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A B S T R A C T

High-speed molding of continuous carbon fiber-reinforced composites was carried out by thermoplastic resin
transfer molding using a very-low-viscosity thermoplastic monomer. After dispersing 0.1 wt.% of various na-
nomaterials in ε-caprolactam, a monomer of anionic polymerized polyamide 6 (A-PA6), the processing tem-
perature and catalyst-activator contents were optimized based on the polymerization induction time required for
resin injection in the mold. Additionally, the dispersion stability, solidification time, monomer conversion,
crystallinity and mechanical properties of the composites were evaluated. Higher dispersion stability of the
nanomaterials in A-PA6 resulted in a significantly shortened process cycle time – on the order of seconds –and
higher crystallinity in the composite. In addition, carbon fibers treated with atmospheric plasma were used to
increase the rate of resin impregnation into fibers. These factors not only increased composite fabrication
productivity but also enhanced its mechanical properties.

1. Introduction

In recent years, legislation to regulate automobile fuel consumption
and emissions have been strengthened in developed countries.
Therefore, lightweight fiber-reinforced composites have attracted much
interest from the automobile industry. In particular, efforts are un-
derway to apply long fiber-reinforced thermoplastic to seatback frames
and battery storage for hybrid vehicles [1]. However, further im-
provement of the physical properties of these composites is necessary to
meet the future demand for lighter weighing composites, and thus,
continuous fiber-reinforced thermoplastics is necessary.

Despite the fact that thermoplastic composites have many ad-
vantageous properties such as high impact resistance [2] and recycl-
ability [3], they cannot be produced effectively along with the con-
tinuous fibers because of the difficulty associated with impregnating
high-viscosity molten resin into continuous fiber textile. Reaction in-
jection molding is a widely practiced processing method for fiber-re-
inforced thermoset composites; however, a similar concept for ther-
moplastics, known as thermoplastic resin transfer molding (T-RTM),
has only recently been developed [4–8]. Anionic ring-opening poly-
merization of ε-caprolactam (CPL) occurs much faster than the hydro-
lytic reaction [9]; therefore, it is most suitable for the T-RTM process.
The CPL, a precursor to anionic polymerized polyamide 6 (A-PA6), is
injected in the low-viscosity monomer state into a mold charged with a

fiber textile preform. Upon injection, the monomer reacts immediately
with the pre-mixed catalyst and activator, leading to simultaneous
polymerization and crystallization below the polymer melting and
crystallization point. The viscosity of the resin used in T-RTM is 100
times lower than that required for the reaction processing of thermoset
resins, and in particular, 160,000 times lower than that needed for the
melting process of engineering thermoplastics [10]. Therefore, the T-
RTM process not only has few product shape limitations, but is also very
advantageous for resin impregnation into fibers and fast production.

For accelerating the reaction rate, it is typical to increase the cata-
lyst-activator contents, or increase the polymerization temperature. An
inert environment also increases the reaction rate, because oxygen and
moisture in air deactivate the anions and active sites, as previously
reported [11,12]. The increasing polymerization temperature increases
the activation energy required for polymerization, inducing rapid re-
action, but it decreases the polymer crystallinity and mechanical
properties [5,13,14]. However, low polymerization temperature not
only decreases the polymerization rate but also increases the crystal-
lization rate, which induces reactive groups to be trapped inside the
growing crystals before they are polymerized, thus causing low
monomer conversion [5].

An improvement in resin impregnation through the surface treat-
ment of fibers can also reduce the manufacturing process time. Instead
of conventional surface treatment methods, which have a long
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treatment time and a limited sample size, atmospheric plasma treat-
ment has recently shown many advantages such as continuous in-line
processing capability and no vacuum chamber. Also, it can increase the
polar functional groups [15–18] and roughness on the fiber surface,
thereby making the fiber surface hydrophilic [19–21]. These factors
result in an increased resin impregnation rate.

Nanomaterials (NMs) and fine particles have been applied as ad-
ditives in various research fields, and they have especially used in
polymer research field owing to their excellent properties as reinforcing
agents [22–28]. In particular, NMs act as nucleating agents to promote
the nucleation of crystallites within the polymer [29–32], thereby in-
creasing the crystallization temperature and melting temperature
[33,34]. These factors lead to the stabilization of the crystal structure
[35], reduction in the crystal size [36], and increase in crystallinity as
well as enhancement of the mechanical properties [22,24,36–39].

Furthermore, they increase the crystallization rate, which can improve
the productivity and decreasing product shrinkage and distortion
[40–43].

Fast polymerization and low viscosity are necessary for the T-RTM.
Therefore, plain woven carbon fiber (WCF)-reinforced composites were
developed using various NMs and plasma treatment to reduce the
process cycle time without deteriorating the crystallinity and mechan-
ical properties. The fabrication process parameters of NM/A-PA6/WCF
composites were optimized with respect to polymerization induction
time – which is the initial slow stage of a chemical reaction, after which
the reaction accelerates and therefore governs the overall processing
time – and dispersion stability, crystallinity and mechanical properties
were investigated.

Fig. 1. Processing schematics of atmospheric plasma system and T-RTM.
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2. Experimental

2.1. Materials

Polyacrylonitrile-based plain WCFs (T-300, Toray Corporation,
Japan) were used in this study. ε-Caprolactam (C2204, Sigma-Aldrich,
USA), which has a low moisture content (< 100 ppm) and a low
melting point (68 °C), was used as a precursor of A-PA6. Because so-
dium-based catalysts provide very short polymerization induction times
as compared to magnesium-bromide-salt-based catalysts, which delay
the onset of polymerization by several tens of minutes, a sodium-based
catalyst (Addonyl® Kat_NL, Rhein Chemie, Germany) was used.
Addonyl® 8120, an activator containing the blocked 1,6-hexamethylene
diisocyanate, was used along with the catalyst. Various as-received
NMs, including multiwalled carbon nanotube (MWCNT, CM-250,
Hanwha Chemical, Korea), reduced graphene oxide (rGO, V30-100),
graphene oxide (GO, V30, Standard Graphene, Korea), nanoclay
(682632; surface-modified by aminopropyltriethoxy silane and octa-
decylamine, Sigma-Aldrich, USA), and exfoliated graphite nanoplatelet
(xGnP, C750, XG Sciences, USA), were used as additives.

2.2. Preparation of NM-reinforced A-PA6/WCF composites

Anionic ring-opening polymerization is sensitive to moisture
[11,12,44], and thus, every experiment was performed in a moisture-
free environment of a glove box. First, the catalyst and activator were
put separately into two closed tanks A and B. Then, the CPL and NMs
were put, half each, into the two containers. Next, the containers were
placed on a heating device and dispersed for 20min above the melting
point of CPL (69 °C) using a magnetic stirrer and a homogenizer. When
the temperature reached 10 °C lower than the mold temperature, which
was set equal to the polymerization temperature, the mixtures in tanks
A (CPL/NM/catalyst) and B (CPL/NM/activator) were mixed for 3 s,
and the resulting mixture was injected into the mold cavity containing 9
plies of WCF at a vacuum pressure of 75 kPa. The surface treatment of
the WCF was processed using an atmospheric plasma system (API,
Korea) with a nozzle height of 11mm and x-axis nozzle speed of 20m/
min before placing the WCF in the mold. Schematics of the T-RTM and
plasma treatment processes are presented in Fig. 1.

2.3. Optimization of polymerization conditions based on polymerization
induction time

The cavity size of the mold was 300× 120×2.5mm
(length×width× thickness), and the mold had two resin inlets and
outlets. In this cavity, 9-ply WCF was laminated, and the minimum
necessary time for producing composites was determined. The process
requires at least 3–5 s for mixing, 5–10 s for resin infusion, and 5 s of
spare time. Thus, it was confirmed that an approximate total 20–25 s
was required as a minimum induction time. In other words, if the re-
action accelerates before 20 s and the resin viscosity exceeds 1 Pa s, the
solidification is completed during the impregnation of the resin into
fibers, such that a proper specimen cannot be obtained. However, if the
reaction proceeds beyond 25 s, it does not fulfil the purpose of pro-
ductivity improvement. For these reasons, the polymerization tem-
perature, catalyst and activator content with induction time of 20–25 s
were optimized for each specimen.

2.4. Evaluation for dispersion stability of NM-dispersed CPL

The NM-dispersed CPL was dissolved in diethyl ether (99%, E0697,
SAMCHUN Chemical, Korea), and then a Turbiscan (Turbiscan Lab
Expert, Formulaction Inc., USA), was used to rapidly evaluate the dis-
persion stability by an optical measurement method using multiple
light scattering [45–47]. It can analyze both particle migration phe-
nomena such as sedimentation and creaming, and particle size variation

phenomena such as flocculation and coalescence. Hence, a qualitative
evaluation is possible. In this study, each specimen was measured at
intervals of 5min at 50 °C for 1 h, and then the dispersion stability of
the samples was compared by quantitative evaluation of the Turbiscan
stability index (TSI).

2.5. NM/A-PA6/WCF composite characterization

The degree of monomer conversion (Mc) of the A-PA6 reinforced
with NMs was determined by two methods, extraction and evaporation
techniques [5,13,48]. The residual CPL after polymerization was ex-
tracted from the synthesized A-PA6 using soxhlet extractor with me-
thanol and deionized water for 10 h each. After drying in a vacuum
oven at 90 °C overnight, the monomer conversion was calculated by
comparing sample weight before and after extraction. The other tech-
nique for measuring the monomer conversion was to weigh the sample
before and after heating in the furnace up to 230 °C. Because the boiling
point of CPL is below the Tm of PA6, the residual CPL is evaporated
when temperature reaches 220 °C. Hence, the A-PA6 after heating was
expected to be free of CPL. Therefore, the final degree of conversion for
both techniques was determined by the following equation.

= ×Mc
Sample weight after removing residual monomer

Sample weight before removing residual monomer
100%

(1)

The crystallization temperature, nucleation temperature, melting
temperature, and percent crystallinity were measured using differential
scanning calorimetry (DSC, TA Instruments Q800, USA). The DSC
analysis was performed under a nitrogen atmosphere, over a wide
temperature range from −10 to 250 °C with a heating rate of 10 °C/
min. The percent crystallinity (Xc) of the A-PA6 was determined using
the endothermic peak of the DSC thermogram by the following equa-
tion.

= ×X ΔH H 100( / ) %c m esperiment o literature, , (2)

This is the ratio of the melting heat enthalpy of the measured sample
(ΔHm, experiment) and 100% crystalline PA6 (ΔHo, literature= 230 J/
g) [8,38,49].

For measuring the composition change of the plasma-treated WCF
surface, X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Fisher Scientific, USA) was used in this study. High-resolution spectra
such as O1s, C1s, and N1s were observed. To analyze the polar func-
tional groups in detail, the C1s scan was deconvoluted into five
Gaussian peaks using a fitting software. Atmospheric plasma treatment
typically makes the fiber surface hydrophilic, and hence a contact angle
detector (Phoenix 300, SEO, Korea) was employed to evaluate the hy-
drophilicity of the WCF surface after plasma treatment.

To determine the total production cycle time, the required time for
the manufacturing process of the NM/A-PA6/WCF composite was
measured by dividing it into four parts: mixing time, resin infusion
time, induction time, and solidification time. The sum of these times
was taken as the production cycle time, and the demolding time was
excluded from the measurement.

The in-plane shear strength, tensile, and flexural properties were
determined using a universal testing machine (UTM, 5982, Instron,
USA), and both the specimen information and test method were ob-
tained from ASTM D3518, D638 and D790 standards. A crosshead
speed of 0.9 mm/min was constantly applied to pull the tensile test
samples, which had a 0–90° fiber weaving direction. The testing con-
dition of the in-plane shear strength was same as the tensile test, but the
specimens had a different weaving direction (± 45° laminate). The
shear strength was determined using the following equation.

=τ P
A2

m
m

12 (3)

where Pm is the maximum in-plane load, τm
12 is the in-plane shear

strength, and A is the cross-sectional area of specimen. In the flexural
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test, the crosshead displacement rate of 1mm/min was applied to push
the center of the flexural specimens consistently, and the flexural
modulus and strength were evaluated.

3. Results and discussion

3.1. Optimization of polymerization conditions based on polymerization
induction time

The polymerization temperature, catalyst-activator contents with
20–25 s polymerization induction time, were optimized for each spe-
cimen, and the results are shown in Fig. 2-(a). Several studies on an-
ionic polymerization have shown that the reaction generally takes place
between 130 and 160 °C, and higher temperature leads to faster reac-
tion and lower crystallinity. Hence, in this study, the preparation of
neat A-PA6 was carried out in the range of 130–150 °C by varying the
concentration of the catalyst and activator and by referring to the op-
timized values obtained from the literature [10,13,50–52]. As can be
seen from the results, the induction time for neat A-PA6 decreased with
increasing temperature. At 130 °C, the reaction was initiated only with
a high amount of catalyst (5–6.3 wt.%) and activator (3–3.77 wt.%),
and no reaction occurred with other concentrations. Moreover, the re-
action did not occur under the two lowest contents of catalyst and ac-
tivator at 135 °C. Above 140 °C, the reaction took place at all condi-
tions, but the deviation of the induction time was large depending on
the catalyst-activator contents. At even higher temperatures, the in-
duction time of most conditions was within 20 s, owing to the ex-
cessively rapid reaction. The measurement results of the crystallinity,
induction time, and solidification time at 3.7 wt.% catalyst and 2.9 wt.
% activator are shown in Fig. 2-(b). As a result, the higher the poly-
merization temperature, the higher the polymerization rate, leading to
shorter polymerization induction and solidification times. However,
crystallinity was greatly reduced because polymerization was com-
pleted before crystallization was sufficiently progressed. Additionally,
too high a polymerization rate was unsuitable for our experimental
setup or for producing large parts. Although crystallinity was high at
low temperatures, the polymerization induction and solidification times
increased dramatically, considerably reducing the productivity. There-
fore, for the fabrication of neat A-PA6, the most appropriate conditions
were a catalyst content of 3.7 wt.%, activator content of 2.9 wt.%, and
processing temperature of 140 °C.

In the case of specimens containing 0.1 wt.% NMs, the induction
time was increased, with the result that suitable induction time was not

obtained in the range of 140–145 °C, except when high concentrations
of catalyst and activator were used. In addition, the use of large
amounts of catalyst and activator is generally inappropriate, because it
causes reductions in the molecular weight, toughness, and melting
temperature of A-PA6 [6,53]. Thus, the appropriate induction time
(20–25 s) was achieved by increasing the temperature to 150 °C with
same catalyst and activator content as neat A-PA6. In the case of GO-
reinforced A-PA6, the temperature had to be increased above 155 °C to
meet the condition, and therefore the catalyst content was slightly in-
creased as an alternative.

Increasing the polymerization temperature reduced the solidifica-
tion time, although it deteriorated the crystallization properties.
However, using the NMs in anionic polymerization was anticipated to
greatly reduce the solidification time without loss of crystallinity,
owing to their excellent properties as a nucleation agent [22,24,33,54].
Thus, NM-reinforced A-PA6s, prepared at 150 °C, were characterized.

3.2. Dispersion stability of NMs

A combination of a backscattering and transmission sensor with a
vertical scanner enables the detection physical heterogeneities over the
whole sample height with a vertical resolution up to 20 μm. Therefore,
nascent destabilization phenomena by variations of the particle size or
local variations of the volume fraction were detected, and then dis-
persibility was investigated. Most NMs had a black color, with the ex-
ception of nanoclay, leading to light absorption, and thus the dispersion
stability was evaluated by change in the transmission profile with re-
spect to the backscattering profile. The variation in transmission levels
was measured by distinguishing the sample bottle into three sections:
top, middle, and bottom. These results are shown in Fig. 3 in terms of
the mean value of transmission intensity over time. The transmission
level of all samples increases at the top section, owing to a decrease in
the concentration of nanoparticles, whereas it has a low level at the
bottom section owing to an increase in nanoparticle concentration as
part of sediment formation. In particular, in the CNT-dispersed CPL
case, a very sharp increase rate is detected before 5min. This indicates a
fast sedimentation rate. The middle section also shows a similar ten-
dency to the top section, but a sharp slope of the CNT sample is found
between 5 and 10min, after which the transmission intensity becomes
idle. This means that the sedimentation in the top section is almost
complete within 5min and the sedimentation in the middle section is
almost complete within 5–10min. Conversely, the transmission level at
an initial measurement of the CNT sample in the bottom section is very

Fig. 2. Optimization of polymerization conditions based on polymerization induction time (a); degree of crystallinity and polymerization time of neat A-PA6 at various processing
temperature (b).
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high compared with other NMs, owing to the creaming phenomenon,
but it plunges within 5min by accelerated sedimentation. These phe-
nomena are representative of the degradation of dispersion stability,
indicating that the CNT has poor dispersibility. In the case of nanoclay,
the final transmission levels in all sections are similar, because the

particle size variation phenomena such as flocculation are more
dominant than the particle migration phenomena. The flocculation is
also a factor decreasing dispersion stability. The slope of the graph of
the top section indicates the sedimentation rate as mentioned above,
and the calculated results are presented in Fig. 4. The unit is

Fig. 3. The variation of transmission levels at top, middle, and bottom section of a cylindrical vial containing various NMs.

Fig. 4. Sedimentation velocity and Turbiscan Stability Indices (TSI) of NMs.
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transmission level (%) per hour, and the sedimentation rate of the CNTs
is even faster than other NMs; in particular, it is approximately 900
times faster than the xGnPs. Hence, if the CNTs are used as an additive
to the T-RTM process, a pretreatment process such as oxidation for
improving dispersibility is considered to be necessary. The other sedi-
mentation rates decrease in the order of nanoclay, rGO, GO, and xGnP.
In particular, the xGnP-dispersed sample has the best dispersion stabi-
lity, because it has low transmission variation in all sections and the

lowest rate of sedimentation. For a more accurate and comprehensive
comparison, the TSI, a quantitative analysis provided by Formulaction
Inc., is indicated in Fig. 4. The TSI is typically useful to distinguish,
compare, and evaluate the dispersion stability between different sam-
ples, and a lower TSI value indicates better dispersion stability. The
results show that, as expected, the xGnPs have the best dispersion
stability, whereas the CNTs have the worst dispersion stability. In the
case of other NMs, it was difficult to judge which NM is more stable, but
by using the TSI, it is quantitatively confirmed that dispersion stability
is better in the order of GO, rGO and nanoclay.

3.3. Monomer conversion

The monomer conversion of A-PA6 was increased by adding the
NMs at the extraction method, but the conversion of the CNT-reinforced
A-PA6 sample was lower than neat A-PA6 at the evaporation method, as
shown in Table 1. According to Nylon Plastics Handbook, edited by
Melvin I. Kohan [55], increasing the polymerization temperature re-
duced the degree of crystallinity because the thermal motion of the

Table 1
Monomer conversion (%) of NM-reinforced A-PA6.

Sample Monomer conversion (%)
(extraction)

Monomer conversion (%)
(evaporation)

Neat A-PA6 97.90 96.02
CNT/A-PA6 97.94 94.61
rGO/A-PA6 98.25 96.21
Clay/A-PA6 98.61 96.81
GO/A-PA6 98.59 97.01
xGnP/A-PA6 98.52 96.74

Fig. 5. Endothermic and exothermic peaks of DSC thermogram, and crystallization behavior upon NM-reinforced A-PA6.
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polymer chains became too high to let them crystallize, which resulted
in a decrease in the monomer conversion. In this study, although the
polymerization temperature of NM-reinforced A-PA6 was 10 °C higher
than the neat A-PA6, the monomer conversion of NM-reinforced sam-
ples was higher than the neat sample, owing to the nucleating role of
NMs, which will be discussed in the next section. Another reason, the
slow solidification (polymerization) rate of neat A-PA6, can be also
considered because active groups in the monomer can be buried inside
a growing crystal before they can polymerize by high crystallization
rate at 140 °C [5,11]. For these reasons, most NM-reinforced A-PA6
samples had a higher conversion, but the CNT-reinforced sample had
similar or lower conversion as compared with neat A-PA6. This is due to
the poor dispersion stability, leading to an increase in amorphous phase
by preventing the diffusion of CPL.

3.4. Crystallization behavior

The DSC thermograms are presented in Fig. 5. The NMs can stabilize
the crystalline sites thereby promoting the rate of the crystallization,

and increasing the degree of crystallinity. Thus, all the NM-reinforced
A-PA6s have the higher degree of crystallinity than neat A-PA6. From
the endothermic peaks, it is confirmed that the melting temperature is
shifted to a higher temperature for samples reinforced with xGnP, na-
noclay, and GO, whereas in CNT- and rGO-reinforced samples, the
melting point decreases slightly as compared with the neat sample. This
is due to the low dispersion stability and high volume fraction, which
can make nanoparticles agglomerated together easily, leading to a re-
duction the interfacial area of the NMs available for nucleation. The
exothermic peak shows that the addition of the NMs increases the nu-
cleation temperature and crystallization temperatures of the A-PA6;
particularly, the GO- and xGnP-reinforced A-PA6 samples have the
highest nucleation and crystallization temperatures, as well as narrow
and high peak shapes. It means that they have a much higher rate of
crystallization as compared to other samples. Therefore, when the
polymerization rate is increased, the crystallization rate is also in-
creased due to the NMs, which allows sufficient crystallization to pro-
ceed while polymerization is completed. Consequently, although the
NM-reinforced A-PA6s were polymerized at a temperature 10 °C higher

Fig. 6. XPS C1s-deconvoluted peaks (left) and contact angle (right) of WCF surface before and after plasma treatment.

Table 2
Mean value of each process time and overall manufacturing process cycle time (in seconds).

Sample Mixing time Resin infusion time (Non-
treated)

Resin infusion time (Plasma-
treated)

Polymerization induction time Solidification time Process cycle time

Neat A-PA6/WCF 3 4.03 3.52 24 143 173.52
CNT/A-PA6/WCF 3 4.78 4.52 23 69 99.52
rGO/A-PA6/WCF 3 4.64 4.23 22 67 96.23
Clay/A-PA6/WCF 3 4.23 3.63 25 81 112.63
GO/A-PA6/WCF 3 4.35 3.98 21 46 73.98
xGnP/A-PA6/

WCF
3 4.19 3.71 22 50 78.71

B.-J. Kim et al. Composites Part B 143 (2018) 36–46

42



than neat A-PA6, which is one of the main factors decreasing crystal-
linity, they had higher crystallinity. Both the degree of crystallinity and
melting temperature are correlated with monomer conversion. There-
fore, the GO-, nanoclay-, and xGnP-reinforced samples exhibit better
crystallization properties in common with monomer conversion.

3.5. Surface analysis of atmospheric-plasma-treated WCF

The change in the composition of the WCF surface was analyzed

using XPS. Over the entire range of the XPS scan (0–1400 eV), the C1s
(280–295 eV), O1s (525–540 eV), N1s (394–410 eV), and Si2p
(97–107 eV) peaks were present in all samples in common, and the C1s-
deconvoluted peaks comprised C–C (284.5 eV), C–OH (286.1 eV), C=O
(287.7 eV), and COOH (288.9 eV) peaks were investigated to confirm
an effect of plasma treatment. From the results of the XPS analysis (see
Fig. 6), the oxygen functional groups such as hydroxyl, carbonyl, and
carboxyl groups considerably increase after plasma treatment. Because
these functional groups can make the fiber surface hydrophilic and

Fig. 7. Stress-strain curves of NM/A-PA6/WCF composite depending on plasma treatment and tensile loading direction of specimen for tensile and in-plane shear responses.
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react with A-PA6 and NMs to form hydrogen bonding, the increase in
the functional groups through the atmospheric plasma treatment pro-
motes the resin impregnation rate into the fibers and improves the

interfacial adhesion between the fibers and resin [19–21]. Moreover,
the result of the water contact angle measurement presented in Fig. 6
also confirms that the plasma treatment positively affects the fiber

Fig. 8. Tensile properties of NM/A-PA6/WCF composites depending on plasma treatment.

Fig. 9. In-plane shear strength of NM/A-PA6/WCF composites depending on plasma treatment.
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surface area and the changes in surface composition, thereby reducing
the contact angle.

3.6. Process cycle time of the T-RTM

As described in Section 2.5, the manufacturing time was measured
by dividing the process into four parts (mixing, infusion, polymeriza-
tion induction, and solidification), and the results are shown in the
Table 2. The mixing time was always fixed at 3 s, and the induction time
was already measured during the optimization described in Section 3.1.
Therefore, we will focus here on the resin infusion time and solidifi-
cation time. As anticipated, the resin infusion time into the mold, where
the nine plies of WCF are laminated, is the shortest for neat CPL.
However, the CPL dispersed with NMs with the higher volume fraction
and lower dispersion stability (e.g., CNT, rGO) at the same wt.% in-
creases resin infusion time. Moreover, plasma-treated fibers reduce the
resin infusion time slightly, because the polar functional groups on the
fiber surface increase the resin impregnation rate into fibers. Due to the
small space of the mold cavity, the time gap was not very noticeable,
except for the CNT and rGO samples. The ratio of the resin infusion time
to the total process cycle time is very low, but it is expected that the
effect of reducing the resin infusion time through plasma treatment can
be clearly obtained at large-sized products. As for the solidification
time, which accounts for the largest portion of the total processing time,
the time gap between A-PA6/WCF and NM/A-PA6/WCF composites is
very large because not only the polymerization temperature of the NM/
A-PA6/WCF composite is higher than the A-PA6/WCF composite, but
also the NMs accelerate the reaction by increasing the crystallization
rate. In particular, the GO-reinforced composite has the shortest soli-
dification time, because the slightly higher catalyst content is used to
achieve the proper induction time. The xGnP-reinforced composite with
the highest dispersion stability and crystallization rate has the second
shortest solidification time. In conclusion, the total process cycle time
of the NM/A-PA6/plasma-treated WCF composite decreases by more
than two times (235%) compared to the neat A-PA6/WCF composite,
without loss of crystallinity.

3.7. Mechanical properties of the NM/A-PA6/WCF composites

Twelve kinds of specimens depending on NMs and plasma treatment
were tested to investigate the tensile, in-plane shear, and flexural
properties. From the results of the tensile tests (see Figs. 7 and 8), the
CNT-reinforced specimen with poor dispersion stability shows slight
decreases in elastic modulus and tensile strength compared to the neat
specimen, owing to agglomerated CNT particles caused by van der
Waals attractive force and entanglement at high temperature; this leads

to a reduction in the interfacial bonding between the fiber surface and
resin. The highest elastic modulus and ultimate tensile strength are
shown in the specimens reinforced with GO and xGnP, respectively,
increasing by 28.8 and 18.0%, respectively, compared to the A-PA6/
WCF specimen. In addition, the test results show that the plasma
treatment not only reduces resin infusion time but also increases the
mechanical properties. After plasma treatment, the elastic modulus and
strength increased by 4.1 and 5.4% on average, respectively.

The in-plane shear strength results (see Fig. 9) show that the shear
strength is increased in the NM/A-PA6/WCF specimens, excluding the
CNT-reinforced specimen. Moreover, in S–S curves before and after the
plasma treatment (Fig. 7), the fracture of the composites made by
surface-treated fibers occurs later than for the non-treated specimens.
This is because the polar functional groups such as hydroxyl, carbonyl,
and carboxyl increased on the fiber surface, leading to increased in-
terfacial bonding properties. Hence, after plasma treatment, in-plane
shear strength increased by 4.4% on average.

The three-point bending test results show that the flexural proper-
ties of the NM-reinforced composite are proportional to the crystal-
lization properties and the dispersion stability. In Fig. 10, the maximum
flexural modulus and flexural strength are increased by 29.2 and
30.7%, respectively, for the xGnP-reinforced A-PA6/plasma-treated
WCF composite as compared to the A-PA6/WCF composite. This is
somewhat different from the results of the previous tensile test, in
which the xGnP-reinforced specimen had no highest modulus. Before
the plasma treatment, the xGnP-reinforced A-PA6/WCF composite has
relatively high flexural modulus, which is consistent with the other test
results, but it has the highest value after plasma treatment. This implies
that the improvement in interfacial bonding between the resin and fiber
by plasma treatment is even more effective for the xGnP-reinforced A-
PA6/WCF composite as compared with the other NM-reinforced com-
posites, because xGnPs shows the best dispersion stability in resin.
Generally, the flexural properties of fiber-reinforced composites are
more influenced by the polymer matrix and interfacial boding proper-
ties than the intrinsic fiber properties. Therefore, the average im-
provement rate of the flexural modulus (10.2%) and strength (5.2%) by
the plasma treatment is higher than for the other test results. The GO-
and xGnP-reinforced A-PA6/plasma-treated WCF composites not only
showed the best mechanical properties, but also provided the shortest
process cycle time. Thus, the GO and xGnP are the most suitable nano-
additives for the T-RTM process using PA6.

4. Conclusions

Polymerization and crystallization occurred simultaneously during
the anionic ring-opening polymerization of CPL in the mold, causing a
rapid reaction and yielding composites with excellent mechanical
properties. Higher polymerization temperature results in a faster pro-
duction rate, however, this might not lead to polymers with a high
crystallinity and good mechanical properties. Thus, a compromise be-
tween productivity and good mechanical properties is inevitable. To
overcome these limitations, the NMs were used as a reinforcing agent,
allowing the polymerization to take place at a higher temperature by
delaying the induction time. This not only dramatically reduced the
solidification time but also increased the mechanical properties by
preventing the decrease in crystallinity owing to the role of the NMs as
a great nucleation agent. Moreover, by using the fibers treated by at-
mospheric plasma, the resin transfer rate in the mold was increased,
which contributed to shortening the overall process cycle time.
Additionally, the mechanical properties were improved by increasing
the polar functional groups on the fiber surface. In conclusion, when
NMs and plasma treatment are applied to the T-RTM process simulta-
neously, not only was the process cycle time reduced by a factor of
more than two (235%), the mechanical properties were also enhanced.

Fig. 10. Flexural properties of NM/A-PA6/WCF composites depending on plasma treat-
ment.
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