.

The probes were introduced to the four points of the composite
to the median plane, as shown in Figure 6. The preliminary
precautions and measures conducted for the probe heads are on
this plan. The role of the tubes was to protect the probes during
and after the matrix crosslinking reaction.

Many series of thermal measurements were carried out on some
10 and 15 mm thick parts in four points with a power of 1200
W and a frequency of 915 MHz by probes that did not interfere
electrically and functioned on the principle described previously.
The four points chosen started from the interface of entry of
the part at Z;, =2 cm, Z, =20 cm, Z; =38 c¢m, and Z, =74
cm. (Zy, Z,, Z3 and Z, are the coordinates of the four measure-

Table II. Dimensions of the Molds and the Treated Materials

ments points). The dimensions of the molds and the composite
to be treated are summered in Table II.

RESULTS AND DISCUSSION

Results of Thermal Measurements without DEAI

The first results were obtained on a part with a 10 mm thick-
ness and a mold with 7x the parts thickness. The curves of Fig-
ure 7 represent the evolution of the temperature according to
the time obtained by the thermal measurements of the treated
material without DEAI (the case of uniform thickness). The
general shape of the temperature curves according the time,
obtained during the crosslinking of the epoxy resin DGEBA,
was observed also by Gourdenne and Le Van.'® According to
the time, we noticed that the curves of Figure 7 showed an evo-
lution in four phases. In phase 1, the temperature changed
almost linearly. This was for a period corresponding to a tem-
perature rise due to heating by microwaves to about 120°C.
This phase began at the same time throughout the entire part,
but it did not end up at the same time for all points of the
part. Phase 2 began with another growth with a steeper slope
than in phase 1, and it ended with a maximum or a plateau.
This growing phase was the sign of crosslinking. In Figure 7,
the points of change in the slope between phases 1 and 2

Thickness of Thickness of Material 2
Material 1 (mm) (mold) without DEAI (mm)

Dimensions of Material 2
(first mold) with DEAI (mm)

Dimensions of Material 2
(second mold) with DEAI (mm)

E=10 70
E=15 105

Tent=190 Texi=19-95
Tent=126.66 Tex;=l3.3

Temicdl 70 Tg=1L9.9)5
Tent =113.3 Tewi = 13.3
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Figure 7. Temperature according the time in different points of the
epoxy—glass material without DEAI. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

occurred for the same temperature but at different times for
each measurement point. They corresponded to the beginning
of the crosslinking reaction. Because of the electromagnetic
wave source attenuation along Z, the crosslinking reaction
started from the input interface; then, the crosslinking reaction
followed the other points. Phase 3 began after the end of the
crosslinking reaction. This change in the temperature was
caused by heating due to only microwave energy and cooling by
heat exchange with the environment. We noted that in this
phase, the temperature variations versus time at the four points
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were not the same; this was also due to heat transfer within the
part and exchange between the part and mold and their envi-
ronment. Phase 4 was the last phase and started after the third
phase. They corresponded to the calling phase after the end of
heating by microwave energy.

First Results of Thermal Measurement with DEAI

We relied on the results of electromagnetic modeling (Figure 8)
to design our mold, represented in Figure 9, and to test the
compensation of the electromagnetic heat source attenuation.

Figure 8 represents the electrical field repartition into the wave-
guide filled by three dielectric materials. However, to obtain
these results, we solved the equation of electromagnetic propa-
gation into this waveguide filled by three dielectric materials,
where one of these materials represented the materials to be
treated. The modeling was realized by FEMLAB software, ver-
sion 3.2. More information about the modeling can be found in
the results in refs. 34 and 36.

The results were obtained on a part with a thickness of 10 mm
and with the dimensions of the mold shown in Table II. The
first results of the thermal measurements with the dielectric
effect inversion of the electromagnetic phenomenon are shown
in Figure 10.

We noted from the curves of Figure 10 that in the temperature
evolution according to time, there were always four phases, as

in the previous case without EDAI (Figure 7). The

Max 91000
9000

0125
0080

-0.080
<0125

7000

5000

4000

-1 -08 05 015 0

015 05 085 08 1

(]
Min 10

Figure 8. Electromagnetic modeling results of the electrical field repartition according the length of the treated composite. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Waveguide

/

Material 2 Material 1

l 3mm

\

Material 3

Figure 9. Geometry and dimensions of the experimental mold of the first experience with DEAL
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Figure 10. Temperature according the time in different points of the
epoxy—glass material: first result. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

interpretation and details of these phases were the same as in
the previous case.

However, in contrast to the previous case, we noticed that this
time, point 4 had the highest temperature, although the left-
side switch was exposed to the greatest intensity of electromag-
netic power conveyed by the wave. This was because the attenu-
ation of heat sources of electromagnetic origin was inversed by
the use of the dielectric effect phenomenon of inversion of the
attenuation.

Second Results of Thermal Measurement with DEIA

The results were obtained on a part 10 mm thick and are pre-
sented in Figure 11. As shown in Figure 11, as in the previous
two cases, the temperature change versus time exhibited all four
phases. The interpretations and analyses of the four phases were
similar to those of the first two cases. In contrast to the previ-
ous cases (Figures 7 and 10), we observed that in phase 1, the
first three points (1, 2, and 3) had the same temperature profile.
However, when the chemical reaction began around 120°C, the
temperature profiles for these three points separated but
remained relatively close. These temperature profiles showed
that there was a compensation of the heat electromagnetic
source attenuation. Indeed, the strong rise in temperature at

250 150
5 200 \ E _
3 o wn
o 1100 @ £
150 : ‘ [+4]
o — Point 1 £
& 100 —point2 | g @
5 —Point 3 +5 a@
= -— Point 4 g=
50 / + Pressure Ly
0 0
0 500 1000 1500 2000 2500
Time (sec)

Figure 11. Temperature according the time in different points of the
epoxy—glass material: second result with DEAL [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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point 4 depended also on the heat capacity of the mold at this
point, which was lower than that along the part. The portion of
the part that was located in the vicinity of the output interface
of the wave was surrounded by a layer of silicone glass only
equal to 1.325 times the thickness of the part.

According to the Figures 7, 10, and 11, because of the DEAI
effect, the crosslinking reaction of the epoxy—glass composite
did not start at the same time. For example, in Figure 7, the
crosslinking reaction began at about 600 s at the first point.
However, in Figures 10 and 11, at the same point, we noticed
that the crosslinking reaction started at about 1000 s. We
explained and attributed this observation to the repartition of
microwave energy.

The uniform repartition of microwave energy, in the cases of
Figure 11, along the epoxy—glass part, helped to start the cross-
linking reaction at the same time as the that of the composite
to be treated. However, in the case of Figure 7, the nonuniform
repartition of microwave energy along the composite started the
crosslinking reaction at nonsimultaneous times with the com-
posite, and the reaction started by point 1. The case of Figure
10 was the opposite as the case of Figure 7 because the cross-
linking reaction started by point 4.

A uniform distribution of microwave energy into the epoxy—
glass part led to a uniform distribution crosslinking reaction of
the matrix along the part, and the crosslinking of the matrix
started simultaneously at all points. In other way, the DEAI had
an effect on the microwave energy repartition, and the energy
repartition had an effect on the starting time of the crosslinking
reaction of the matrix along the part. In addition, the marks of
the temperature on the parts realized by different molds repre-
sented in Figure 12 are the proof of attenuation inversion of
microwave energy into the treated material.

Attenuation

The temperature measurements that we performed allowed us
to compare the new and different electromagnetic behaviors of
the three molds that we used. The electromagnetic behavior
could be accessed by the intensity of the heat sources of electro-
magnetic origin. The intensity of these heat sources could be
measured from the derivative with the time of the temperature
at any point of the specimen and at the initial instant embodi-
ment of the dielectric hysteresis phenomenon, whereas the tem-
perature moment of the specimen and the temperature of its
surroundings were equal and for which chemical reactions had
not yet started.

The heat equation applied to a sample heated by microwaves or
by any internal heat source was expressed by the following
equation:

dTr
pcpX E=div(FIow of heat transfer by conduction)

+(Heat source) with dT/dt is variation of the

temperature with the time (1)

At the initial moment of heating of the specimen by heat sour-
ces, the change from the time of the temperature corresponding
to this heating condition was independent of the heat transfer

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39908
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Figure 12. Realized parts with different molds: (parts 01 and 02) pro-
duced without DAEI (parts 03 and 04) produced with DAEI (first mold),
and (parts 05 and 06) produced with DAEI (second mold). [Color figure
can be viewed in the online issue, which is available at wileyonline
library.com.]

between the part and its environment and was directly depend-
ent on the intensity of the heat sources. When we observed that
this variation with respect to time was constant for a given time
interval, we could neglect the losses by heat transfer between
the part and its environment and could considered it the begin-
ning of heating, and the heat equation was reduced:

dT
pepX e =Heat source (2)

In eq. (2), the intensity of the heat source is a function that

depends on the space variable (z) and the attenuation of the

source (o; m~ ') of the electromagnetic field at the initial time
of the heating. Thus, we obtained the following equation:>*

dar )

X — =qpe ¥ 3

PG X =D (3)

where ¢ is initial source (1200 W) and z is the longitudinal

dimension. We therefore expressed the Neperian logarithm of

the temperature evolution versus time according to z

Ln (i—f) =(—20)z+Ln (q0/pcp) (4)

where p is the density of the composite (1900 kg/m’) and ¢, is
the specific heat of the composite (1500 J kg_1 K Y.

By plotting the curve Ln(d7/dt) function of z, we obtained a
straight line of the form:

Table III. Results of Attenuation

WILEYONLINELIBRARY.COM/APP
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Figure 13. Results of attenuation with different molds. (a): attenuation
without DEAI, (b) attenuation with DEAI (first mold), and (c) attenua-
tion with DEAI (second mold). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Y=—Az—B (5)

A and B are constantes. By comparing the two egs. (4) and (5),
we obtained the following equalities 200 = —A and B = Ln(qy/
pcy), as shown in the curves of Figure 13 and the summary in
Table III.

Calculations of the attenuation of the heat source of the electro-
magnetic origin between measurement points 1 and 2 in the
case of a uniform mold [without DEAI; Figure 13(a)] give an

attenuation equal to 0.3201 m™".

Calculations of the electromagnetic heat source attenuation
between measurement points 1 and 4 in the case of a nonuni-
form mold [Figure 13(b)] gave a negative apparent attenuation
equal to —0.36601 m ™', which justified the term of attenuation
inversion. Calculations of the electromagnetic heat source
attenuation between measurement points 1 and 2 in the case of
a nonuniform mold [Figure 13(c)] gives an apparent negative
attenuation equal to —0.384951 m™'; this always justified the
term of attenuation inversion.

The results of the attenuation calculations are summarized in
Table III.

CONCLUSIONS

First, in this study, we confirmed the electromagnetic heat
source attenuation in the case of a mold of uniform thickness.
The results of this study also show the compensation of the
source attenuation with a nonuniform thickness mold. However,
we saw in the first case of the mold of nonuniform thickness a

Without DEIA With DEAI (first mold) With DEAI (second mold)
Equation of Figure 13(a): Figure 13(b): Figure 13(c):
the curve Y =-0.64020.Z-1.805 Y =+0.73202.Z2-2.4490 Y=+40.77002.Z2-2.72031
A=- 0.64020 A=0.73202 A=-0.77002
o (m)? 0.3201 -0.36601 -0.38501
2y =—A/2.
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strong temperature gradient along the composite in the oppo-
site direction of wave propagation. Also, in the second experi-
ment with the mold of nonuniform thickness, we proved, with
a suitable choice of mold dimensions, that we could obtain a
low heat-source attenuation in the direction of propagation and
a uniform temperature accepted at point 4 at the end of the
part. This fourth rise in temperature was due to the heat
capacity of the mold, which was not constant along the speci-
men (part).

All of the experiments were carried out on a parallelepiped and
the long part to prove the compensation and control of attenu-
ation. This problem represents a major problem in microwave
processing. Our results are considered a solution toward a uni-
form treatment by microwave energy. In the process case, to
obtain a better quality composite product, we had to apply a
temporary expected pressure to eliminate air bubbles (see
Figures 7, 10, and 11). The moment of application of this tem-
porary pressure was before the beginning of matrix crosslinking
when the viscosity of the matrix was weak. By the way, as we
mentioned in the Introduction, the results of Bai'” showed that
the reticulation of pure epoxy resin (DGEBA-3DCM) with
microwaves as an energy source improved its mechanical prop-
erties compared to those obtained by a conventional process.
According to the results,'®'” with a microwave process, we
obtained a reduced treatment compared to the conventional
processes. Other authors'® concluded that the use of microwaves
in pulsed mode did not influence the physicochemical structure
of the material obtained. However, in the composites cases, the
applications of these results are limited in the parallelepiped
and long part or curved part. We are currently working to gen-
eralize these results on rubber vulcanization and the complex
geometry of composites.
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