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Abstract: Vibration pretreatment microwave curing is a high-quality and efficient composite out-
of-autoclave molding process. Focusing on interlaminar shear strength, the effects of pretreatment
temperature, pretreatment time and vibration acceleration on the molding performance of composite
components were analyzed sequentially using the orthogonal test design method; a scanning electron
microscope (SEM) and optical digital microscope (ODM) were used to analyze the void content
and fiber-resin bonding state of the specimens under different curing and molding processes. The
results show that the influence order of the different vibration process parameters on the molding
quality of the components was: vibration acceleration > pretreatment temperature > pretreatment
time. Within the parameters analyzed in this study, the optimal vibration pretreatment process
parameters were: pretreatment temperature of 90 ◦C, pretreatment time of 30 min, and vibration
acceleration of 10 g. Using these parameters, the interlaminar shear strength of the component was
82.12 MPa and the void content was 0.37%. Compared with the microwave curing process, the void
content decreased by 71.8%, and the interlaminar shear strength increased by 31.6%. The microscopic
morphology and mechanical properties basically reached the same level as the standard autoclave
process, which achieved a high-quality out-of-autoclave curing and molding manufacturing of
aerospace composite components.

Keywords: out-of-autoclave; microwave curing; vibration pretreatment; voids; orthogonal experiment;
components; mechanical property

1. Introduction

Because of their high specific strength and high specific stiffness, carbon-fiber-reinforced
resin matrix composites are widely used in the aerospace field [1–3]. In addition, some
polymer materials can also be used in biomedical applications because of their high strength
and harmlessness, such as in dental, obstetric and gynecological surgery as well as in cardi-
ology and orthopedics [4–7]. Currently, the common curing method for high-performance
aerospace composite components is the traditional autoclave curing process [3,8]. How-
ever, the traditional autoclave curing process for this material is limited by component
forming size and results in high energy consumption and a long curing cycle. Therefore,
the new out-of-autoclave curing methods, such as resin-transfer molding (RTM) [9,10],
microwave curing [11–13], laser curing [14,15], electron beam curing [16–19] and ultraviolet
curing [20–23], etc., have been explored by many researchers.

With the resin-transfer molding (RTM) process, a series of carbon/phenol composites
were prepared by Lee et al. at different injection and molding temperatures, and the
mechanical properties of the composites were evaluated [9]. Babu et al. [10] prepared
kenaf fiber polyester composite laminates using compression molding technology, vacuum-
assisted resin infusion technology and resin-transfer molding technology and evaluated the
void content and water absorption of the laminates under the three curing processes. The
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results show that the specimen under the compression molding process had the highest
void content and water absorption.

The research aspects of microwave curing are as follows. Joshi and Bhudolia [11]
conducted microwave curing on L-930 carbon-fiber-reinforced polymer prepreg, and the
test data showed that the microwave curing process can save over 75% more energy than
the autoclave curing process, but the tensile and bending properties of the specimen were
reduced by 2–10%. The research presented by Kong et al. [12] compared the microwave
curing process and thermal curing process based on a SIO2/UPR composite system and
demonstrated that microwave curing has characteristics of less time consumption. Mean-
while, a similar result was demonstrated by Rao et al. [13], who prepared glass–epoxy
composite laminates by applying the microwave curing process and conventional thermal
curing process.

Researchers have conducted a small amount of research on laser curing. Tu et al. [14]
proposed a method for the laser-induced curing of composites dependent on transfer
printing, and the results of the study showed that the mechanical properties and curing
degree of LIG-cured FRC were comparable to those of conventional oven curing with an
energy reduction of 10.61%. Wang et al. [15] used infrared laser radiation and a tunnel
kiln oven to heat glass-fiber composite rods, and the results of mechanical property testing
and microscopic analysis showed that the tensile strength of the laser-radiation-cured rods
was about one-fourth higher than that of the kiln-oven-cured rods, and they attributed the
difference in mechanical properties to more resin being attached to the fiber surface in the
laser-radiation-cured GFRP rods.

An electron beam was used by Bao et al. [16] to cure composite components, and the
formed specimen was able to replace the polyimide composites used in the original aero
engines without loss of mechanical performance. Abliz et al. [17] established a low-energy
electron beam and automatic tape-release curing system in order to achieve a method
for the homogeneous out-of-autoclave curing of composites; meanwhile, the effects of
exposure dose and post-curing on the interlaminar shear strength (ILSS) of the composites
were investigated. The results showed that the maximum interlaminar shear strength of
the specimens was 64.7 MPa at an electron beam dose of 50 kGy and a curing temperature
of 180 ◦C for 30 min. MI et al. [18] systematically investigated the difference in the electron
beam absorption of cap composite materials due to bending degree using a combination of
theory and experiment. The results show that reducing the thickness of the composites at
the same degree of bending can improve the uniformity of electron-beam energy absorption.
Rizzolo et al. [19] propose a new composite curing process combining vacuum infusion
and an electron beam. The results of the study show that the process can be used for the
experimental low-cycle manufacturing of aerospace parts by measuring the fiber and pore
volume fractions of the specimens.

The ultraviolet (UV) curing method was applied by Compston [20] to form glass
fiber/vinyl ester composite components. With less time consumed, the specimens’ prop-
erties under the ultraviolet (UV) curing process were similar to those under the room-
temperature curing process. Park et al. [21] successfully prepared polymeric nanocom-
posite molds with high strength and durability using a UV curing process, and the study
showed that polymeric nanocomposites promise to be an extremely useful material for
fabricating nanopatterned molds using the UV process. Zhang et al. [22] studied the effect
of exposure dose on the curing uniformity and interlaminar shear strength of composite
materials under UV curing, and the results showed that curing uniformity improves with
an increasing exposure dose in a certain range, but interlaminar shear strength decreases
with an excessive exposure dose. Jang et al. [23] cured four types of composites using
catalysts and UV light. The results demonstrated that UV curing not only saved 70% of the
curing time but also had better mechanical properties.

It can be found from the above-mentioned out-of-autoclave curing processes that less
time is consumed than in the traditional autoclave curing process. However, because of
the lower pressure (<0.1 MPa) in the out-of-autoclave curing process, the void content is
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uncontrollable; consequently, the specimen quality is influenced. In order to decrease the
void content during the out-of-autoclave curing process, the researcher conducted many
tests. A low-frequency simple harmonic vibration was introduced by Muric-Nesic et al. [24]
into the UV curing process of composites, and a specimen with a void content less than
0.3% was formed using UV curing when vibration pretreatment was performed at room
temperature. Meier et al. [25] introduced a low-frequency vibration of 10Hz into the vacuum
resin infusion process; the internal void content was reduced to 0.69% and the interlaminar
shear strength increased by 10%. Furthermore, the random vibration pretreatment was
applied by Yang et al. [26,27] to cure composite components for aerospace applications. The
results show that, compared with the vibration-free process, the components’ void content
reduces from 6.66% to 0.44%, and the interlaminar shear strength increases from 50.06 MPa
to 97.12 MPa. As the above-mentioned works have shown, introducing vibration into the
out-of-autoclave curing process of composite materials is an effective means of reducing
the void content and improving the mechanical properties.

Following the above study, Guan et al. [28,29] innovatively proposed the introduction
of vibration pretreatment into the microwave curing process of composite materials, on
the one hand, to cope with the traditional hot air circulation heating method resulting in
low heating efficiency and high energy consumption, etc. The use of microwave selective
heating characteristics to achieve the rapid and uniform heating of carbon-fiber-reinforced
resin matrix composites “within the volume” resulted in a significant reduction in energy
consumption and curing time. On the other hand, to cope with the lack of curing pressure
in the environment of the composite out-of-autoclave molding process, pores and delami-
nation defects can not be eliminated, and a vibration energy field can be used to reduce the
dependence of the composite’s molding quality on the curing pressure.

However, the above research has not further analyzed the influence of important
parameters of the composite molding process, such as pretreatment temperature, pretreat-
ment time and vibration acceleration on the molding quality of the components, and it
has not explored the applicability of the process to different composite systems. Therefore,
to achieve low-pressure, high-quality curing, this study intends to use the orthogonal
test design method to investigate the influence of different vibration pretreatment process
parameters (pretreatment temperature, pretreatment time, vibration acceleration) on the
molding performance of T800/#602 composite materials based on the evaluation of inter-
layer shear strength combined with extreme difference analysis and ANOVA. SEM and
ODM were used to characterize the microscopic morphology of the components made by
different curing processes, and the differences in interlaminar shear strength were analyzed
in terms of void content and fiber-resin bonding properties. The results of this paper pro-
vide a theoretical basis for efficient and high-quality control of the subsequent composite
curing process, enriching and developing the theory of out-of-autoclave curing.

2. Materials and Methods

The material of this study was carbon-fiber-reinforced resin-based aerospace prepreg
provided by Aerospace Changzheng Rui Te Technology Co., Ltd., (Tianjin, China) with
the grade T800/#602, a fiber volume fraction of 60%, #602 thermosetting epoxy resin, a
prepreg bulk density of 1.6 g/cm3, and a single layer thickness of 0.17 mm. This study
mainly focuses on composite laminates as the research object, using hand lay-up, with a
prepreg size of 200 mm × 200 mm; the number of layers was 14, the lay-up angle parameter
was [0/90/0/90/0/90/0]s, and the temperature measurement fiber was embedded in
the composite material during the lay-up process for subsequent microwave curing and
temperature monitoring.

2.1. Microwave and Vibration Equipment

The vibration platform and the microwave curing equipment used in this study are
shown in Figure 1. The composite laminates were pretreated on the vibration platform
and then cured on the microwave platform, and the two experimental platform belong to



Polymers 2023, 15, 296 4 of 14

Central South University in Changsha, Hunan, China. During the entire curing process,
vacuum bagging pressure was always present.
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Figure 1. Experimental platform for vibration and microwave curing of composite, (a) laminate in
vibration processing platform, (b) laminate in microwave heating chamber.

2.2. Curing Process

Besides the vibration pretreatment microwave curing, autoclave curing (the standard
curing process for composite components) and microwave curing were also conducted to
clear the influence of the vibration pretreatment process on curing quality.

For the autoclave curing process curve (shown in Figure 2a), the composite laminates
were heated from room temperature to 130 ◦C at the rate of 2 ◦C/min and then kept for
120 min. The pressure began to increase to 0.6 MPa at the rate of 0.02 MPa/min when the
temperature reached 90 ◦C. After insulation was over, the composite laminates were then
cooled down to 70 ◦C at 1.5 ◦C/min. The pressure relief was started after cooling down
to 70 ◦C. The microwave curing process only occurred within the vacuum-bag pressure.
The process temperature curve, except for air cooling period, is the same as the autoclave
temperature curve.
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Figure 2b shows the vibration pretreatment microwave curing process curve. The
composite material was heated from room temperature to pretreatment temperature (80 ◦C,
90 ◦C, 100 ◦C) at 2 ◦C/min. After a certain vibration pretreatment time (10 min, 30 min,
50 min), a microwave was used to warm up to 130 ◦C and the dwell time was 120 min to
complete the subsequent curing process. The vibration pretreatment process was accompa-
nied by different vibration accelerations (5 g, 10 g, 15 g), and the values of these factors are
listed in Table 1.
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Table 1. Orthogonal experimental design factors and levels L9 (34) (1g = 9.8 m/s2).

Factor Levels Pretreatment
Temperature/◦C

Pretreatment
Time/min

Vibration
Accelerate/g

I 80 10 5
II 90 30 10
III 100 50 15

2.3. Mechanical Properties and Microscopic Characterization

In this study, void content and interlaminar shear strength were selected to evaluate
the curing quality. Four 10 mm × 10 mm specimens were taken in the middle part
of the laminates that had undergone the different curing processes along the 0-degree
direction. After inlaying, polishing and ultrasonic cleaning, the laminate cross-section was
photographed using an ultra-deep field 3D microscope; finally, the pictures were imported
into Image pro plus 6.0 software. The percentage of pore area to the sample area was
used as the void content in this process, i.e., the void content calculation method followed
Equation (1):

γ =
Sγ
Sa

× 100% (1)

where γ is the void content, Sγ is the void area and Sa is the specimen area.
At the same time, the interlaminar shear strength test was conducted according to

national standard JC-T 773-2010 of the People’s Republic of China, and the test procedure
and related parameters are shown in Figure 3.

Polymers 2022, 14, x FOR PEER REVIEW  5 of 14 
 

 

complete the subsequent curing process. The vibration pretreatment process was accom‐

panied by different vibration accelerations (5 g, 10 g, 15 g), and the values of these factors 

are listed in Table 1. 

Table 1. Orthogonal experimental design factors and levels L9 (34) (1g = 9.8 m/s2). 

Factor Levels 
Pretreatment Tem‐

perature/°C 
Pretreatment 

Time/min 

Vibration  

Accelerate/g 

Ⅰ  80  10  5 

Ⅱ  90  30  10 

Ⅲ  100  50  15 

2.3. Mechanical Properties and Microscopic Characterization 

In this study, void content and interlaminar shear strength were selected to evaluate 

the curing quality. Four 10 mm × 10 mm specimens were taken in the middle part of the 

laminates that had undergone the different curing processes along the 0‐degree direction. 

After inlaying, polishing and ultrasonic cleaning, the laminate cross‐section was photo‐

graphed using an ultra‐deep field 3D microscope; finally, the pictures were imported into 

Image pro plus 6.0 software. The percentage of pore area to the sample area was used as 

the void content in this process, i.e., the void content calculation method followed Equa‐

tion (1): 

γ=
Sγ

Sa
×100%  (1) 

where γ is the void content, Sγ is the void area and Sa is the specimen area. 

At the same time, the interlaminar shear strength test was conducted according to 

national standard JC‐T 773‐2010 of the Peopleʹs Republic of China  , and the test procedure 

and related parameters are shown in Figure 3. 

 

Figure 3. Short beam three‐point bending test, (a) actual testing process, (b) sketch of short beam 

three‐point bend. 

Using the maximum load Fmax, the interlaminar shear strength τ was calculated from 

the following Equation (2): 

τ=
3

4
×
Fmax

bh
  (2) 

where b and h are specimen width and specimen thickness, respectively, and the units for 

both are mm. 
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three-point bend.

Using the maximum load Fmax, the interlaminar shear strength τ was calculated from
the following Equation (2):

τ =
3
4
× Fmax

bh
(2)

where b and h are specimen width and specimen thickness, respectively, and the units for
both are mm.

3. Results and Discussion
3.1. Interlaminar Shear Strength Analysis

Figure 4 shows the three-point bending force–displacement curves of the four speci-
mens during the vibration pretreatment parameters of 80 ◦C-10 min-5 g and 100 ◦C-50 min
-10 g-microwave curing, which are the maximum and minimum values in nine sets of
experiments, respectively. It can be seen that the force and displacement are approximately
linear until the force reaches its maximum value, while after the force reaches its maximum
value, the composite material loses its resistance. Therefore, the force value suddenly
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decreases. The average value of the interlaminar shear strength in the process is calculated
using Equation (2). The experimental results of the interlaminar shear strength of the
specimens under different vibration pretreatment microwave curing processes are listed in
Table 2. It can be seen that the maximum interlaminar shear strength is group 9 and the
minimum interlaminar shear strength is group 1. The difference between the maximum
value and the minimum value is 16.46 MPa.
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Table 2. Vibration pretreatment process orthogonal table and interlaminar shear strength results.

Test
Number

Pretreatment
Temperature (◦C)

Pretreatment
Time (min)

Vibration
Accelerate (g)

Shear Strength
(MPa)

1 80 10 5 67.18
2 80 30 10 78.51
3 80 50 15 71.83
4 90 10 10 80.87
5 90 30 15 75.21
6 90 50 5 78.37
7 100 10 15 73.37
8 100 30 5 74.01
9 100 50 10 83.64

The above experimental results were transformed into the mean and extreme difference
values of interlaminar shear strength under three factors and three levels according to the
calculation method of extreme difference analysis, where a larger extreme difference value
proves that the factor had a greater influence on the experimental results, and the final
analysis results are shown in Table 3.

Table 3. Mean and extreme difference results of interlaminar shear strength of laminates (Mpa).

Levels

Means Factors Pretreatment
Temperature/◦C

Pretreatment
Time/min

Vibration
Accelerate/g

I 72.51 73.81 73.19
II 78.15 75.91 81.01
III 77.01 77.95 73.47

Extreme difference values 5.64 4.14 7.82

Table 3 reflects the mean and extreme difference results of the interlaminar shear
strength of the composite specimens under three factors and three levels of pretreatment
temperature, pretreatment time and vibration acceleration. It can be seen that the extreme
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difference of vibration acceleration is 7.82, which is the maximum extreme difference
among the three factors, and the extreme difference values of pretreatment temperature
and pretreatment time are 5.64 and 4.14 in turn, respectively, which are relatively small.
Thus, it can be concluded that the factors affecting the magnitude of the shear strength of
the laminate are: vibration acceleration > pretreatment temperature > pretreatment time,
in order.

In order to illustrate the degree of significance of the effect of each factor on the
interlaminar shear strength, the results of the above analysis need to be further analyzed
using ANOVA, and the results of ANOVA are shown in Table 4.

Table 4. Analysis of variance results for interlaminar shear strength of composites.

Factors
Sum of

Deviation
Squares

Degree
of

Freedom

Mean
Square F Significance

Pretreatment temperature 53.404 2 26.702 15.62 Insignificant

Pretreatment time 25.712 2 12.856 7.52 Extremely
insignificant

Vibration accelerate 118.034 2 59.017 34.51 Significant
Error 3.42 2 1.71

F F0.1(2,2) = 9 F0.05(2,2) = 19 F0.025(2,2) = 39

The significance of the j factor on the evaluation index is obtained using the magnitude
of the F value. It is assumed that the significance level to be checked is α, when Fj is
greater than or equal to Fj (fj,fe) (fj, fe is degree of freedom), meaning that the influence
of the j factor is significant; otherwise, the influence is insignificant. In this study, the
significance levels were chosen as α = 0.1, α = 0.05, α = 0.025, which correspond to the
degree of significance level, and the highest is extremely significant while the lowest is
extremely insignificant. The ANOVA data from the orthogonal test can be obtained with
calculation and analysis, as shown in Table 4. From the ANOVA results, it can be seen
that because F = 15.62 < F0.05 (2,2) = 19, it was judged that the pretreatment temperature
had an insignificant effect on the interlaminar shear strength. The effect of pretreatment
time F = 7.52 < F0.10 (2,2) = 9 on the interlaminar shear strength results was determined
to be extremely insignificant, indicating that the length of pretreatment time has a small
effect on interlaminar shear strength in the vibration pretreatment microwave curing
process. Vibration acceleration corresponds to F = 34.51 > F0.05 (2,2) = 19, indicating the
factor for the significant effect on the interlaminar shear strength. The main reason for the
above results is that in the process of resin flow, where the pressure is generated using
vibration acceleration to further compact the composite material, some of the smaller
diameter bubbles are crushed; the larger diameter bubbles, because of the introduction
of the vibration energy field, increase their rise rate and were extracted by the vacuum
system, which improved the interlaminar shear strength of the composite laminate through
abatement and inhibition of the pores during the molding process.

Through the above analysis, it can be found that vibration acceleration and pretreat-
ment temperature result in the highest mean value of the interlaminar shear strength of
the components at level II, so 10 g is selected for vibration acceleration and 90 ◦C for
pretreatment temperature. The mean value of the interlaminar shear strength of the com-
ponents at level III is the highest regarding holding time, but compared with level II, its
interlaminar shear strength only increased by 1.46%, and combined with ANOVA, it can
be seen that pretreatment time is insignificant. Meanwhile, considering the curing cost of
the composite material and shortening the curing time, the pretreatment time at level II
was chosen. In summary, the optimal vibration pretreatment process parameters selected
were a pretreatment temperature of 90 ◦C, pretreatment time of 30 min and vibration
acceleration of 10 g, as shown in Table 5, to find the interlaminar shear strength values of
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the composite laminate prepared using the microwave curing process, autoclave curing
process and optimal vibration pretreatment microwave curing process.

Table 5. Interlaminar shear strength values of composite laminates with different curing processes.

Curing Process Interlaminar Shear Strength/MPa

Microwave curing 53.71
Optimal vibration pretreatment microwave curing 82.13

0.6MPa autoclave curing 84.12

Table 5 shows that optimal vibration pretreatment microwave curing increases the
interlaminar shear strength by 34.6% compared to the microwave curing process, and its
value reaches the level of the 0.6 MPa autoclave process.

3.2. Void Morphology Statistics

Porosity is one of the most common defects in the molding process of composite
components, which is mainly caused by air and dust entrained during the lay-up process,
volatile gases generated during the curing process of the composite components, and
moisture trapped within and between the layers. The void content plays a decisive role in
the performance and safety of composite components [30–32]; it is typically less than 1%
for aerospace structural components [33,34].

The void content of the composite laminates prepared using the vibration pretreatment
microwave curing process, the normal microwave curing process, the standard autoclave
process and the optimized vibration pretreatment microwave curing process were statisti-
cally evaluated for each group in the orthogonal test table (Figure 5). It can be seen that the
introduction of vibration pretreatment into the microwave curing process of the compos-
ite materials can significantly reduce the internal porosity of the components compared
to the normal microwave curing process, and the optimized vibration pretreatment mi-
crowave curing process can reduce the porosity by up to 71.8% compared to the microwave
curing process.
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At the same time, the internal void content of the components can reach a level close
to the 0.6 MPa autoclave process using specific process parameters, indicating that the
introduction of vibration pretreatment has a significant effect on reducing and inhibiting the
formation of defects during the microwave curing of aerospace composite components and
controlling the void content to within 1%. Comparing the optimized vibration pretreatment
microwave curing process with the standard autoclave process, the internal void content of
the components was 0.37% and 0.26%, respectively. This proves that the optimization of the
vibration pretreatment microwave curing process can achieve the same defect-suppression
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effect as the standard 0.6 MPa autoclave process. This result is consistent with the study of
Guan [28,29].

Figure 6 is the change curve of 602 resin viscosity with temperature. From the figure,
it can be seen that the change trend of resin viscosity is first decreasing and then tends to
stabilize and finally rise again. When the temperature exceeds 80 ◦C, the resin viscosity
decreases rapidly, the decrease rate of viscosity gradually decreases and the resin gradually
moves from a high viscosity state to a flow state. When the temperature rises to about
90 ◦C, the viscosity starts to reach its lowest point, and the viscosity value is about 2.1 Pas.
When the temperature is within the range of 90–200 ◦C, the resin viscosity does not change
much. After the temperature exceeds 200 ◦C, the viscosity of the resin increases rapidly and
the rate of increase gradually accelerates, and the resin starts to change from the flow state
to the glass state, at which time the viscosity of the resin rises rapidly again. The maximum
curing temperature of the composite material used in this study is 130 ◦C. The reaction in
the curing process is not only related to temperature but also positively correlated with
time, and the higher the temperature, the more violent the curing reaction is within the
same time range. Thus, 90 ◦C was chosen as the best time for pressurization without
affecting the resin flow compaction and fiber infiltration process.
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Figure 7 shows the microscopic morphology of the interior of the component under
different curing processes using an optical digital microscope (ODM). The scale bar is
200 um in the figure, and it can be seen that when the vibration pretreatment temperature
and vibration acceleration are not selected properly, there are obvious large-sized voids
inside the component, and the shape is mainly circular or elliptical. The reason for this
phenomenon may be that the 602 epoxy resin does not reach the minimum viscosity at
80 ◦C, the resin mobility is poor and it cannot fully infiltrate with the carbon fiber bundle,
as shown in Figure 7a.

As shown in Figure 7b, the overall pore shape under the curing process is a circle and
the size is small, because the resin viscosity of the 602 resin at 90 ◦C is at its lowest point,
and the resin and fiber wettability are very good. It only needs a short time to fully infiltrate
the fiber, as shown in Figure 7c, where the microscopic shape under the curing process
is circular or elliptical voids and the size is large. This phenomenon is mainly due to the
fact that the viscosity of the composite material at 100 ◦C is past the minimum point and
has increased to a certain extent, the resin is cured and cross-linked during the vibration
process, the fiber infiltration is incomplete and some air bubbles are trapped in the pores
and cannot be discharged. In terms of vibration acceleration, it can be seen from Figure 7a–c
that the pore size has obvious differences under different vibration accelerations, and the
equilibrium equation of action is shown in Equation (3).

Pv − Pr − Pe − Pvibr =
kσv

Rv
(3)
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Pv is internal pressure of the pore, Pr is hydrostatic pressure, Pe is external pressure
(the vacuum-bagging pressure in the curing process is Pe = 0.1 MPa), Pvibr is pressure due
to the vibration field, k is the surface tension coefficient, σv is pore surface tension and Rv
is pore radius.

Polymers 2022, 14, x FOR PEER REVIEW  10 of 14 
 

 

Figure 7 shows the microscopic morphology of the interior of the component under 

different curing processes using an optical digital microscope (ODM). The scale bar is 200 

um in the figure, and it can be seen that when the vibration pretreatment temperature and 

vibration acceleration are not selected properly, there are obvious large‐sized voids inside 

the component, and the shape is mainly circular or elliptical. The reason for this phenom‐

enon may be that the 602 epoxy resin does not reach the minimum viscosity at 80 °C, the 

resin mobility is poor and it cannot fully infiltrate with the carbon fiber bundle, as shown 

in Figure 7a. 

 

Figure 7. Microscopic morphology of vibration microwave curing process, microwave curing pro‐

cess, autoclave process, (a) 80 °C‐10 min‐5 g microwave curing process, (b) 90 °C‐10 min‐10 g mi‐

crowave curing process, (c) 100 °C‐10 min‐15 g microwave curing process, (d) 0 MPa microwave 

curing, (e) 0.6 MPa autoclave process, (f) 90‐30 min‐10 g microwave curing process. 

As shown in Figure 7b, the overall pore shape under the curing process is a circle and 

the size is small, because the resin viscosity of the 602 resin at 90 °C is at its lowest point, 

and the resin and fiber wettability are very good. It only needs a short time to fully infil‐

trate the fiber, as shown in Figure 7c, where the microscopic shape under the curing pro‐

cess is circular or elliptical voids and the size is large. This phenomenon is mainly due to 

the fact that the viscosity of the composite material at 100 °C is past the minimum point 

Figure 7. Microscopic morphology of vibration microwave curing process, microwave curing process,
autoclave process, (a) 80 ◦C-10 min-5 g microwave curing process, (b) 90 ◦C-10 min-10 g microwave
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Under the condition of no vibration, the internal pressure of the pores inside the
component is balanced with the external resin hydrostatic pressure, and the pores can exist
stably and grow gradually with the increase in temperature. After the introduction of a
vibration energy field, the equilibrium equation of the stable growth of pores is broken, and
the energy excitation generated by the mechanical vibration makes the pore size change.
The big pores decrease rapidly or even collapse in the action of the positive load generated
by the vibration, and the composite component is further compacted. While the small pore
expands and floats up after the direction of the vibration excitation is changed according to
Stokes Equation (4), when the pore radius increases, it can quickly float up to the surface of
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the component in a shorter time and escape from the inside of the component under the
action of a vacuum system:

Vb =
2Rvg∆ρ

9η
(4)

where Vb is the rise speed of the bubble, g is gravity acceleration, ∆ρ is the density difference
between the resin and the gas inside the pore and η is resin viscosity.

As shown in Figure 7d, for the internal microscopic morphology of the components
under microwave curing, it can be seen from the figure that the components contain big
voids within and between the layers, and the number of pores is higher. The phenomenon
is mainly due to the existence of only vacuum-bag pressure in the microwave curing
process, and, due to insufficient pressure, the resin’s mobility and dense effect are poor.
Figure 7e shows the microscopic morphology of the molded component under the 0.6 MPa
autoclave process, and it can be seen that the high pressure of 0.6 MPa can fully drive the
resin to infiltrate the fibers and gradually compact the laminate during the curing process.
The components are molded with high quality, and the existence of pores can hardly
be observed inside them. Figure 7f shows the microscopic morphology of the optimized
vibration pretreatment microwave curing process, which is similar to the standard autoclave
process. It is shown that the optimized composite molding process can achieve the same
defect suppression as the 0.6 MPa autoclave process.

3.3. Fiber-Resin Bonding State

To investigate the mechanism of the effect of a vibration energy field on the interlami-
nar shear strength, SEM was used to view the three-point bending section of the composite
specimens under different curing process conditions, as shown in Figure 8. Figure 8a shows
the section of the composite under microwave curing conditions, from which it can be seen
that the fiber surface is smooth, the gap between the fibers is large, there is no resin filling
and there is only a small number of resin bulks between the fibers, which indicates that
microwave curing without vibration pretreatment has poor resin mobility and wettability,
poor interfacial bonding properties, the existence of a large number of pores and even
delamination defects, thus affecting the interlaminar shear strength. Figure 8b displays the
pretreatment temperature of 80 ◦C, pretreatment time of 30 min and vibration acceleration
of 5 g microwave curing, and from the figure it can be seen that, compared to Figure 8a, the
gaps between the fibers are significantly smaller, and there are more resin bulks between
the fiber gaps, which indicates that the vibration pretreatment conditions enhance the
resin flow and compaction process in the microwave curing process. However, with the
high viscosity of resin at 80◦C and the effect of vibration acceleration, there is still room
to improve the interlaminar shear strength. Figure 8c,d shows the SEM fracture surface
of the specimens under the 90 ◦C-30 min-10 g microwave curing process and 0.6 MPa
autoclave curing process. From the figure, it can be seen that their microscopic morphology
is not significantly different, some residual resin exists on the fiber surface, the gaps in the
carbon-fiber resin filling are relatively uniform, the void contents are significantly reduced
and the resin impregnated well. This further explains why the specimens have similar shear
strength between the optimal vibration pretreatment and microwave curing and 0.6 MPa
autoclave curing processes and also shows that the vibration energy field can improve the
resin impregnation in the carbon fiber and reinforcing fiber compaction process. Therefore,
the resin and carbon fiber interface bonding state was improved, and the interlaminar shear
strength of the specimens increased.
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4. Conclusions

In this study, a three-factor, three-level combination of vibration pretreatment param-
eters, including pretreatment temperature, pretreatment time and vibration acceleration,
was designed to adopt the orthogonal experimental method. This method was used to
prepare resin-based composite laminates in different vibration pretreatment microwave
curing processes. The influence of vibration pretreatment parameters on the performance
of the microwave-cured molding of components was evaluated. Based on the results and
discussion, the specific findings of this study are as follows.

Using interlaminar shear strength as the evaluation index of the orthogonal exper-
iment, it is concluded from the extreme difference analysis that the influence order of
interlaminar shear strength is: vibration acceleration > pretreatment temperature > pretreat-
ment time. Combined with the manufacturing cost and manufacturing cycle of composite
materials, it was determined that the optimal vibration pretreatment parameters are a
pretreatment temperature of 90 ◦C, pretreatment time of 30 min and vibration acceleration
of 10 g.

1. With the introduction of vibration pretreatment into the microwave curing process of
T800/#602 aerospace composites, the composite laminate void contents were all below
1%, meeting the acceptance standards for aerospace structural components, further
verifying the applicability of a vibration pretreatment microwave curing process for
different material-forming systems.

2. The microscopic morphology of the specimens under different curing process con-
ditions was characterized using ODM and SEM, and the reasons for the difference
in interlaminar shear strength between the different curing processes were analyzed
in terms of porosity and fiber-resin bonding state. The results show that the optimal
vibration pretreatment microwave curing process reduced the void content by 71.8%
and increased the interlaminar shear strength by 34.8% compared to the microwave
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curing process. The microscopic morphology and interlaminar shear strength lev-
els were similar to those of the 0.6 MPa autoclave process (a standard process for
aerospace components).

Author Contributions: Conceptualization, L.Z. and D.Z.; methodology, D.Z.; software, D.Z.; valida-
tion, C.G., J.G., B.M., G.D. and S.Y.; formal analysis, L.Z. and D.Z.; investigation, D.Z., C.G., J.G., B.M.,
G.D. and S.Y.; resources, D.Z.; writing—original draft preparation, D.Z.; writing—review and editing,
L.Z. and B.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (Grant No.
52175373, 52005516), the National Key Research and Development Program (Grant No. 2018YFA0702800),
and the Project of State Key Laboratory of High Performance Complex Manufacturing, Central South
University (Nos. ZZYJKT2021-03).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors would like to gratefully acknowledge the funding from the National
Natural Science Foundation of China (Grant No. 52175373, 52005516), the National Key Basic Research
Program (Grant No. 2018YFA0702800), and the Project of State Key Laboratory of High Performance
Complex Manufacturing, Central South University (Nos. ZZYJKT2021-03). The authors would like to
gratefully acknowledge the composite research team members of Central South University for their
support and useful discussions regarding this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Min, K.J.; Lee, H.S. Composite materials characterization for aircraft application. Mater. Sci. Forum 2016, 857, 169–173. [CrossRef]
2. Kitano, A. Characteristics of carbon-fiber-reinforced plastics (CFRP) and associated challenges-focusing on carbon-fiber-reinforced

thermosetting resins (CFRTS) for aircraft. Int. J. Autom. Technol. 2016, 10, 300–309. [CrossRef]
3. Li, N.Y.; Li, Y.G.; Jelonnek, J.; Link, G.; Gao, J. A new process control method for microwave curing of carbon fibre reinforced

composites in aerospace applications. Compos. Part B-Eng. 2017, 122, 61–70. [CrossRef]
4. Ausiello, P.; Gloria, A.; Maietta, S.; Watts, D.C.; Martorelli, M. Stress distributions for hybrid composite endodontic post designs

with and without a ferrule: FEA study. Polymers 2020, 12, 1836. [CrossRef] [PubMed]
5. Campaner, L.M.; Silveira, M.P.M.; de Andrade, G.S.; Borges, A.L.S.; Bottino, M.A.; Dal Piva, A.M.D.; Lo Giudice, R.; Ausiello, P.;

Tribst, J.P.M. Influence of polymeric restorative materials on the stress distribution in posterior fixed partial dentures: 3D finite
element analysis. Polymers 2021, 13, 758. [CrossRef]

6. Jummaat, F.; Yahya, E.B.; Khalil, A.H.P.S.; Adnan, A.S.; Alqadhi, A.M.; Abdullah, C.K.; Sofea, A.K.A.; Olaiya, N.G.; Abdat, M. The
Role of biopolymer-based materials in obstetrics and gynecology applications: A review. Polymers 2021, 13, 633. [CrossRef]

7. Rizas, K.D.; Mehilli, J. Stent polymers do they make a difference? Circ.-Cardiovasc. Interv. 2016, 9, e002943. [CrossRef]
8. Takagaki, K.; Hisada, S.; Minakuchi, S.; Takeda, N. Process improvement for out-of-autoclave prepreg curing supported by in-situ

strain monitoring. J. Compos. Mater. 2017, 51, 1225–1237. [CrossRef]
9. Lee, S.G. Preparation and characterization of carbon/phenol composite by RTM process. Text. Color. Finish. 2016, 28, 239–245.
10. Babu, A.S.; Gowthamraj, S.; Jaivignesh, M. A comparative study on mechanical properties of kenaf fiber-reinforced polyester

composites prepared by VARI, RTM and CM techniques. In Proceedings of the International Conference on Advances in Materials
and Manufacturing Applications, Bengaluru, India, 16–18 August 2019.

11. Joshi, S.C.; Bhudolia, S.K. Microwave–thermal technique for energy and time efficient curing of carbon fiber reinforced polymer
prepreg composites. J. Compos. Mater. 2014, 48, 3035–3048. [CrossRef]

12. Kong, X.W.; Yin, Z.; Wang, J.H. Study on microwave curing and mechanical properties quartz/UPR composites. Biotechnol. Chem.
Mater. Eng. III 2014, 884–885 Pt 1–2, 329–336. [CrossRef]

13. Rao, S.; Vijapur, L.; Prakash, M.R. Effect of incident microwave frequency on curing process of polymer matrix composites.
J. Manuf. Process. 2020, 55, 198–207. [CrossRef]

14. Tu, R.W.; Liu, T.Q.; Steinke, K.; Nasser, J.; Sodano, H.A. Laser induced graphene-based out-of-autoclave curing of fiberglass
reinforced polymer matrix composites. Compos. Sci. Technol. 2022, 226, 109529. [CrossRef]

15. Wang, Y.W.; Liu, K.B.; Li, F.F.; Zhang, K.C.; Li, Z.X.; Nie, B. Infrared laser heating of gfrp bars and finite element temperature field
simulation. J. Mater. Res. Technol. 2022, 18, 3311–3318. [CrossRef]

16. Bao, J.W.; Li, Y.; Chen, X.B.; Li, F.M. Heat-resistant composites cured by electron beam. Chin. J. Polym. Sci. 2001, 19, 53–57.

http://doi.org/10.4028/www.scientific.net/MSF.857.169
http://doi.org/10.20965/ijat.2016.p0300
http://doi.org/10.1016/j.compositesb.2017.04.009
http://doi.org/10.3390/polym12081836
http://www.ncbi.nlm.nih.gov/pubmed/32824363
http://doi.org/10.3390/polym13050758
http://doi.org/10.3390/polym13040633
http://doi.org/10.1161/CIRCINTERVENTIONS.115.002943
http://doi.org/10.1177/0021998316672001
http://doi.org/10.1177/0021998313504606
http://doi.org/10.4028/www.scientific.net/AMR.884-885.329
http://doi.org/10.1016/j.jmapro.2020.04.003
http://doi.org/10.1016/j.compscitech.2022.109529
http://doi.org/10.1016/j.jmrt.2022.03.119


Polymers 2023, 15, 296 14 of 14

17. Abliz, D.; Duan, Y.G.; Zhao, X.M.; Li, D.C. Low-energy electron beam cured tape placement for out-of-autoclave fabrication of
advanced polymer composites. Compos. Part A—Appl. Sci. Manuf. 2014, 65, 73–82. [CrossRef]

18. MI, O.S.; Kim, H.B. Fabrication of hat-type carbon fiber-reinforced plastic by electron beam curing. J. Radiat. Ind. 2022, 16,
109–114.

19. Rizzolo, R.H.; Walczyk, D.F.; Montoney, D.; Simacek, P.; Mahbub, M.R. A high-consolidation electron beam-curing process for
manufacturing three-dimensional advanced thermoset composites. J. Manuf. Sci. Eng.—Trans. Asme 2022, 144, 12. [CrossRef]

20. Compston, P.; Schiemer, J.; Cvetanovska, A. Mechanical properties and styrene emission levels of a UV-cured glass-fibre/vinylester
composite. Compos. Struct. 2008, 86, 22–26. [CrossRef]

21. Park, S.; Kim, J.; Han, T.W.; Hwang, D.Y.; Lee, H.C.; Kim, W.B. Mechanical reinforcement of UV-curable polymer nanocomposite
for nanopatterned mold. Microelectron. Eng. 2022, 25, 111791. [CrossRef]

22. Zhang, X.H.; Duan, Y.G.; Zhao, X.M.; Li, D.C. UV stepwise cured fabrication of glass fiber/acrylate composites: Effects of
exposure dose on curing uniformity and interlaminar shear strength. J. Compos. Mater. 2016, 50, 1395–1401. [CrossRef]

23. Jang, Y.S.; Jeong, K.K.; Sun, H.G.; Lee, K.K. Analysis of chemical and mechanical properties of UV curing resin. J. Korean Soc.
Manuf. Process Eng. 2020, 19, 88–95. [CrossRef]

24. Muric-Nesic, J.; Compston, P.; Noble, N.; Stachurski, Z.H. Effect of low frequency vibrations on void content in composite
materials. Compos. Part A 2009, 40, 548–551. [CrossRef]

25. Meier, R.; Kahraman, I.; Seyhan, A.T.; Zaremba, S.; Drechsler, K. Evaluating vibration assisted vacuum infusion processing of
hexagonal boron nitride sheet modified carbon fabric/epoxy composites in terms of interlaminar shear strength and void content.
Compos. Sci. Technol. 2016, 128, 94–103. [CrossRef]

26. Yang, X.B.; Zhan, L.H.; Jiang, C.B.; Zhao, X.; Guan, C.L. Effect of random vibration processing on void content in composite
laminates. Polym. Compos. 2019, 40, 3122–3130. [CrossRef]

27. Yang, X.B.; Zhan, L.H.; Jiang, C.B.; Zhao, X.; Guan, C.L.; Chang, T.F. Evaluating random vibration assisted vacuum processing of
carbon/epoxy composites in terms of interlaminar shear strength and porosity. J. Compos. Mater. 2019, 53, 2367–2376. [CrossRef]

28. Guan, C.L.; Zhan, L.H.; Dai, G.M.; Wu, X.T.; Xiao, Y. A unique method for curing composite materials by introducing vibration
treatment into the hybrid heating process. J. Cent. South Univ. 2021, 28, 2961–2972. [CrossRef]

29. Guan, C.L.; Zhan, L.H.; Yang, X.B.; Dai, G.M.; Xiao, Y. Significant effect of vibration treatment on microwave curing carbon fiber
reinforced plastic. J. Reinf. Plast. Compos. 2020, 39, 373–383. [CrossRef]

30. Song, Q.H.; Liu, W.P.; Chen, J.P.; Zhao, D.C.; Yi, C.; Liu, R.L.; Geng, Y.; Yang, Y.; Zheng, Y.Z.; Yuan, Y.H. Research on void
dynamics during in situ consolidation of CF/high-performance thermoplastic composite. Polymers 2022, 14, 1401. [CrossRef]

31. Costa, M.L.; de Almeida, S.F.M.; Rezende, M.C. The influence of porosity on the interlaminar shear strength of carbon/epoxy and
carbon/bismaleimide fabric laminates. Compos. Sci. Technol. 2001, 61, 2101–2108. [CrossRef]

32. Guo, Z.S.; Liu, L.; Zhang, B.M.; Du, S.Y. Critical void content for thermoset composite laminates. J. Compos. Mater. 2006, 43,
1775–1790.

33. Liu, L.; Zhang, B.M.; Wang, D.F.; Wu, Z.J. Effects of cure cycles on void content and mechanical properties of composite laminates.
Compos. Struct. 2006, 73, 303–309. [CrossRef]

34. Kocatepe, K. Effect of low frequency vibration on porosity of lm25 and lm6 alloys. Mater. Des. 2007, 28, 1767–1775. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.compositesa.2014.06.004
http://doi.org/10.1115/1.4054871
http://doi.org/10.1016/j.compstruct.2008.03.012
http://doi.org/10.1016/j.mee.2022.111791
http://doi.org/10.1177/0021998315592004
http://doi.org/10.14775/ksmpe.2020.19.06.088
http://doi.org/10.1016/j.compositesa.2008.11.010
http://doi.org/10.1016/j.compscitech.2016.03.022
http://doi.org/10.1002/pc.25156
http://doi.org/10.1177/0021998319829531
http://doi.org/10.1007/s11771-021-4824-5
http://doi.org/10.1177/0731684420909532
http://doi.org/10.3390/polym14071401
http://doi.org/10.1016/S0266-3538(01)00157-9
http://doi.org/10.1016/j.compstruct.2005.02.001
http://doi.org/10.1016/j.matdes.2006.05.004

	Introduction 
	Materials and Methods 
	Microwave and Vibration Equipment 
	Curing Process 
	Mechanical Properties and Microscopic Characterization 

	Results and Discussion 
	Interlaminar Shear Strength Analysis 
	Void Morphology Statistics 
	Fiber-Resin Bonding State 

	Conclusions 
	References

