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ABSTRACT
This study explores the enhancement of bending properties in carbon fiber-reinforced polyamide6 (PA6) composites for Type 
IV and V hydrogen storage vessels through the incorporation of graphene nanoplatelets (GNPs). PA6 materials, widely utilized 
as liner materials in such applications, require superior flexural properties and impact resistance to withstand the demands of 
pressure vessels. By integrating GNPs, it is aimed to improve these mechanical properties without compromising the resin's 
hydrogen barrier capabilities and moldability. The results revealed that the flexural strength and modulus of PA6-based com-
posites were significantly improved by the addition of GNPs, with 0.6 wt% identified as the optimal loading. At this composition, 
a well-dispersed GNPs network acted as an effective nucleating agent, enhancing crystallinity, stress transfer, and interfacial 
adhesion, thereby achieving the best overall mechanical performance. In contrast, lower or higher GNPs loadings led to inferior 
reinforcement due to insufficient network formation or agglomeration. These improvements directly support the adaptability 
of the composites to hydrogen storage vessels, as superior flexural properties are crucial for withstanding high-pressure oper-
ating conditions. Through comprehensive evaluation of the resin's properties, the optimal composition was determined, and 
subsequent fabrication and testing of the composites confirmed their suitability for Type IV and potential application in Type V 
hydrogen storage vessels.

1   |   Introduction

Hydrogen is widely recognized as a promising energy carrier for 
achieving a zero-carbon future, with applications in transpor-
tation, stationary power, and grid energy storage. The safe and 
efficient storage of hydrogen is a critical technological challenge, 
particularly for high-pressure applications such as fuel cell vehi-
cles and portable energy systems. Hydrogen storage containers 

are divided into Types I–V depending on their type, and cur-
rently III or IV are mainly used. Type III uses a metal liner and 
is currently the most widely used, but type IV, which uses a poly-
mer liner to complement the weaknesses of metal materials such 
as hydrogen embrittlement, is being studied the most and is in 
the process of conquering the market [1]. Type V hydrogen stor-
age containers are composite containers in which the resin also 
functions as a liner, breaking away from the existing structure 
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of manufacturing the liner separately, so that the composite con-
tainer itself can function as a liner. Since there are many advan-
tages such as economy, efficiency, and storage capacity due to 
the absence of a liner, it is being studied as a next-generation 
structure  [2, 3]. In particular, for hydrogen storage containers 
that prioritize weight reduction and efficiency, such as those for 
vehicles, the development of type IV or V is necessary. Hydrogen 
storage vessels, also known as pressure cylinders or tanks, are 
engineered to contain hydrogen gas at pressures typically rang-
ing from 350 to 700 bar, necessitating advanced materials and 
design strategies to ensure both safety and performance [4]. Type 
IV vessels, which are currently the industry standard for auto-
motive applications, feature a polymer liner—commonly high-
density polyethylene (HDPE) or polyamide (PA)—fully wrapped 
with carbon fiber-reinforced polymer composites (CFRPs) [5] or 
glass fiber reinforced composites [6].

The choice of liner material is crucial for minimizing hydrogen 
permeation and ensuring vessel durability. Although metallic 
liners are robust, they are heavy and susceptible to hydrogen 
embrittlement. Polymeric liners, such as HDPE and PA, offer 
significant weight savings and improved chemical resistance. 
Notably, polyamide liners have demonstrated superior hydro-
gen barrier properties—up to 30% higher than metals and 50% 
higher than HDPE—along with a weight reduction of 50%–70% 
compared to traditional materials [7, 8]. These advantages have 
driven the adoption of PA as a liner material in next-generation 
Type IV hydrogen vessels.

Type IV hydrogen storage vessels, with their lightweight poly-
mer liners and CFRPs overwraps, have become the preferred 
solution for high-pressure storage in automotive and portable 
applications. However, the long-term performance of these ves-
sels is challenged by hydrogen permeation through the polymer 
liner and potential degradation of mechanical properties under 
cyclic loading [9] and temperature changes [10]. Research ef-
forts have therefore focused on improving the barrier and me-
chanical properties of both the liner and the composite shell 
[11]. To further enhance the performance of polymer liners and 
matrix resins, the incorporation of nanomaterial additives has 
emerged as a promising strategy [12]. Among these, graphene 
nanoplatelets (GNPs) have attracted significant attention due 
to their exceptional mechanical strength, high aspect ratio, 
and impermeability to gases. The addition of GNPs to polyam-
ide matrices has been shown to significantly improve both the 

mechanical properties and hydrogen barrier performance of 
the resulting composites [13, 14]. For example, recent studies 
have reported up to an 83% reduction in hydrogen permeabil-
ity and notable increases in impact resistance with the inclusion 
of GNPs in polyamide liners [15]. The mechanism underlying 
these improvements is attributed to the increased tortuosity of 
diffusion pathways and enhanced interfacial adhesion between 
the nanofillers and polymer matrix [16]. Other advanced fillers, 
such as reduced graphene oxide [17], MXenes [18], carbon nano-
tubes [19], and nanoclays [20], are also being explored for their 
potential to further improve the safety and durability of hydro-
gen storage vessels. In reinforced resins, including those con-
taining GNPs, it was observed improvements in impact strength 
[21] and fatigue performance [22] those properties critical for 
high-pressure vessels subjected to cyclic loading. Notably, GNPs 
addition yielded marked enhancements in microstructural re-
finement [23] and interfacial properties  [24, 25] essential for 
application in high-pressure hydrogen vessels. Additionally, 
the development of recyclable thermoplastic resins offers new 
opportunities for sustainable and high-performance composite 
tanks [26].

In this study, it was investigated the properties of carbon fiber-
reinforced composite structures utilizing polyamide 6 (PA6) ma-
terials, which are commonly used as liner materials for Type IV 
or V applications. Given the characteristics of fiber-reinforced 
composites for pressure vessels, flexural properties and impact 
resistance are crucial. To enhance these properties without 
compromising the hydrogen barrier properties and moldabil-
ity of the resin, graphene nanoparticles were incorporated. We 
evaluated the properties of graphene-enhanced PA resin and the 
carbon fiber-reinforced composites made from this resin, assess-
ing their potential use as hydrogen storage vessels. By evaluat-
ing the resin's properties, we identified the optimal composition 
and confirmed its applicability for hydrogen storage vessels. 
Furthermore, we manufactured composites using this resin 
and, through flexural and impact testing, verified their suitabil-
ity for use in Type IV, and potentially Type V, hydrogen storage 
vessels (Figure 1).

2   |   Materials and Methods

2.1   |   Materials

The resin used in this study is PA6 (Grilamid L 25A NZ, EMS 
Griltech, Domat/EMS, Switzerland), which is widely utilized as 
a liner material due to its hydrogen barrier properties and mold-
ability. The graphene nanoplatelets (GNPs) used as additives 
were from Sigma Aldrich (Burlington, Massachusetts, U.S.). 
The EA used to prepare the PA6 solution was 99.4%, also pro-
cured from Sigma Aldrich. The carbon fiber fabric was supplied 
by Hankuk Advanced Materials (Gwangju, Korea) and was 
made from T-700 grade carbon fibers. Tables 1 and 2 summarize 
the detailed specifications of PA6, Carbon fiber, GNPs, and EA.

2.2   |   Manufacturing Methods

The PA6 solution was prepared to impregnate the layered 
fabric, with a controlled weight ratio of PA6, EA, and water 

Summary

•	 Graphene nanoplatelets enhanced polyamide6 resin's 
properties.

•	 The best performance occurred at 0.6 wt% in this 
research.

•	 At optimum condition, flexural strength improved 
more than 27%.

•	 Thermal characteristics also improved for composite 
vessel processing.

•	 Enables over 20% weight cut for ultralight hydrogen 
storage vessels.
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3Polymer Composites, 2025

at 20 wt%: 64 wt%: 16 wt%. This solution underwent a metic-
ulous stirring process at 300 RPM for 30 min on the heated 
plate maintained at 250°C. The carbon fiber composites were 
fabricated based on this PA6 solution made by each batch con-
taining GNPs. The fabrication process involved a precise pre-
heating stage at 180°C for 90 min. Subsequently, the preheated 

fabric was subjected to controlled pressing at 180°C under a 
pressure of 15 bar, ensuring stringent adherence to engineer-
ing specifications and manufacturing precision. In addition, 
in order to compare the properties of PA6 composite materi-
als, composite samples using PA6 films were produced under 
the same conditions using film insert molding, and the resin 
transfer and resin impregnation behaviors were compared. 
The GNPs-reinforced resin was applied at 0.3, 0.6, and 0.9 wt% 
to ensure stable dispersion of GNPs, and CFRPs were man-
ufactured using the resin. In addition, the composite manu-
facturing process variables utilized the stabilized molding 
conditions of in the previous study [27].

2.3   |   Experimental

The micro-structure of the CFRPs were investigated by op-
tical microscope (VHX-S750E, Keyence Co., Osaka, Japan) 
for investigating interface of CFRPs. The rheological analy-
sis of all the materials was done using a MCR 302e rheome-
ter (Anton Paar, Graz, Austria). The temperature used in the 
rheometer was 180°C, which is well within the recommended 
range of the manufacturer. The shear rate used in the study 
were in the range 0.01–100 1/s, and air gap was 0.1 mm. The 
melting enthalpy and melting temperature were measured 
by differential scanning calorimetry (Diamond DSC, Perkin 
Elmer Inc., Shelton, Connecticut, U.S.). The DSC specimens 
(2 mg) were encapsulated in aluminum pans and treated at a 
heating rate of 10°C/min. The atmosphere was nitrogen with 
a flow rate of 45 mL/min. The analytical temperature range 
was set between 40°C and 200°C. Dynamic mechanical analy-
sis (DMA) was performed using a DMA Q800 instrument (TA 
Instruments, New Castle, Delaware, U.S.). Measurements were 

FIGURE 1    |    Preparation process of the polyamide solution and compression molding process of carbon fiber reinforced thermoplastic composites.

TABLE 1    |    Detailed specifications of PA6, carbon fiber.

PA6 Carbon fiber

Tensile strength — 4.9 GPa

Yield stress 30 MPa

Tensile modulus 750 MPa 230 GPa

Density 840 kg/m3 1.8 g/cm3

Elongation at break > 50% 2.0%

Melting temperature 
(theoretical)

178°C

TABLE 2    |    Detailed specifications of GNPs, and EA.

GNPs EA

Surface area 120–150 m2/g —

Particle size 5 μm —

Bulk density 0.03–0.1 g/cm3 —

Molecular weight 12.01 g/mol 46.07 g/mol

Thickness 12 nm —
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4 Polymer Composites, 2025

conducted over a temperature range of 0°C–125°C at a con-
stant frequency of 1 Hz. The DMA samples, with dimensions 
of 35.0 × 10.0 × 3.0 mm, were tested in a three-point bending 
mode. The flexural tests were conducted using the ASTM D-
790 standard procedure with Instron 5567 (Instron, Norwood, 
Massachusetts, U.S.). The dimensions of the flexural test spec-
imens were 65 mm in length, 12.7 mm in width, 3.5 mm in 
thickness, 56 mm in span length, and a cross-head speed of 
1.48 mm/min.

3   |   Results and Discussion

3.1   |   PA6-GNPs Resin Properties

The crystallization and melting behaviors of PA6-based resin 
with varying GNPs contents were systematically analyzed using 
DSC, as illustrated in Figure 2. Each sample displayed a singular 
endothermic peak, representative of the melting of the crystal-
line PA6 phase.

Figure  2a shows the DSC curves of pristine PA6 and GNPs-
reinforced resins with GNPs contents of 0.3, 0.6, and 0.9 wt%. All 
samples exhibited a single endothermic peak corresponding to the 
melting of crystalline PA6, but the peak temperature and shape 
varied notably depending on GNPs loading. The pristine PA6 
sample exhibited a sharp melting peak at 152.06°C, indicating the 
presence of a well-developed crystalline structure. In contrast, the 
0.3 wt% GNPs composite showed a broader and less intense peak 
at a significantly lower temperature of 131.04°C, suggesting that 
the introduction of GNPs disrupted molecular chain alignment 
and reduced crystallinity [28]. The 0.6 wt% GNPs composite exhib-
ited a melting peak at 145.93°C with a more pronounced shape, 
indicating that well-dispersed GNPs served as effective nucleating 
agents and facilitated more ordered and uniform crystallization 
[29]. On the other hand, the 0.9 wt% GNPs composite exhibited a 
flatter peak at 141.43°C, indicating that excessive GNPs loading 
led to agglomeration, which interfered with the regular growth of 
crystalline domains [30].

Importantly, as shown in Figure  2b, while the melting tem-
perature (Tm) of the GNPs-loaded samples slightly decreased 
compared with pristine PA6, the crystallinity calculated from 
the enthalpy of fusion increased with the addition of GNPs. This 
indicates that well-dispersed GNPs acted as effective nucleating 
agents, promoting ordered crystalline regions and enhancing 
structural integrity [31]. In other words, even though the overall 
onset of melting shifted to a lower temperature, the incorpora-
tion of GNPs resulted in improved crystallinity and interfacial 
stability, which can compensate for the reduction in Tm and 
contribute to mechanical reinforcement and dimensional stabil-
ity under service conditions [28, 30].

Thus, the DSC analysis confirms that GNPs addition significantly 
influences the thermal characteristics of PA6 resin. A balanced 
loading of 0.6 wt% provided the most favorable outcome, show-
ing improved crystallinity without severe agglomeration or loss of 
structural uniformity [29]. These findings support the role of GNPs 
as nucleating agents and highlight their potential to reinforce both 
the thermal and mechanical stability of PA6-based composites.

Figure 3 shows the shear viscosity of pristine PA6, film-based 
matrix, and GNPs-reinforced PA6 resin with 0.3, 0.6, and 0.9 wt% 
GNPs as a function of shear rate. All samples exhibited typical 
shear-thinning behavior, characterized by a decrease in viscos-
ity with increasing shear rate. However, the overall viscosity 
levels and slope profiles varied depending on the matrix type 
and GNPs content. The film-based sample (Figure 3a) exhibited 
the highest viscosity at low shear rates, followed by a gradual 
decrease with increasing shear rate. This response is attributed 
to limited chain mobility during the melting of the solid PA6 
film, along with the absence of effective molecular entangle-
ment or network formation. The weak shear-thinning response 
is consistent with the poor matrix infiltration observed in mor-
phological analysis, suggesting insufficient interfacial bonding 
and lack of structural continuity [31]. In comparison, the pris-
tine PA6 resin (Figure 3b) exhibited lower viscosity and a more 
distinct shear-thinning curve, indicating a moderate degree of 
chain entanglement and improved molecular packing due to 
uniform matrix infiltration [32]. Among the GNPs-reinforced 
samples, GNPs 0.3 wt% resin (Figure 4c) showed the highest vis-
cosity over the entire shear rate range (excluding film). This is 
likely due to increased polymer–filler interactions such as π–π 
stacking and van der Waals forces. However, the elevated vis-
cosity may also reflect non-uniform GNPs dispersion or local-
ized agglomeration, which hinders flow and elevates resistance 
[33]. GNPs 0.6 wt% resin (Figure 4d) exhibited a lower and more 
stable viscosity curve compared to the 0.3 and 0.9 wt% samples. 
The smooth shear-thinning trend suggests well-dispersed GNPs 
and formation of a uniform microstructural network, which 
suppresses polymer chain slippage and promotes consistent flow 
behavior [34]. GNPs 0.9 wt% resin (Figure 4e) showed moderate 
viscosity levels, but irregular fluctuations were observed at high 
shear rates. These instabilities are attributed to GNPs agglom-
eration at excessive filler content, leading to inconsistent chain 
mobility and rheological response [35]. In summary, the addi-
tion of GNPs significantly influenced the rheological properties 
of PA6-based resin. Although low GNPs content resulted in ex-
cessive viscosity due to localized interactions, high GNPs load-
ing caused instability due to agglomeration. GNPs 0.6 wt% resin 
demonstrated the most favorable combination of dispersion 

FIGURE 2    |    (a) Differential scanning calorimetry (DSC) curves of 
pristine and GNPs-reinforced samples with varying GNPs contents of 
0.3 wt%, 0.6 wt%, and 0.9 wt%.
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quality, flow stability, and microstructural uniformity, making 
it the optimal composition in terms of processability and struc-
tural reliability.

Storage modulus (E′), loss modulus (E″), and damping factor 
(tan δ) were measured as functions of temperature. The DMA 
results in Figure 4 compare pristine PA6, PA6 reinforced with 

0.3, 0.6, and 0.9 wt% GNPs, and the film-based specimen. In 
terms of storage stiffness, the film-based specimen exhibited the 
lowest response across the entire temperature range, consistent 
with insufficient resin impregnation and weak fiber–matrix ad-
hesion; its initial (low-temperature) maximum E′ was 4605 MPa 
at 0.47°C. By contrast, pristine PA6 showed a markedly higher 
initial E′ of 14,209 MPa at 6.0°C (Figure  4b), indicative of 

FIGURE 3    |    Shear viscosity as a function of shear rate for various PA6-based samples. (a) Film-based matrix sample, (b) pristine PA6, (c) GNPs 
0.3 wt%, (d) GNPs 0.6 wt%, and (e) GNPs 0.9 wt% resin.
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effective solution-matrix infiltration and good structural in-
tegrity [36]. Adding 0.3 wt% GNPs yielded a modest increase 
(12,501 MPa at 3.6°C), whereas 0.6 wt% GNPs produced the most 
pronounced improvement (22,928 MPa at 7.0°C), consistent with 
a well-developed GNPs network that promotes load transfer 
and rigidity [37]. At 0.9 wt% GNPs, the initial E′ decreased to 
12,405 MPa at 8.6°C, likely due to GNPs agglomeration that in-
terrupts stress-transfer pathways [29].

The E″ curves reflect internal friction and the extent of chain 
restriction. The film-based specimen displayed sharp, localized 
dissipation with a main E″ peak at 38.42°C (804.1 MPa), in line 
with non-uniform chain mobility arising from incomplete im-
pregnation. Pristine PA6 exhibited a broader, lower-intensity 
response with an E″ peak at 32.19°C (754.6 MPa), reflecting 
relatively free chain motion in the absence of reinforcing struc-
tures  [36]. The 0.3 wt% GNPs resin showed a broad, feature-
less profile but with an early E″ peak at 11.53°C (748.7 MPa), 

suggesting uneven dispersion and only partial reinforcement. In 
contrast, 0.6 wt% GNPs produced a distinct E″ peak at 42.42°C 
(901.4 MPa), evidencing targeted energy dissipation and strong 
polymer–filler interactions within a uniform reinforcing net-
work [38]. The 0.9 wt% GNPs resin exhibited a flatter, more 
irregular curve with a low-temperature E″ peak at 6.60°C 
(842.1 MPa), consistent with reduced reinforcing efficiency due 
to agglomeration [37, 39].

The glass transition temperature (Tg) was assigned from 
the most pronounced (dominant) peak of the tan δ curve (α-
relaxation); minor low-temperature shoulders or secondary 
peaks were disregarded. Loss-modulus (E″) peaks were used 
solely for cross-validation, not for assigning Tg. Using this 
criterion, the tan δ peak temperatures/values (and Tg) were: 
film 42.30°C/0.2484 (Tg = 42.30°C); pristine 36.61°C/0.6112 
(Tg = 36.61°C); 0.3 wt% GNPs: no resolvable dominant tan 
δ peak within the scanned range (Tg = n.d.); 0.6 wt% GNPs 

FIGURE 4    |    Dynamic mechanical analysis (DMA) results of PA6-based resin with different GNPs contents and the film-based sample: (a) Film 
matrix, (b) Pristine PA6, (c) GNPs 0.3 wt%, (d) GNPs 0.6 wt%, and (e) GNPs 0.9 wt% resin.
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43.18°C/0.4595 (Tg = 43.18°C); 0.9 wt% GNPs 56.99°C/0.05738 
(Tg = 56.99°C) [34, 40]. Taken together, the 0.6 wt% GNPs resin 
achieves the most balanced combination of high initial E′, a 
strong and well-positioned E″ peak, and a moderate Tg, con-
sistent with optimal dispersion and a stable reinforcing net-
work. Lower loading yields limited reinforcement, whereas 
excessive loading leads to agglomeration and degraded per-
formance [36, 37]. It should also be noted that the DMA 
measurements were intentionally limited to 120°C to ensure 
reliable bending-mode data. As confirmed by the DSC results 
(Figure  2), the melting endotherms of PA6-based resins ap-
pear in the range of 131°C–152°C. Approaching this region, 
the polymer matrix undergoes excessive softening and poten-
tial specimen slippage in the fixture, which can distort vis-
coelastic responses. Therefore, the DMA sweep was capped 
at 120°C to provide meaningful and comparable viscoelastic 
properties across all samples, while avoiding artifacts caused 
by matrix softening and flow.

3.2   |   CFRPs Flexural Properties

The mechanical performance of PA6-based CFRPs con-
taining 0.3, 0.6, and 0.9 wt% GNPs was evaluated through 
three-point bending tests, and the results are summarized in 
Figure 5a,b. Flexural stress–strain curves, flexural strength, 
flexural modulus were analyzed. As shown in Figure 5a, the 
flexural strengths of the Film, Pristine, GNPs 0.3 wt%, GNPs 
0.6 wt%, and GNPs 0.9 wt% specimens were 61.20 ± 2.0 MPa, 
342.18 ± 28 MPa, 393.71 ± 12 MPa, 436.58 ± 42 MPa, and 
417.15 ± 58 MPa, respectively. The film-based sample ex-
hibited the lowest flexural strength and modulus among all 
specimens. However, it showed the highest strain at break, 
as evidenced by its prolonged deformation at low stress lev-
els in the stress–strain curve (Figure 5b). This behavior is at-
tributed to the insufficient resin penetration into the carbon 
fiber bundles during compression molding, which led to poor 
fiber–matrix interfacial bonding and significantly reduced 
structural stiffness. The extended deformation, despite low 
strength, suggests that viscous dissipation and fiber–fiber fric-
tion dominated the mechanical response rather than elastic 

load-bearing, a characteristic of poorly bonded composites 
[41]. The pristine PA6 specimen exhibited a maximum flex-
ural strength of approximately 342 MPa, reflecting the typi-
cal mechanical behavior of a semi-crystalline thermoplastic 
composite with balanced structural integrity and moderate 
ductility [42]. GNPs 0.3 wt% composite increased strength, 
reaching a flexural strength of 393.71 ± 12 MPa. However, 
strain at break slightly decreased, indicating that filler–ma-
trix interfacial interactions restricted chain mobility [43]. 
GNPs 0.6 wt% composite showed the most favorable mechan-
ical performance. As presented in Figure  5a,b, this sample 
achieved the highest flexural strength (436.58 ± 42 MPa), and 
a moderately high strain at break of 3.1%. This indicates the 
formation of a continuous and well-dispersed GNPs rein-
forcement network, which enhanced stress transfer and me-
chanical rigidity [44]. In contrast, GNPs 0.9 wt% composite 
exhibited a slight decrease in strength (417.15 ± 58 MPa) and 
strain at break (2.9%) compared to the 0.6 wt% sample. This 
deterioration is attributed to GNPs agglomeration at excessive 
loadings, which disrupted the continuity of the reinforcing 
network and induced localized stress concentrations, leading 
to premature brittle fracture [29, 45]. In summary, the flex-
ural performance of PA6 composites was significantly influ-
enced by both the GNPs content and dispersion quality. GNPs 
0.6 wt% composite demonstrated the best overall mechanical 
response by achieving an optimal balance between stiffness 
and ductility. In contrast, both underfilled (0.3 wt%) and over-
filled (0.9 wt%) composites showed inferior properties due to 
insufficient network formation or filler agglomeration, re-
spectively [46, 47]. Although the film-based sample exhibited 
the highest elongation, its poor resin infiltration and lack of 
structural continuity led to the lowest flexural strength. These 
results underscore the importance of optimizing both GNPs 
loading and dispersion for maximizing the reinforcing effect 
in PA6-based nanocomposites.

Figure 6 presents the optical micrographs of the cross-sectional 
morphologies of CFRPs fabricated using various matrix types 
and GNPs contents. Sample (a) represents conventional epoxy-
based CFRPs, (b) corresponds to the PA6 film-based matrix, 
(c) is the pristine PA6 solution-based composite, and (d–f) are 

FIGURE 5    |    Flexural behavior of PA6-based composites reinforced with various GNPs contents: (a) flexural strength values for each CFRP with 
various contents of GNPs, (b) flexural stress–strain curves.
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composites with 0.3, 0.6, and 0.9 wt% GNPs, respectively. In 
the epoxy-based sample (Figure 6a), the matrix was observed 
to be uniformly infiltrated between the carbon fiber bundles, 
and no significant voids or fiber pull-out regions were found. 
This is consistent with the well-established impregnation 
characteristics of low-viscosity thermoset epoxy resins, which 
enable strong interfacial adhesion and dense composite struc-
tures [44]. In contrast, the PA6 film-based sample (Figure 6b) 
exhibited poor matrix infiltration, with large interstitial voids 
and incomplete matrix coverage between fiber bundles. The 
solid-state PA6 film likely failed to sufficiently infiltrate the 
interior of the carbon fiber bundles during compression mold-
ing, resulting in inadequate mechanical interlocking and 
extensive void formation. This morphological evidence is in 
agreement with the poor mechanical performance shown in 
flexural tests for the film-based composite. The pristine sam-
ple (Figure 6c) exhibited uniform matrix infiltration into the 
fiber network with relatively low void content. This suggests 
that the solution-based matrix effectively infiltrated the spaces 
between fibers, and that solidification during compression re-
sulted in strong structural integration. The GNPs-reinforced 
samples (d–f) showed morphology changes depending on 
GNPs content. The GNPs 0.3 wt% composite (Figure  6d) 
demonstrated similar infiltration and matrix distribution to 
the pristine sample, with no signs of agglomeration. The GNPs 
0.6 wt% composite (Figure 6e) displayed the most uniform and 
compact matrix distribution among the fiber bundles, indi-
cating well-dispersed GNPs and the formation of an optimal 
reinforcing network. In contrast, the GNPs 0.9 wt% compos-
ite (Figure  6f) exhibited some micro-voids, which are likely 
the result of poor GNPs dispersion and hindered flow during 
molding [42]. These morphological observations are directly 
correlated with the flexural results shown in Figure 5. In par-
ticular, the 0.6 wt% GNPs composite exhibited the most uni-
form resin infiltration and minimal void content (Figure 6e), 

which enabled efficient stress transfer between fibers and 
matrix, thereby explaining its superior flexural performance. 
Conversely, the poor infiltration in the film-based sample and 
the micro-voids in the 0.9 wt% GNPs composite are consistent 
with their lower flexural strength and reduced reliability. The 
dispersion quality of GNPs therefore plays a critical role in 
determining matrix infiltration and void formation. Taken 
together, these findings clarify that the superior flexural 
performance of the 0.6 wt% GNPs composite is attributed to 
its most favorable interfacial contact and structural integra-
tion [48].

4   |   Conclusions

In this study, materials suitable for next-generation hydrogen 
storage vessel structures were explored through the evaluation 
of the properties of graphene-enhanced PA6 resin and carbon 
fiber-reinforced composites. Using this enhanced resin, we fab-
ricated composites that exhibited clear improvements in flex-
ural modulus and flexural strength. Thermal analysis further 
revealed that the addition of GNPs slightly reduced the melting 
temperature but increased the crystallinity, confirming the role 
of GNPs as effective nucleating agents that promote ordered 
crystalline growth. The optimal GNPs content was identified as 
0.6 wt%, which provided the best balance of crystallinity, flex-
ural strength (≈437 MPa), and modulus under the processing 
conditions. These improvements were directly correlated with 
uniform resin infiltration and reduced void formation, enabling 
efficient stress transfer between fiber and matrix and thereby 
explaining the superior flexural performance of the 0.6 wt% 
composite. Taken together, these findings indicate that GNPs 
modification is an effective strategy to simultaneously improve 
the thermal behavior, mechanical reinforcement, and structural 
reliability of PA6-based composites, supporting their application 

FIGURE 6    |    Optical micrographs of cross-sectional morphologies of carbon fiber reinforced thermoplastic composites fabricated with different 
matrix types and GNPs contents: (a) CFRPs with epoxy matrix, (b) CFRPs with polyamide film matrix (film), (c) Pristine, (d–f) GNPs-reinforced PA6 
composites with 0.3, 0.6, and 0.9 wt% GNPs, respectively.
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in Type IV hydrogen storage vessels and suggesting potential for 
future Type V vessels.
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