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Abstract

This study proposed an effective and sustainable technique for the curing of carbon fiber
reinforced polymers (CFRPs) using microwaves. The method involves applying a metallic reso-
nance coating layer to envelop the CFRP composite’s surface. Next, the composite is positioned
within a multi-mode cavity, which is used as an applicator, and is powered by four 250 W solid-
state power amplifiers. To ensure precise control over the heating pattern and achieve uniform
heating of the composite, a sophisticated control algorithm is developed. This algorithm can
independently regulate the phase, power level, and frequency of each power amplifier. The
experimental results confirm the effectiveness of this proposed approach in achieving precise
control over the microwave-based curing process for CFRPs.

Introduction

Carbon fiber reinforced polymer (CFRP) composites are of significant importance in industries
such as aerospace, wind power, marine, and automotive due to their remarkable mechanical
properties, lightweight composition, and corrosion resistance. An earlier version of this paper
was presented at the SMWD 2023 Conference [1]. Traditional curing methods for CFRP, includ-
ing conduction heating and oven curing, suffer from notable disadvantages such as excessive
energy consumption, lengthy processing periods, and restricted scalability [2-5]. To overcome
these challenges, researchers have proposed microwave-based curing processes as a promising
solution with the potential to significantly reduce processing times and energy consumption.
Microwave curing exhibits several advantages, including direct volume heating, rapid and
selective propagation, and uniform heat distribution [6-8]. Therefore, this method can cure
composites with higher quality and more efficiency compared to conventional curing meth-
ods [7, 9]. Different applicators, such as waveguides and cavities, distribute the microwaves
in various patterns. The dielectric properties of a material, such as the dielectric constant and
loss factor, determine its ability to absorb microwaves. However, CFRP, being a highly reflec-
tive material, impedes efficient microwave absorption. The high dielectric loss factor of CFRP
causes it to behave as a reflector in the electromagnetic field. This property, along with its low
penetration depth, renders microwave curing alone inefficient for CFRP [9-13]. The curing
process plays a pivotal role in the manufacturing of CFRP composites, as it directly influ-
ences the material’s final properties. However, the current curing methods, which are mainly
carried out in ovens or autoclaves using conductive heating, suffer from imprecise temper-
ature control and can frequently result in part distortion. Furthermore, these methods are
often inefficient in terms of both processing time and energy consumption. In recent years,
microwave heating has emerged as a promising alternative, offering advantages such as rapid
propagation and heating speeds, volumetric heating properties, and the potential to produce
high-quality, efficiently processed composite products [5]. Microwave curing offers a promis-
ing solution because of its controllability and low energy consumption [14]. However, the
widespread adoption of microwave curing for CFRP composites has been limited. The chal-
lenge lies in the use of multidirectional CFRP laminates, which are extensively employed in
aerospace components. These cannot be directly heated by microwaves due to the shielding
effect caused by interlaced electro-conductive carbon fibers. Alternative approaches, such as
indirect methods of microwave heating using sensitive mediums or susceptive molds, have
been investigated. Nonetheless, these methods have their own limitations in terms of efficiency
and flexibility [6, 11, 14]. Various curing methods have been explored to tackle the challenges
associated with microwave-based CFRP curing. One approach involves the development of
hexagonal, octagonal, and heptagonal cavity designs, aimed at reducing temperature gradients
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and shortening curing time [15-17]. Additionally, efforts have
been made to indirectly heat multidirectional CFRP laminates by
employing a lossy medium placed on the composite. However, this
method has drawbacks, such as diminishing process efficiency and
restricting temperature ramp-up rates [18]. Another viable solu-
tion incorporates the use of patch resonators as a matching layer
to improve power coupling with the composite. This method has
shown success in curing multidirectional CFRPs with specific lay-
up configurations, generating a vertical electric field within the
CFRP. Consequently, coating the CFRP with this absorber layer
has proved to be an effective solution to counter the uneven heat-
ing caused by the tendency of carbon fibers to absorb microwaves
[9, 12, 13]. Nevertheless, further enhancements are necessary to
optimize power coupling efficiency. Therefore, microwave-based
curing processes hold significant potential for reducing processing
times and energy consumption during the curing of CFRP com-
posites. However, there are still challenges to address, including
issues related to uneven heating and limited microwave absorp-
tion caused by carbon fibers. Overcoming these obstacles will be
crucial to fully harnessing the benefits of microwave curing for
CFRP composites. In this paper, we introduce an efficient and
sustainable system for the microwave curing of CFRP. In the pre-
sented solution, an array of metamaterial patches is employed as
a layer of resonators to coat the CFRP and increase its absorp-
tion during the curing process. The coated CFRP component is
placed in a multi-mode cavity, and the curing process is controlled
using an advanced algorithm to achieve a homogeneous thermal
distribution.

Microwave-based CFRP curing

Microwave heating is a developing technique for curing CFRP
composites, offering several benefits and addressing certain limi-
tations of conventional curing methods. One important parameter
for successful microwave heating is the dielectric properties of the
CFRP material, including the dielectric constant and loss factor,
which determine its ability to absorb microwaves. The benefits of
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microwave heating for CFRP curing include reduced processing
times, energy savings, improved control over temperature distri-
bution, and the ability to switch the curing reaction on and off.
The controllability of microwave heating enables uniform volumet-
ric processing, which can lead to improved mechanical properties
of cured composites. Additionally, microwave heating offers the
potential for scalability and faster production rates. However, there
are some limitations to consider, such as equipment issues, high
costs of microwave systems, potential lack of penetration in thick
laminates, non-uniform curing, void formation, and safety con-
cerns [14]. The main challenges of microwave-based CFRP curing
are non-uniform heating and weak microwave absorption issues,
stemming from complex interactions between microwave radia-
tion and the conductive nature of the carbon fiber material. As a
result, based on previous research, using a multi-mode microwave
cavity can provide a more uniform distribution of microwave
energy, thereby reducing the occurrence of hot spots and improv-
ing overall heating uniformity [19]. Additionally, incorporating
microwave susceptors into the CFRP composite, such as metama-
terial components and patch resonators that enhance microwave
absorption, can increase the efficiency of the curing process. This
can be achieved by combining microwave and conduction heat-
ing methods [9, 12, 13]. Based on previous research and the
approaches discussed, we propose an effective hybrid method to
achieve homogeneous heating in CFRP curing. In this method,
the CFRP composite is coated with dielectric epoxy, and small
resonator parts are strategically placed on it. The coated CFRP is
then placed in a multi-mode cavity. Additionally, to achieve a high-
performance solution for CFRP curing and optimize homogeneity
in this process, a control loop is implemented in the proposed
system.

The proposed microwave based CFRP curing system

The proposed system employed to cure CFRP in this paper con-
sists of four main components: the coated CFRP material as the
desired sample for microwave curing; a multi-mode cavity as
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Figure 1. Implemented system for microwave-based CFRP curing, including the coated CFRP composite with the resonance patches, applicator, MW sources, and phase and

frequency control.

https://doi.org/10.1017/51759078724000072 Published online by Cambridge University Press


https://doi.org/10.1017/S1759078724000072

International Journal of Microwave and Wireless Technologies

the applicator; microwave sources to heat the CFRP; and a con-
trol and monitoring loop to manage the E-field inside the cavity
and achieve optimized heat distribution in the CFRP. Figure 1 illus-
trates the implemented system for curing CFRP, developed based
on the method described in this paper.

CFRP composite

Carbon fiber reinforced polymer is a composite material that com-
bines carbon fibers with a polymer matrix, usually epoxy resin.
Characterizing CFRP is crucial for designing a microwave-based
curing system, as it poses a fundamental challenge. The CFRP com-
posite is composed of multiple layers of carbon fibers, which can be
oriented in different directions and are impregnated with epoxy.
These layers are stacked together, and after the curing process,
the desired mechanical strength of CFRP is achieved. Therefore,
to implement the curing stage using microwaves, it is essential to
understand the electromagnetic behavior and properties of CFRP.
Unlike homogeneous materials, CFRP exhibits complex electro-
magnetic properties due to its intricate microstructure. The elec-
trical characteristics of CFRP heavily depend on its orientation
and lamination. The fundamental structure of multilayer compos-
ites includes unidirectional layers. In this type of CFRP, maximum
stiffness and strength are achieved in the direction of the carbon
fibers. Another commonly used lamination in CFRP composites
is the multi-directional layer which offers strength in all direc-
tions [20]. For this study, we utilized HexPly® 8552 (AS4 fiber)
woven carbon preform with a 55% fiber volume. The selected
CFRP composite consists of four layers of carbon fiber with a total
thickness of 2.8 mm. This CFRP composite is shown in Fig. 2.
Understanding the permittivity characteristics of CFRP is essen-
tial for detailed design and analysis of its electromagnetic behavior
using simulation software. This understanding also aids in qual-
ity control and ensures consistent and reliable curing of CFRP.
However, measuring the permittivity of CFRP is complex due to its
composite nature, where carbon fibers are embedded in a polymer
matrix. As a result, various methods have been proposed to deter-
mine the permeability of complex materials like CFRP [20]. In the
CFRP simulations presented in this article, we used the HESS soft-
ware and utilized the model provided in the Ansys Granta library,
optimizing the values to fit our specific example. Based on this
model, another vital parameter to consider in CFRP curing is the
conductivity of the material.

Microwave source

As mentioned earlier, the designed system illustrated in Fig. 1 uti-
lizes four separate ports for curing CFRP. Each port is connected
to an E-shaped antenna and powered by a 250 W continuous-
wave solid-state power amplifier, operating in the frequency range
of 2.3-2.7 GHz. This wide frequency range provides the flexibil-
ity to adjust the frequency for each port independently, enabling
control over the field distribution in the applicator. Additionally,
a phase shifter is incorporated at the output of each amplifier,
allowing for phase manipulation to engineer the distribution of the
electric field inside the applicator. By leveraging these capabilities
and employing an optimized control algorithm, it becomes pos-
sible to fine-tune the frequency and phase of the electromagnetic
wave irradiated inside the material. This allows for an optimized
distribution of the electromagnetic field, ensuring homogeneous
absorption in the carbon.
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Figure 2. Sample of a cured weave sample under test.

Figure 3. Fabricated multi-mode cavity as applicator.

Exposure chamber

In the heating system presented in Fig. 1, a multi-mode cavity
is used as a heating chamber at 2.45 GHz, with dimensions of
500 x 500 x 500 mm?®. To propagate electromagnetic waves inside
the chamber, four E-shaped antennas are employed. These anten-
nas are powered by four separate solid-state power amplifiers,
serving as microwave sources. The input ports are situated in the
middle of each quarter of the cavity’s upper wall, as shown in Fig. 3.

As previously mentioned, the microwave power within the
applicator is distributed through four E-shaped antennas, each
driven by amplifiers with the ability to adjust phase, frequency, and
power. Figure 4 illustrates the simulated field distribution inside the
applicator at a frequency of 2.45 GHz under different phase con-
ditions. As evident from Fig. 4, modifying the phase individually
at each input port alters the electric field distribution within the
applicator. Consequently, this capacity to control the distribution
allows for the regulation of heat distribution, thereby facilitating
homogeneous curing.
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Figure 4. (a) E-field distribution in the designed multi-mode cavity which powered by four MW port with the ability to separately adjust phase and frequency, (b) E-field
distribution in [0, 0, 0, 0] phase pattern, (c) [90, 0, 0, 0] , (d) [90, 0, 90, 0], (e) [0, 90, 180, 270].
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Figure 5. (a) Coated CFRP component by metamaterial patch resonators and
(b) metamaterial patch resonators arrangement.
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The main challenges of microwave-based CFRP curing are L. E—
non-uniform heating and weak microwave absorption issues,

stemming from complex interactions between the microwave radi-

ation and the conductive nature of the carbon fiber material. &r
Utilizing a multi-mode microwave cavity along with an advanced ZP Zg'

optimization control loop, as explained in previous sections, can

address these challenges by providing a uniform distribution of

microwave energy. This approach minimizes the occurrence of

hot spots and improves overall heating uniformity. Additionally,

incorporating microwave susceptors into the CFRP composite to (b)

enhance microwave absorption can further increase the efficiency

of the curing process by combining microwave and conduction  Figure 6. (a) Presented structure for CFRP covered by square patch array resonator
heating methods. Based on previous research and the approaches  and (b) equivalent transmission line model.
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Figure 7. Comparison of the analytical model with HFSS simulations.

discussed, we propose an effective hybrid method for achieving
homogeneous heating in CFRP curing. In this method, the CFRP
composite is coated with dielectric epoxy, and small resonator parts
are placed on it. Subsequently, the coated CFRP is placed in a con-
trollable multi-mode cavity. Figure 5 illustrates the proposed setup
for this solution.

According to the periodically structured resonators and
the desired frequency, the rectangular resonance patches were
designed and simulated using periodic master/slave boundary con-
ditions in HFSS software at 2.45GHz. As a result, the metallic
patches’ layer resonates at the frequency of the incident microwaves
within a multi-mode controllable cavity, absorbing the electromag-
netic field to produce efficient heating in the CFRP. The considered
simulation structure and its equivalent transmission line model are
shown in Fig. 6.

The analytical equivalent model of square patches is illustrated
in Fig. 6b. The equivalent impedance of patches for different inci-
dent wave angles is calculated by (1) and (2) [12, 13]:

STE jwp tan(Bd) 1

P,inp ﬁ 1— 2k g tan(Bd)
— L sin?

oz oo)

Vifo, (D

Freq: 2438 MHz
Phase: [0, 135, 0, 90]

Freq: 2440 MHz
Phase: [0, 90, 0, 135]

K.gD
a—iln< lm>7 )
m sin —
2D

where 6 is the angle of incidence and k, D, and d, are the wave
number, patch width, and dielectric height, respectively. A com-
parison of the analytical model with HFSS simulations is shown
in Fig. 7, with the patches’ dimensions: D =22.6 mm, w (patches
space) =2 mm, d =4 mm, ¢, (dielectric constant) = 4.4 (FR4).
Due to the dependence of the analytical model on the incident
wave angle, in a multi-mode cavity, not all patches resonate at the
same frequency. Therefore, their absorption rate will be different.

Optimization control unit

Based on the ability to change the frequency and phase, as pro-
vided by the power amplifiers, a control loop has been developed
to optimize the distribution of the electromagnetic field, conse-
quently achieving homogeneous heat distribution in the carbon
fibers. To monitor the carbon fiber baking process, an IR sen-
sor has been utilized for temperature measurement and thermal
imaging of the CFRP surface. The control loop manipulates these
settings based on the observed feedback. The feedback signal is
generated by an infrared (IR) camera placed directly over the target
CFRP material. This IR camera records the heating pattern of the
CFRP that results from the applied signals. It is important to note
the complexity of this feedback loop, which goes far beyond com-
mon SISO feedback loops commonly used in mechanical systems,
requiring advanced methods of AL In this way, the overall system
is controlled according to the desired heating pattern.

Simulation and experimental results
Thermal characterization

The proposed setup in Fig. 1 is simulated using HFSS and Icepack
software to investigate the electromagnetic and thermal behavior,
respectively. The simulated heat distribution on the CFRP surface
is illustrated in Fig. 8a for several different phase and frequency
conditions in the frequency range of 2.4-2.7 GHz. Additionally, the

Freq: 2442 MHz
Phase: [0, 135, 45, 90]

Freq: 2445 MHz
Phase: [0, 0, 0, 90]

Figure 8. Heat distribution in surface of CFRP: (a) simulation results and (b) experimental results (captured using an optical sensor).
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Table 1. Samples of cured CFRPs for studying mechanical properties
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Table 2. Calculated mechanical properties of cured CFRP samples

Sample Process Duration Temp. (°C)
Sample 1 Microwave 20 min >>140
Sample 2 Microwave 30 min 180
Sample 3 Microwave 30 min >>180
Sample 4 Microwave 60 min >>160
Sample Ref Oven 2 h at 180°kC 180

F

Figure 9. Experimental ASTM D790 standard test setup.

experimental results of the presented system under the same phase
and frequency conditions are tested in the experimental environ-
ment and are shown in Fig. 8b. These results offer a comprehensive
view of the effectiveness of the proposed approach. Furthermore,
based on the simulation and experimental findings, it can be
observed that the development of a control algorithm for phase
and frequency at each port could be instrumental in achieving
more homogeneous heating in CFRP composites. As seen in the
experimental results, the outstanding wave optional distribution in
the chamber and its absorption by the patches allows the imple-
mentation of the optimal algorithm to achieve a homogeneous
process.

Mechanical characterization

In this section, the effects of microwave curing methods with var-
ious curing cycles on the mechanical properties of unidirectional
CFRPs are evaluated and compared with a CFRP composite cured
using a conventional oven as the reference (as Table 1). The stress
and strain are two important parameters to investigate mechanical
behavior of materials and were calculated according to the ASTM
D790 standard (Fig. 9).

https://doi.org/10.1017/51759078724000072 Published online by Cambridge University Press

Max stress Max strain Young’s Modulus
(MPa) (%) (GPa)
Sample 1 1592 1.78 82
Sample 2 1452 1.82 7
Sample 3 1481 1.8 76
Sample 4 1666 1.77 84
Sample Ref 1662 1.93 75

From the obtained stress-strain curves, we extracted the fol-
lowing results: max stress (the point at which the first significant
damage occurred and the specimen lost structural integrity), max
strain (the strain corresponding to the max stress), and Young’s
Modulus as the material’s stiffness (the slope of the stress—strain
curve). The averages of these values for all materials are com-
pared in Table 2. According to Table 2, the highest max stress was
observed in both the oven-cured and 60-min microwave-cured
composites, with minimal differences compared to others. The
oven-cured composite displayed the highest strain at failure but
also exhibited the lowest stiffness.

Conclusion

In conclusion, this study has presented a novel, effective, and sus-
tainable approach for the curing of CFRPs using microwaves. By
incorporating a metallic resonance coating layer and position-
ing the coated CFRP within a specifically engineered multi-mode
cavity, the method allows for a precise and uniform heating pat-
tern. The development and implementation of a sophisticated con-
trol algorithm, which independently regulates the phase, power
level, and frequency of each power amplifier, further enhance
the method’s effectiveness. Experimental results corroborate the
efficiency of this innovative technique in achieving meticulous
control over the microwave-based curing process for CFRP. The
implications of these findings may extend to various industrial
applications, offering a promising pathway for enhancing the man-
ufacturing and processing of CFRP with significant potential in
both economic and environmental sustainability.
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