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Abstract: The quality of Liquid Composite Molding (LCM) manufactured components is strictly
related to the fibrous preform impregnation. As Darcy’s law suggests, the resin flow is influenced
by the pressure gradient, geometrical features of the reinforcement, and resin viscosity. The former
two parameters are dictated by the requirements of the component and other constraints; therefore,
they are hardly modifiable during the process. Resin preheating increases its fluency, thus enhancing
the impregnation and saturation flow, and reducing the mold filling time. In the present work,
a microwave heating system has been integrated within a vacuum bag resin infusion process, to
analyze the effect of the online preheating on the fiber impregnation. To monitor the resin flow a
dielectric sensors-based system is used. Results from resin infusion tests conducted with and without
the resin pre-heating were compared: the outcomes indicated an advance of approximately 190 s of
the flow front when microwave heating is applied with respect to the unheated tests.

Keywords: liquid composite molding; microwave preheating; dielectric flow monitoring

1. Introduction

Liquid composite molding (LCM) processes, such as resin transfer molding (RTM)
or Seemann composites resin infusion molding (SCRIMP) processes have been addressed
by composite industries as a promising technology to manufacture polymeric matrix
composites out-of-autoclave. Some of these processes are particularly interesting for the
industry involved in the production of large-scale structures, even with complex shapes [1].
However, large scale diffusion of components depends on the possibility to lower the
overall costs of the products and scale-up the technology to a mass production, always
guaranteeing the quality of the manufactured composite structures [2].

In LCM processes, the final quality of the products is strictly connected to the impreg-
nation and curing phases [3]. Dry spots or excess in resin, delamination or cracks, and
residual stress are some of the most common flaws that can occur during the manufacturing
compromising the performance and the integrity of the structure if the mentioned aspects
are not carefully designed and monitored [4,5]. Impregnation defects can be related to the
incompatibility of the two main phases involved. From this point of view, the binder plays
a key role [6].

Sensing techniques have been developed to monitor both resin flow front progression
and the cure degree in thermoset matrix composite manufacturing processes. They include,
but are not limited to, the use of optical FBG sensors [7–9] pressure transducers [10],
thermocouples [11–14], SMART weave sensor [15,16], electrical time domain reflectometry
(ETDR) [15], ultrasonic, dielectric and piezoelectric sensors [17–22]. In their previous works,
authors developed a sensing system based on dielectric analysis (DEA) to monitor the resin
flow progression during the Resin Infusion process [19,20]. DEA relies on the measurement
of the dielectric properties, i.e., permittivity and ionic conductivity of the test material:
dielectric material is placed between electrodes forming a capacitor and an alternating
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electric field is applied across the plates, then permittivity, loss factor and ionic conductivity
can be determined from the output current [23]. Dielectric sensors, consisting of parallel
plates placed on both sides of a mold, were implemented in a lab-scale LCM apparatus
and provide pieces of information on the resin arrival at the sensor position by detecting
variation in the dielectric properties of the medium (glass fibers plus resin) [20,24]. Since
the electrodes can be placed outside of the composite laminate, the sensing system is less
invasive and does not affect either the integrity of the manufactured parts or the surface
finishing of the part.

In addition, the parallel plate dielectric sensors are characterized by a higher scan-
ning depth, which makes this design suitable also for thick composite [24,25]. The plane
plates dielectric sensors require that the sensing areas of the electrodes must be parallel
to each other, and the reciprocal distance must be known and kept constant during the
entire infusion process. This limited the usage of these types of dielectric sensors only to
specific classes of LCM processes using rigid molds, such as RTM, which ensures that these
requirements are observed. LCM processes involving flexible upper mold, such as Vacuum
Assisted Resin Infusion (VARI) or SCRIMP processes, were coupled only with co-planar
dielectric sensors [16,26]. To the authors’ best knowledge, no attempts have yet been made
to apply parallel-plates dielectric sensors to monitor these processes.

In addition to the monitoring and the control of impregnation and curing phases to
ensure the quality of the composite parts, the scale-up of the composite industry to a mass-
production is also limited by the manufacturing time of a component, dictated by the time
required to fully impregnate the fibrous reinforcement and the time to complete the curing
of the resin. This is especially true in the case of big components, such as boat hulls (usually
manufactured by the SCRIMP process), where the impregnation is particularly long and
the curing of resin is deliberatively kept slow to avoid gelation prior to the complete
wetting [27]. In this scenario, enhancing strategies of the resin flow through the fabric
is of paramount relevance to achieve a uniform impregnation of the fibers and optimize
the filling time, mitigating the manufacturing flaws and contributing to a reduction in
the overall production time of a composite structure. Among the strategies investigated,
the reduction in resin viscosity by means of mold temperature increases [28]; preform or
resin preheating [28–31] can improve the flow through the preform and, thus, decrease the
impregnation time. Dealing with thermosetting resin systems involves time-temperature
constraints related to its reactivity and the consequent reduction in pot life. From this point
of view, microwave-based heating systems guarantee a high efficiency thermal energy
transfer. Reductions in filling time of about 13% and 25% have been obtained in the case
of non-reactive and reactive systems, respectively, by optimizing the microwave heating
apparatus [32–35].

Previous experiments have been dedicated to the study of the resin flow through a
dry fibrous preform sealed between rigid molds [32–35]. In the present article, the author
investigated the application of microwave preheating to the SCRIMP process to reduce the
filling time. Parallel plate dielectric sensors were also implemented to monitor the resin
flow. An ad-hoc system was developed to install the electrodes on the vacuum bag and
ensure the correct alignment of the plates during the whole process.

2. Materials and Methods

The liquid composite molding (LCM) experimental was conducted based on the
following preliminary requisite materials along with the ancillary materials. HexForce
E-glass twill 2/2 fabric was used as reinforcing material. 12 layers of the glass fiber fabric
were cut into rectangular plies with dimensions 300 mm × 240 mm. Main properties of the
reinforcement are indicated in Table 1.
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Table 1. Reinforcement properties.

Reinforcement Glass Fiber (E-Glass)

Weave style for intended preform Twill 2/2 fabric
Areal density 390 g/m2

Fabric thickness 0.3 mm
Construction 90◦ warp/weft

Epoxy resin SX 10 was utilized upon the room temperature premixing with the Epoxy-
based hardener in the mixing ratio of 100:26. The resin properties are mentioned in
Table 2. Its rheological behavior measured by rheometry testing is depicted in Figure 1 and
described by the following equation:

η = Aη exp
(

Bη

R T
+ Cηα

)
, (1)

where the viscosity η depends on the pre-exponential term Aη = 7.093 × 10−8 [Pa·s], the

calibration coefficients Bη = 3.999
[
J·mol−1

]
and Cη = 1.63, the universal constant of gases

R = 8.314
[
J K−1·mol−1

]
, the temperature T expressed in Kelvin degrees, and the degree

of cure of the resin system α.

Table 2. Resin matrix properties.

Matrix Epoxy SX10 EVO

Viscosity at 25 ◦C 0.250~1.20 Pa·s
Gardner index 3

Density at 20 ◦C 1100 kg/m3

Flash point >100 ◦C
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Figure 1. Viscosity of resin system as function of temperature and heating rate.

The vacuum bagging setup is shown in Figures 2 and 3, and it consists in the following
steps:

1. Application of PVA release agent on the upper side of the mold;
2. Positioning of 12 sheets of glass fiber;
3. Positioning of peel ply and distribution media;
4. Positioning of the vacuum bag.
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Figure 3. (a) Lower half-mold embedding the dielectric armatures. (b) Upper armatures mounted
along with the soldered connecting wires over the vacuum bag during the resin flow progression.

The used ancillary materials, such as resin flow tubes and sealant tapes, were able to
withstand high temperature. This selection was taken considering the temperature increase
due to microwave preheating.

The lower armatures of the dielectric sensors are embedded in the rigid mold, as
illustrated in Figures 2 and 3a. The armatures consist of square copper plates (25 × 25 mm2)
located at 60, 150, and 240 mm from the resin inlet, respectively. The three upper armatures
of the capacitive sensors were fixed on the vacuum bag in correspondence to the lower ones.
The eyelets milled in the rigid lower and sealed by transparent plastic allow to visually
monitor the bottom-side flow. Two cameras were focused on the vacuum bag and on the
eyelet during the entire test to monitor the position of the resin flow front.

Spiral wraps were inserted for the easy entry and exit of the resin under the vacuum
bag. The vacuum bag encompassing the fibrous preform was sealed using the sealant
tape avoiding any spot for external air insertion. The vacuum was induced by attaching
the resin outlet tube to the vacuum pump. The resin inlet was clamped and negative
air pressure of 0.9 bar was maintained to place the entire arrangement under vacuum
conditions. Figure 4 shows the two schemes adopted to carry out the laboratory tests: the
upper scheme represents the setup without microwave preheating; the lower is the setup
involving the microwave preheating.
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Figure 4. Schematic representation of the experimental setup of the resin infusion mold equipped
with the dielectric and thermal acquiring system.

The microwave facility, depicted in Figure 4, consists of a 2 kW microwave generator,
stainless steel waveguides, cylindrical resonance cavity, and ancillary tools. The choice
of a microwave-based system to preheat the resin is based on the thermo-chemical and
rheological behavior of the thermosets. Indeed, these polymeric systems are characterized
by short pot-lives, which are further reduced when increasing their temperature. This
entails the necessity for an efficient volumetric heating system. More details about the
design and optimization of the apparatus can be found in previous articles [32–34]. An
intermediate vessel has been placed between the exit of the microwave cavity and the resin
inlet into the vacuum bag. The vessel works as a buffer to decouple the heating system
and the LCM apparatus to avoid a potential mismatch between the resin flow rate and the
amount of energy provided by the microwaves [34], which could lead to an overheating
of the catalyzed resin. The resin is driven through the microwave preheating cavity to
the buffer vessel by positive pressure. The resin flow through the resonant cavity and the
microwave power emitted have been calibrated by performing preliminary heating tests. A
resin flow of 0.38l/min was set, while the power emitted by the magnetron was 2 kW.

3. Results and Discussion

Dielectric measurements and visual analysis of the flow front performed during the
two tests are reported in Figures 5 and 6.
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The dielectric sensors detect variations in the capacitance of medium contained be-
tween the two armatures as the resin flow reach the sensor locations [19,20]. The observable
variations in the signals during the infusion can be ascribed to the resin flow through the
glass fiber fabric. Three distinct trends in the capacitance curves can be detected, which are
more evident in the test without preheating where the resin flow is slower than that in the
tests with resin preheating. The signal shows an initial increasing step, ranging from 8 to
15% of the saturated signal and is related to the flow of the resin through the flow media:
the resin, indeed, promptly impregnated the distribution web covering almost immediately
the sensing area due to its high permeability, which can be two orders of magnitude higher
that the textile or even more. After that, the resin progressively fills the glass fabric layer
below the flow media and the capacitance profile proceeds with a reduced slope until it
reaches a plateau. At this point the proportion between resin and fibers stabilizes and the
signal remains almost constant or without significant variations. Fluctuations of the signals
are due to the continuous flow of the resin through the preform in the sensing areas. The
capacitance curves of the three sensors present different slope for each phase of the infusion
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and are due to the reduction in the resin velocity as expected in case of applied constant
gradient pressure, typical of the SCRIMP process. Therefore, the impregnation is faster at
the beginning of the infusion and slows down as the infusion proceeds (it is also visible in
the flow front profiles described in Figure 6)

By comparing the profiles of the signals from the two experiments, the effect of the
preheating on the behavior of the resin is visible. The signal detected by sensor 1, located at
60 mm from the resin inlet, reaches the plateau with a remarkably advance when compared
to the non-heated resin case (Figure 5). Despite that the first step related to the resin flow
through the flow media, which does not show remarkable differences, the steeper curve
describing the second stage of the infusion evidences how the impregnation of the glass
fabric layers proceeds faster in the test with preheated resin reaching the saturation in
approximately ten seconds after the arrival of the resin at the sensing location.

A similar trend can be observed at the locations of sensors 2 and 3, where saturation
of the preform with preheated resin was achieved in less than half the time required by the
non-heated resin. It is worthy of noting that the effect of the resin preheating cannot be
appreciated at the very beginning of the infusion when resin first goes through the flow
medium: the high permeability has a predominant effect on the resin velocity than the
reduction in viscosity from the temperature increasing [36].

The advancement profiles of the resin flow front captured by the cameras during the
two experiments are reported in Figure 6. The two profiles in Figure 6a refer to the resin
advancing on the flow media, while Figure 6b shows the flow front of the resin acquired on
the mold surface from the eyelet (Figure 2). The position of the flow front has been also
acquired from the dielectric signals and reported in both graphs for the tests with unheated
and preheated resin.

In both tests, the resin flow velocity decreases during the infusion. Indeed, the
resin initially advances pushed by a high-pressure gradient and, during the infusion, the
gradient decreases in relation to the advancement of the resin describing the conventional
flow through a porous medium [36]. Figure 6 shows the difference between the two test
cases. Indeed, the microwave preheated resin flow front reaches the vent in less than 70%
of the non-heated resin. In the earliest 100 mm the microwave preheated resin flow front
is more than twice faster if compared to the non-heated case: 2.3 mm/s for the preheated
resin, 1.0 mm/s for the conventional process. The velocity difference decreases as the
process continues. In the last 100 mm, the average flow front velocities are 0.34 mm/s and
0.23 mm/s, respectively.

The analysis of the flow-front detections acquired from the eyelets of the bottom half-
mold indicate the complete impregnation of the preform, which is delayed with respect to
the top flow due to the difference in the permeability of flow media and fiber fabric. Due to
the design of the rigid half mold, the bottom flow front can be acquired only on the eyelet,
which ranges from 65 to 195 mm from the inlet. Therefore, only data from sensors 1 and 2
can be correlated to the visual analysis, since the sensing area of sensor 3 is not covered by
the eyelet. From data reported in Figure 6, it is possible to observe that while the reduction
in filling time on the top of the preform is approximately 25% at 195 mm from the inlet,
the difference in the bottom flow between the tests with preheating and non-heated resin
is around 50%. Clearly, the flow through the distribution medium is less affected by the
preheating, thanks to the high permeability of that medium (it is visible also in the dielectric
signals, as mentioned before); on the other hand, it has a significant influence on the flow
through the fabric where the reduction in the viscosity plays a major role in facilitating
the impregnation of the fibers. The beneficial effect of microwave preheating, as reported
in previous works [32–34], is related to the rheological behavior of thermoset resins: the
temperature reached by the resin at the exit of the microwave cavity was approximately
36 ◦C, while the room temperature at which the test with non-heated resin was conducted
was 22 ◦C; at 36 ◦C the viscosity decreases from 0.8 Pa·s up to 0.4 Pa·s, as shown in Figure 1.
Nevertheless, the thermal energy conferred to the resin must be carefully tuned to avoid
premature gelation of the thermoset. At the operative temperature reached by the resin
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in the test with preheating, no gelation occurred for the time required to complete the
impregnation of the preform.

Table 3 summarizes the times of the resin flow when it reaches the sensing locations;
the arrival on the sensor edges determining the first reaction of the sensors and the time
when the resin reached the opposite edge and fully cover the sensor. The saturation time
corresponds to the stabilization of the dielectric signals (Figure 5) and it represents the
moment when the resin reaches the end of the sensing area on the bottom of the mold, and
it has fully impregnated the whole thickness of the preform. The graphs in Figure 6 show
the good agreement between the visual and dielectric analyses and the reliability of the
latter in detecting the resin flow on both the top and the bottom of the mold.

Table 3. Times of resin flow arrival at sensing locations for tests with non-heated and preheated
resin acquired by dielectric sensors and the saturation of the dielectric signals (in the parenthesis are
reported the distances from the inlet port).

Non-Heated Resin Infusion Preheated Resin Infusion

Time [s]

Arrive to S1 (50 mm) 17.0 6.0
Arrive to end of S1 (70 mm) 46.0 16.5
Saturation S1 730 145
Arrive to S2 (140 mm) 140 66.5
Arrive to end of S2 (160 mm) 190 115
Saturation S2 1600 550
Arrive to S3 (230 mm) 415 325
Arrive to end of S3 (250 mm) 485 450
Saturation S3 5020 3810

By analyzing the dielectric data, it is possible to appreciate the benefits of the mi-
crowave heating method: a remarkable reduction in the infusion time in the test with
microwave preheated resin was registered with the shortening of the saturation times
of the three sensors by approximately 80%, 65%, and 30%, respectively. The top flow
registered a smaller decrease in times of approximately 64 %, 52%, and 7%, respectively, on
the three sensors.

Figures 7 and 8 depict a qualitative representation of the flow front derived from the
data of the dielectric sensors at specific moments of the infusion.
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In the SCRIMP process, the presence of a distribution medium determines the for-
mation of two main flows: the first through the free-fibers region (i.e., the distribution
medium) and the second through the fiber preform region (bulk porous medium). The
former consists of a longitudinal flow from the inlet to the vent, while the second present a
combination of a transverse flow (i.e., the out-of-plane flow through the thickness of the
fiber preform) and a longitudinal one. This gives place to two regions characterized by
different flow behaviors: a fully saturated zone, where the fluid flows through the preform
with a velocity profile constant along the thickness of the preform, and a partially saturated
zone, characterized by longitudinal and transverse flows through the thickness (Figure 8,
time 450 s).

In the former region, the velocity vector is parallel to the main flow direction repre-
senting a fully developed flow, and meaning that the flow is substantially unidirectional
with no significant crossed flows.

The flow in the latter zone is bi-directional (visual analysis indicated that in the in-
plane flow no variations of the resin velocity occurred along the transversal direction) since
the resin permeates from the distribution media in the through-the-thickness direction. The
higher resin velocity along the longitudinal direction in the distribution medium deter-
mined a complex shape flow front. This feature characterizes the unsaturated region [36].

The formation of the unsaturated region, as mentioned before, occurred as the infusion
begins due to the high longitudinal permeability of the distribution medium compared to
the reinforcement one. In the unsaturated region, part of the liquid resin flows transversally
from the distribution medium toward the preform, however, this transversal flow occurs to
limited extent also in the saturated region determining the formation of a transition region
between the saturated zone and flow front region [36].

Previous work by some of the authors [36] pointed out that the ratios between the
thicknesses and between the permeabilities of the distribution medium and preform influ-
ence the extension of the unsaturated region and, hence, the delay between the first arrival
of the resin to the vent and fully impregnation of the preform while other parameters, such
as the fiber volume fraction or the compressibility of textiles, do not play a significant role.
Therefore, in the present experimentation, the differences observed have to be ascribed to
the change in rheological properties induced by the preheating being the other factors kept
equal in the two tests.

In the infusion with non-heated resin, the unbalance in the permeability of distribution
medium and fiber bulk determined a large difference in the resin velocity in the tow region
resulting in a long unsaturated region (Figure 7). Indeed, when the resin reached the end
of sensor 2 the preform in sensing area 1 is only partially filled, the signal is at 30% of its



J. Compos. Sci. 2022, 6, 222 10 of 12

plateau and, by extension, it is possible assuming that the preform is impregnated by the
same percentage. On the other hand, in the test with preheated resin the length of the
unsaturated zone is far smaller and the preform in sensing area 1 is filled with the resin
by almost 70%, consistently with the reduction in the time required by sensor 1 to reach
the plateau in the two experiments (Table 3). Furthermore, it is possible to observe that
when the resin reaches the end of sensor 3 the preform at sensor 1 location is still not fully
impregnated: the resin reached that location almost 250 s in advance with respect to the
saturation of the preform, which was approximately 77% (Table 3). The preform at the
location of sensor 2, as consequence, result partially filled by only 17%. Conversely, in the
test with preheating, the resin filled in a shorter time the preform thanks to the reduced
viscosity and the enhanced flow resulting in a full impregnation at sensing area 1 and in a
high level of saturation of the preform at the sensing area 2 of almost 80%. The analysis of
the present preliminary experimentation indicates that microwave heating is effective to
enhance the resin flow not only in the conventional RTM or VARTM processes [34] but also
in the case of processes using a flexible half mold, such as SCRIMP, being able to further
promote the impregnation and reduce the overall filling time more than that obtainable by
using the sole distribution medium. The good agreement between dielectric signals and
visual analysis also indicated the validity of the dielectric analysis and parallel-plate sensor
for flexible-mold manufacturing processes. Further development involving the numerical
analysis of the resin flow will be useful to strengthen the correlation between the actual
position of the resin during the infusion and the signals from the dielectric sensors.

4. Conclusions

This paper compares the performances of the conventional resin infusion process
and microwave preheated resin infusion in the case of flexible mold. The experiments
conducted and the analysis of the achieved outcomes evidenced that the resin system
preheating gives place to beneficial effects in the vacuum infusion processes, with a marked
reduction in the cycle time. The reduction in the viscosity provokes an improvement of
the flow, in agreement with Darcy’s law. Considering the achieved results and what was
discussed above, the following remarks can be drawn:

1. The unsaturated resin flow front is faster at the inlet due to the higher gradient of
pressure. It decelerates during the infusion. In the present experiments, the final flow
front velocity ranges between 15% and 22% of the initial velocity.

2. The flow front velocity is significantly affected by the microwave preheating: the resin
reached vent 220 s earlier than in the non-heated resin case evidencing a reduction of
29% in the flow front crossing time.

3. The dielectric sensors detected a marked deceleration of the saturated resin flow as
the distance from the resin inlet increased. The velocity decrease between sensor 1
(60 mm from the inlet) and sensor 3 (240 mm from the inlet) ranges between 84%
and 92%.

4. The microwave preheating is beneficial to the infusion process. The dielectric measure-
ment evidenced a decrease in overall saturation time of 50% correlated to a reduction
in the length of the unsaturated region.

The presented results raise new interrogatives, such as the effects of microwave
preheating on the fibrous preform saturation in vacuum bag infusion processes and resin
system curing time, the effects related to the geometry and the architecture of the fibrous
preform, or the influence of the binder applied, just to mention some of them. These aspects
should be investigated by further analyses in future works.
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