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Abstract

The utilization of carbon fiber reinforced polymer (CFRP) composites has garnered considerable interest due to their lightweight
characteristics, exceptional strength, and improved chemical resistance. This study examines CFRP composite's mechanical and
thermal performance, emphasizing the influence of epoxy resin and graphene oxide (GO) on improving structural qualities. CFRP is
extensively utilized in aerospace, automotive, and civil engineering sectors, especially for structural reinforcement and restoration.
This study investigates the impact of GO ranging from 0, 0.05, 0.1, 0.3, and 0.5 wt.% on CFRP laminates mechanical characteristics
produced via the hand layup technique with bidirectional plies. Mechanical testing, performed by ASTM standards, demonstrated
that including GO enhanced composite density, tensile strength, and flexural strength owing to improved interfacial bonding. Fourier-
transform infrared spectroscopy confirmed strong chemical interactions through characteristic peaks of carbonyl and ether groups.
Thermogravimetric analysis and differential scanning calorimetry revealed enhanced thermal stability and increased glass transition
temperatures from 102.31 °C for neat CFRP to 163.16 °C at 0.3 wt.% GO. Furthermore, GO demonstrated fire-retardant characteristics,
markedly decreasing self-extinguishing duration by 33% and combustion rate. At 0.3 wt.% GO tensile strength increased by 24.5%,
flexural strength by 21.3%, and impact strength by 18.7% compared to neat CFRP. The findings indicate that CFRP laminates reinforced
with 0.3 wt.% GO content exhibit enhanced mechanical performance and fire resistance, rendering them appropriate for advanced
structural applications in civil engineering and other fields.
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1 Introduction

Fiber reinforced polymer (FRP) composites have gar-
nered significant interest in the construction and structural
industries due to their exceptional strength-to-weight ratio,
corrosion resistance, and durability [1]. Among various
FRP types, the carbon fiber reinforced polymer (CFRP)
is widely recognized for its outstanding tensile strength,
rigidity, and fatigue resistance [2, 3]. These characteristics
make CFRP composites ideal for applications requiring
superior mechanical performance and long-term durabil-
ity [4]. CFRP's exceptional tensile strength, rigidity, and
fatigue resistance renders it an optimal selection for appli-
cations demanding superior mechanical performance and
durability. Despite these advantages, CFRP systems often
face limitations due to interfacial bonding issues between
the carbon fibers and the epoxy matrix, which can hinder

load transfer efficiency and structural performance [5, 6].
Researchers have concentrated on enhancing the bond-
ing characteristics of CFRP composites by altering the
epoxy resin matrix to address these constraints [7, §].
A promising method to improve the mechanical and inter-
facial properties of CFRP composites is the integration
of nanofillers into the resin matrix. Nanomaterials, espe-
cially graphene-based additives, exhibit significant poten-
tial in overcoming the adhesion and strength constraints of
CFRP composites [9—-11]. Graphene nanofillers, including
graphene oxide (GO) and graphene nanoplatelets (GnPs),
have arisen as superior reinforcements in polymer matri-
ces owing to their exceptional mechanical and thermal
characteristics [12]. GO possesses an extraordinarily high
Young's modulus (~1 TPa), fracture strength (~130 GPa),
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and thermal conductivity (~5300 W/mxK), rendering it
an outstanding contender for the enhancement of CFRP
composites [13, 14]. The integration of GO into the CFRP
epoxy matrix significantly improves tensile and flex-
ural strength by promoting superior load transmission
between the carbon fibers and the polymer. Moreover,
GO improves interfacial adhesion, diminishes micro-void
formation, and elevates thermal stability [15]. It func-
tions as a flame retardant by creating a protective char
layer that inhibits ignition and reduces heat release rates,
enhancing CFRP laminates' fire resistance.
these benefits, the
GO-enhanced CFRP composites is significantly contingent

Notwithstanding efficacy of
upon the quality of GO dispersion [16]. Inadequate disper-
sion may result in agglomeration, increased resin viscos-
ity, and processing difficulties, which can adversely impact
mechanical performance. Consequently, attaining uniform
dispersion and optimizing GO concentration is essential in
enhancing GO-modified CFRP composites. [17, 18].

1.1 GO-enhanced CFRP composites
GO is a minuscule particle, generally measuring between 1
and 100 nm, incorporated into diverse materials to improve
their characteristics. These particles are extensively utilized
in composite materials, polymers, coatings, and various sub-
stances to enhance mechanical, thermal, electrical, or opti-
cal properties [19]. GO, due to their high surface area-to-
volume ratio, can substantially modify material properties
even at minimal concentrations, rendering them optimal
for customizing materials for specific applications, includ-
ing the fabrication of lightweight yet robust composites,
the production of conductive polymers or the enhancement
of barrier coatings [20]. GO is integrated into the polymer
matrix of CFRP laminates during production, where they
are uniformly scattered inside the resin. This incorporation
provides advantages such as superior mechanical qualities,
excellent thermal stability, elevated electrical conductivity,
and reduced mass. GO is distinguished among GO by its
unique structure, a monolayer of carbon atoms organized in
a two-dimensional honeycomb lattice, and excellent quali-
ties, including outstanding mechanical strength, high ther-
mal and electrical conductivity, and an extensive surface
area [21, 22]. This work utilized GO with an average flake
thickness of 12 nm, a particle size of 4500 nm, and a specific
surface area of 80 m%/g, illustrating its capacity to enhance
the performance of CFRP composites markedly. The mor-
phology of the GO used in this study is shown in Fig. 1.
This research reveals significant insights into the capabili-
ties of GO-modified CFRP composites for high-performance

Fig. 1 Graphene oxide (GO)

structural applications, especially in civil infrastructure that
demands improved strength, durability, and fire resistance.

2 Materials and methodology

2.1 Components utilized in CFRP composites

The research employed bidirectional CFRP woven fab-
ric, weighing 200 g/m? with fiber diameters ranging from
6—8 um, which was procured from Fiber Region Pvt. Ltd.,
Chennai, India. GO was obtained from Nano Research
Lab Pvt. Ltd., India. Table 1 outlines the properties of the
CFRP and GO reinforcing materials. Following the sup-
plier's instructions, the matrix was created with Araldite
Klear 4 Plus epoxy resin and a specified hardener. For opti-
mal adhesion, the epoxy resin and hardener were com-
bined in a ratio of 10 parts resin to 8 parts hardener.

2.2 The manufacturing process of CFRP composites

Fig. 2 depicts the CFRP composite laminate production pro-
cess utilizing a static compression approach, employing either
hand or wet layup methods. The procedure commenced with

Table 1 Properties of CFRP and GO

Material Property Value
Yield strength (MPa) 1720-3600
Density (g/cm?) 1.55-1.76
CFRP Ultimate tensile strength (MPa) 1755-3690
Tensile modulus (GPa) 120-580
Elongation (%) 3.0-10
Thickness (nm) 0.8-2
Color Black-grey powder
Go Number of layers 1-3
Purity (%) 99.5
Density (g/cm?®) 2.3
Melting point range (°C) 3697
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Fig. 2 (a) Releasing fume with CFRP; (b) CFRP with resin coating;

(c) Drying process of laminate; (d) Lamination mat after compression
the formulation of the GO-infused resin. GO were incorpo-
rated into the resin at room temperature utilizing a magnetic
stirrer. The mixture was agitated at 250 rpm for 30 min to
ensure complete homogeneity. The hardener was initially
incorporated into the GO-resin blend at a 1:10 ratio and agi-
tated at 300 rpm to achieve a homogeneous, well-dispersed
mixture. The wet layup procedure involved applying pre-
pared GO-enhanced resin to the fibers in the mold using
a brush and roller at ambient temperature. Spacers were
inserted between the mold plates to guarantee consistent
thickness throughout the laminate. Following a preliminary
1 h curing phase under light pressure, the laminates were per-
mitted to cure at ambient temperature for 48 h.

2.3 Tensile test

The laminate samples that were going to be used for the
tension test (AGX-V50 kN Universal Testing Machine,
Shimadzu) were prepared using a water jet to cut them with
precision, as depicted in Fig. 3. The dimensions of the sam-
ples were 165 x 20 x 2.98 mm. The tensile tests were car-
ried out at a 2 mm/min loading speed, per the ASTM D638-
14 standard [23] requirement for quasistatic testing, which
has a strain rate of 5% per min. This technique was imple-
mented to guarantee precise and uniform data collection.
Key variables, including strain, tensile stress, ultimate ten-
sile strength, and break load, were measured during the test-
ing process to assess the performance of the material.

2.4 Flexure test

The flexural test was performed to ascertain the bending
modulus of the CFRP laminate, measuring its resistance
to deformation under bending forces. Specimens were
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Fig. 3 (a) Tension test setup; (b) Tensile coupon samples; (¢c) Dimensions

of tensile coupon testing (all dimensions are in mm)

prepared and evaluated utilizing a three-point bending
apparatus by ASTM D790-17 standard [24] criteria. The
testing apparatus had a press and supports with a diameter
of 20 mm, and the loading rate was sustained at 0.5 mm/
min (TUE-CN 200 kN Universal Testing Machine, FSA
Pvt. Ltd.). During the examination, specimens were
placed on two support pins separated by a distance of D,
while a central force F was exerted through a single load-
ing pin. The force-displacement approach (Eq. (1)) was
utilized to get the flexural modulus E, using the equation
that includes m (initial slope of the load-deflection curve),
h (laminate thickness), b (specimen width), and L (span
length). The test was performed at a 2 mm/min speed to
maintain consistency and reliability, as depicted in Fig. 4.

B ml’
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Fig. 4 (a) The flexural test setup; (b) Flexural test samples;

(c) Dimensions of flexural testing (all dimensions are in mm)
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2.5 Impact test

The impact strength of the produced CFRP compos-
ite laminates was assessed using the Charpy impact test
by ASTM D256-24 standard [25] (Charpy impact tester,
Tinius Olsen). In this experiment, a pendulum, launched at
a 135-degree angle, impacts the specimen with a regulated
force to produce a fracture. The energy absorbed during
fracture was documented to evaluate the material's impact
resistance. Specimens were fabricated to conventional
dimensions to guarantee uniformity, as depicted in Fig. 5.

2.6 Water absorption test

CFRP composites are synthetic materials recognized for
their superior strength-to-weight ratio and resistance to
environmental influences compared to natural fiber com-
posites. Despite their synthetic composition, CFRP com-
posites can absorb moisture when subjected to humid
conditions or submerged in water. This moisture absorp-
tion may arise from the hydrophilic characteristics of
the polymer matrix and possible micro-voids or defects
at the fiber-matrix interface. Ultimately, this may result
in a deterioration of mechanical and service attributes.
Consequently, it is essential to examine the water absorp-
tion characteristics of CFRP composites to assess their
efficacy in moisture-laden environments. The specimens
were prepared for the water absorption test according to
the ASTM D570-22 standard [26]. The CFRP specimens
were immersed in distilled water at room temperature
for 7 days. The samples were systematically extracted
from the water at consistent intervals, and their surfaces

were meticulously dried with a cloth to eliminate excess
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Fig. 5 (a) The impact test setup; (b) Impact test samples; (c) Dimensions

of impact testing

moisture before weighing. The proportion of water absorp-
tion in the composites was calculated using Eq. (2):

W —W
W =—"1x100, 2
W,

where W, represents the specimen's final mass after expo-
sure to water, and W, is the initial mass of the specimen
before exposure.

2.7 Flammability tests

A flammability test was conducted to analyze the combus-
tion characteristics of CFRP composites using GO, as illus-
trated in Fig. 6. Test specimens were prepared for flame test-
ing in both vertical and horizontal orientations. The vertical
flame test sample length was 125 mm, while its breadth mea-
sured 13 mm. The sample was positioned vertically during
this experiment and subjected to a 10 s ignition at its lower
extremity. The flammability of the specimen was assessed

(b)
Fig. 6 (a) Horizontal flame testing; (b) Vertical flame testing



by measuring the time of self-extinguishment. The specimen
was securely positioned horizontally for this test and eval-
uated at distances of 25 mm and 100 mm. The unconnected
segment of the sample was ignited for 30 sec, and the rate at
which the composite burned was determined.

2.8 X-ray diffraction (XRD)

XRD research was conducted to investigate the crys-
talline properties of the GO integrated into the CFRP/
epoxy composite. A monochromatic CuKa radiation
source (4 = 0.1542 nm) operated at 40 kV and 30 mA was
utilized (X-Ray Diffractometer (XRD), BRUKER USA
D8 Advance, Davinci). The diffraction pattern was docu-
mented in a 26 range of 0° to 100° with a step increment
of 0.05°. The acquired XRD peaks were examined to ver-
ify the existence of GO, evaluate its dispersion, and iden-
tify any structural alterations resulting from interaction
with the epoxy matrix.

2.9 Morphology and fractography

The surface morphology and fracture properties of the
GO-reinforced CFRP/epoxy composite were exam-
ined using a high-resolution scanning electron micro-
scope (HR-SEM). The investigation aimed to assess the
dispersion of GO, fiber-matrix adhesion, void content,
and fracture causes. The instrument parameters com-
prised a resolution of 1.5 nm at an accelerating voltage
of 30 kV, a working distance of 10 mm, and secondary
electron imaging capabilities (Hi-Resolution Scanning
Electron Microscope (HRSEM) Thermo Sceintific
Apreo S, Waltham, MA, USA). The magnification was
established at 5X, with a working distance of 48 mm or
less, and the electron gun functioned within an acceler-
ating voltage range of 0.5-30 kV. The HR-SEM images
elucidated the failure mechanisms and the effects of GO
integration on the composite architecture.

2.10 Thermogravimetric analysis (TGA)

TGA of the thermal degradation characteristics of CFRP
composites with differing GO concentrations was car-
ried out using a Jupiter STA 449 F3 thermal analyzer
(NETZSCH, Germany) in a nitrogen environment to avoid
oxidative damage. The samples were heated from 30 °C
to 1000 °C at a constant rate of 10 °C/min. For each test,
specimens weighing approximately 10 £ 1 mg were used.
To ensure a consistent fiber-to-resin ratio across all sam-
ples, the test specimens were carefully cut from the central
region of the composite laminates, where uniform fiber
distribution and resin impregnation were ensured. This
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procedure minimizes variability and enables accurate
comparison of thermal degradation and residual masses
across different GO concentrations.

2.11 Differential scanning calorimetry (DSC)

DSC analysis of CFRP/epoxy composites containing var-
ious GO concentrations was carried out using the Jupiter
STA 449 F3 thermal analyzer (NETZSCH, Germany). Each
sample weighing 10 £ 1 mg was placed in an aluminum
pan and heated from 30 °C to 1000 °C at a constant heating
rate of 10 °C/min. The tests were conducted under a nitro-
gen atmosphere with a flow rate of 20 mL/min to prevent
oxidation, ensure uniform heat transfer, and remove vola-
tile components during heating. The obtained thermograms
were used to determine the glass transition temperature (7,)
and other characteristic features of the composites.

3 Results and discussion

The outcomes of the tensile, flexural, impact, and flamma-
bility tests underscore the unique properties of the materials.
The tensile test checks the material's strength under tensile
stresses, the flexural test evaluates its resistance to bending,
the impact test measures its capacity to endure abrupt shocks,
and the flammability test quantifies its ability to resist fire.

3.1 HR-SEM morphology of CFRP composites

Fig. 7 presents the HR-SEM images of CFRP/epoxy and
GO/CFRP/epoxy composites. Fig. 7 (a) illustrates the shape
of the CFRP/epoxy composite devoid of GO. Fig. 7 (b) to (¢)
represents the distribution of GO within the epoxy matrix.
Fig. 7 (b) demonstrates that the GO are uniformly dis-
tributed throughout the epoxy matrix, exhibiting neg-
ligible agglomeration. With an increase in GO content,
there is a decrease in void formation and a more homoge-
neous distribution of GO, as illustrated in Fig. 7 (c) to (e).
The enhanced dispersion of GO within the matrix reduces
the occurrence of micro-voids and enhances the compos-
ite’s overall structural integrity. This produces a more uni-
form material with potentially enhanced mechanical and
thermal properties, demonstrating the beneficial impact of
GO on the composite's performance.

3.2 XRD analysis

The XRD examination of CFRP composites with differ-
ent GO concentrations (0, 0.05, 0.1, 0.3, and 0.5 wt.%)
indicates substantial structural alterations. The prominent
peak within the 26 range 20-30° signifies the amorphous
characteristics of the polymer matrix, whilst the height-
ened diffraction peak at around 25.28° with escalating
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Fig. 7 (a) CFRP/epoxy composites; (b) 0.05 wt.% GO/CFRP/epoxy; (c) 0.1 wt.% GO/CFRP/epoxy; (d) 0.3 wt.% GO/CFRP/epoxy;
(e) 0.5 wt.% GO/CFRP/epoxy

GO concentration suggests enhanced graphitic ordering.
The highest peak was noted at 0.5 wt.% GO, indicating
a higher degree of graphitic stacking. At 0.3 wt.% GO,
a relatively sharp but moderate-intensity peak suggests
better dispersion, leading to superior mechanical strength
and thermal stability. At 0.5 wt.%, GO, peak broadening,

and diminished intensity suggest potential GO aggrega-
tion, which could impede effective stress transfer and com-
promise structural integrity. The supplementary peaks at
around 43.80° and 48.06° validate the structural enhance-
ment of GO inclusion, as shown in Fig. 8. The results indi-
cate that 0.3 wt.% GO achieves the optimal equilibrium
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Fig. 8 XRD pattern for the CFRP composite

between dispersion and crystallinity, rendering it the
ideal concentration for improving CFRP composite per-
formance in structural applications.

3.3 Tensile test

In the tensile strength neat resin refers to the pure epoxy
matrix without any fiber or GO reinforcement. It serves as
a baseline for evaluating the mechanical improvement pro-
vided by CFRP and GO-enhanced composites. The aver-
age tensile strength and Young's modulus of the neat epoxy
resin were recorded as 11.42 MPa and 1.37 GPa, respec-
tively. The tensile strength and modulus of the CFRP com-
posite were enhanced with the incorporation of GO, attain-
ing maximum values at 0.3 wt.%. The tensile strength
enhanced from 51.36 MPa (neat resin) to 62.51 MPa, indi-
cating a 21.7% rise, and the tensile modulus increased
from 2.56 GPa to 3.26 GPa, reflecting a 27.3% gain. This
improvement is due to the superior mechanical character-
istics of GO and its capacity to augment stress transmis-
sion inside the polymer matrix. At lower concentrations
(0.05 wt.% and 0.1 wt.%), the GO exhibited effective dis-
persion, facilitating incremental enhancement and rigidity
of the composite. At 0.5 wt.%, both tensile strength and
modulus decreased to 58.95 MPa and 2.94 GPa, respec-
tively, as shown in Fig. 9, due to GO agglomeration, which
causes inadequate interfacial adhesion, unequal stress dis-
tribution, and defect formation. This suggests that surplus
GO beyond a threshold concentration instead of dispersing
uniformly, adversely impacting mechanical performance.
Consequently, 0.3 wt.% is recognized as the optimal GO
content, achieving a balance between enhanced mechani-
cal characteristics and effective dispersion, thus being the
most efficacious reinforcement level for augmenting the
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Fig. 9 Tensile strength and tensile modulus of CFRP composite

tensile performance of the composite. Table 2 summarizes
the mechanical properties of CFRPs incorporated with
functionalized GO nanoparticles.

3.4 Flexure test

The flexural strength and modulus of the CFRP compos-
ite were enhanced with the incorporation of GO, attaining
peak values at 0.3 wt.%. The flexural strength rose from
96.54 MPa (neat resin) to 126.52 MPa, reflecting a 31.1%
improvement, while the flexural modulus climbed from 3.56
GPa to 4.65 GPa, indicating a 30.6% enhancement. This
enhancement is ascribed to the superior reinforcing proper-
ties of GO, which improves stress transfer and increases the
rigidity of the polymer matrix. At lower GO concentrations
(0.05 wt.% and 0.1 wt.%), both strength and modulus gradu-
ally enhanced owing to the homogeneous dispersion of GO,
resulting in improved load distribution, as shown in Fig. 10.
At 0.5 wt.%, the flexural strength and modulus decreased to
117.41 MPa and 4.37 GPa due to GO agglomeration, com-
promising interfacial adhesion and creating stress concentra-
tion spots. This aggregation restricts the efficient load transfer
and induces flaws in the composite. Consequently, 0.3 wt.%
is recognized as the ideal GO concentration, offering the
optimal equilibrium of strength, stiffness, and dispersion,
thereby serving as the most efficacious reinforcement level
for improving the flexural performance of the composite.

3.5 Impact strength

The impact strength of the CFRP composite was enhanced
with the incorporation of GO, attaining a peak value of
0.3 wt.%. The impact strength rose from 10.58 kJ/m? (neat
resin/CFRP) to 14.63 kJ/m?, indicating a 38.2% enhance-
ment. This improvement is due to GO capacity to absorb



8 | Azhagarsamy and Pannirselvam
Period. Polytech. Chem. Eng.

Table 2 Results of mechanical properties of CFRP composite

GO (Wt%) Tensile Tensile Flexural Flexural Impact
strength (MPa) + SD modulus (GPa) + SD strength (MPa) + SD modulus (GPa) + SD strength (kJ/m?) + SD
GO-0 51.36 + 1.54 2.56 +0.08 96.54 £2.90 3.56 £ 0.11 10.58 +0.42
GO-0.05 53.95+1.62 2.72 £ 0.09 106.45 +3.19 2.74 +0.08 11.96 £ 0.48
GO-0.1 56.45 + 1.69 2.84 +0.09 112.85+3.38 4.12+0.12 12.54 +0.50
GO-0.3 62.51 +1.88 3.26 £0.10 126.52 + 3.80 4.65+0.14 14.63 = 0.58
GO-0.5 5895+ 1.77 2.94 £0.09 117.41 £3.52 4.37+0.13 13.45+0.54
140
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Fig. 10 Result of flexural strength

impact energy and augment crack resistance via mecha-
nisms including crack deflection, energy dissipation, and
enhanced interfacial interaction with the matrix. At lower
concentrations (0.05 wt.% and 0.1 wt.%), the impact
strength progressively increased due to uniform disper-
sion and improved energy absorption.

At 0.5 wt.%, the impact strength decreased to 13.45 kJ/m?,
presumably due to GO agglomeration, which induces
localized stress concentrations and decreases the compos-
ite's overall toughness, as shown in Fig. 11. This indicates

- Impact strength

Impact strength (kJ/m?)
IS ¥ IS o = S IS =
T T T T T T T

0.05 0.1 0.3 0.5
GO (wt.%)

Fig. 11 Result of impact strength

that. In contrast, GO improves impact strength, excessive
loading results in inadequate dispersion and adversely
affects performance. Consequently, 0.3 wt.% is the ideal
GO concentration for maximizing impact resistance while
ensuring adequate dispersion within the polymer matrix.

Table 3 compares the mechanical properties of GO-
reinforced CF/epoxy composites from the present study
with those reported in the selected literature [27-36].
Among the referenced studies, Jenkins et al. [27] and Wang
et al. [29] reported lower flexural strength values (62 MPa
and 93.38 MPa), suggesting limited improvement at the
same GO content. In contrast, Kumar and Verma [28]
showed significantly higher flexural strength (170 MPa),
possibly due to differences in GO type, dispersion method,
or composite fabrication. Meanwhile, Pramodkumar and
Budhe [30] used a higher GO loading (1.5 wt.%) and
achieved only moderate flexural strength (80.2 MPa),
whereas Arun et al. [31] with 2.5 wt.% GO observed a sub-
stantial reduction in both tensile and flexural strength,
likely due to filler agglomeration.

3.6 Water absorption test

Water absorption in CFRP/epoxy composites is influenced
by the fiber—matrix interface and GO content. Due to
CFRP's hydrophobic nature, the unmodified compos-
ite (GO-0) exhibited a water uptake of 0.14%. With the
addition of GO, water absorption gradually decreased
to 0.05% at 0.5 wt% GO, as presented in Table 4. This
reduction is attributed to the barrier effect of GO, which
restricts epoxy chain mobility and increases the tortuosity
of water diffusion paths, thereby enhancing the compos-
ite's resistance to moisture ingress.

3.7 Flammability tests

3.7.1 Horizontal flame test

Table 5 presents the horizontal flame test findings on
CFRP/epoxy composites infused with GO, indicating
a distinct enhancement in flame-retardant qualities with
increasing GO content. The duration of flame propagation



Azhagarsamy and Pannirselvam | 9
Period. Polytech. Chem. Eng.

Table 3 Comparison of mechanical properties of GO-reinforced CF/epoxy composites from literature and this study

. . . Filler Tensile Tensile Flexural Flexural Impact
Composite Matrix Fillers content (%) strength modulus strength modulus strength  Reference
(MPa) (GPa) (MPa) (GPa) (kJ/m?)
CF/GO/epoxy Epoxy GO 0.3 62.51 3.26 126.52 4.65 14.63 S{E(Iisy
CF/rGO/epoxy Epoxy (IN2) rGO 0.3 - - 62 44 - [27]
CF/rGO/epoxy Epoxy GO 0.3 88 - 170 4.46 - [28]
CF/GO/PP Polypropylene (PP) GO 0.3 71.28 - 93.38 - 5.47 [29]
CF/GO/epoxy Epoxy GO 1.5 - - 80.2 3.94 - [30]
CF/GO/epoxy Epoxy GO 2.5 40.7 - 24.52 - - [31]
CF/GNPs/epoxy Epoxy GNP 0.3 76.9 - - - - [32]
CF/GO/epoxy Epoxy GO 0.4 55.4 2.6 - - - [33]
CF/CNT/epoxy Epoxy CNT 0.3 81.7 2.8 - - - [34]
CF/CF/epoxy Epoxy (;ZZ?E‘: 10 - - - - 245 [35]
CF/GO/epoxy Epoxy GO 0.3 38.41 2.22 - - - [36]
Table 4 Water absorption in CFRP composite samples
GO (Wt.%) Mass of sample before immersion (g) Mass of sample after immersion (g) Percentage of mass gain (%)
GO-0 8.856 8.868 0.14
GO-0.05 8.998 9.008 0.11
GO-0.1 9.052 9.059 0.08
GO-0.3 8.993 8.998 0.06
GO-0.5 8.851 8.855 0.05
Table 5 Results of the horizontal flame test
GO (Wt.%) Time of flame travel (s) Flame travel (mm) Burning rate (mm/min)
GO-0 259 103 23.86
GO-0.05 265 95 21.51
GO-0.1 234 79 20.26
GO-0.3 198 63 19.09
GO-0.5 176 54 18.41

diminishes with elevated GO concentration, decreasing
from 259 sec at 0 wt.% to 176 sec at 0.5 wt.%, signify-
ing a more rapid flame spread in the empty composite and
deceleration as GO content increases. Correspondingly,
the flame travel distance diminishes from 103 mm at 0 wt.%
to 54 mm at 0.5 wt.%, further highlighting the inhibitory
influence of GO on flame propagation. The burning rate,
defined as the flame propagation distance per min, dimin-
ishes from 23.86 mm/min at 0 wt.% to 18.41 mm/min at

0.5 wt%. The decrease in the burning rate underscores
GO significant contribution to improving the fire resis-
tance of CFRP/epoxy composites, presumably attributable
to its flame-retardant characteristics that inhibit flame
propagation and facilitate flame extinguishment.

3.7.2 Vertical flame test
The vertical flame test results for CFRP composites contain-
ing GO are displayed in Table 6. The flame resistance of the

Table 6 Results of the vertical flame test

GO (Wt.%) Self-extinguishing time (s) Cotton ignited by flaming drips Rating
GO-0 34 NO V-1
GO-0.05 27 NO V-1
GO-0.1 21 NO V-1
GO-0.3 14 NO V-1
GO-0.5 8 NO V-0
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composite materials was assessed by measuring self-extin-
guishing time and the occurrence of flaming drops. All spec-
imens were evaluated for their capacity to self-extinguish
upon exposure to flame, revealing a reduction in self-extin-
guishing time correlated with greater GO concentration. The
control sample (0 wt.%) demonstrated a self-extinguishing
time of 34 s and received a V-1 rating, signifying moderate
flame resistance without flaming droplets. Comparable rat-
ings were noted for the GO-filled CFRP composites at 0.05
wt.% and 0.1 wt.% GO, exhibiting self-extinguishing peri-
ods of 27 s and 21 s, respectively. The samples showed no
flaming drips and received a V-1 rating.

This indicates that incorporating low amounts of GO into
the CFRP matrix enhances flame resistance, albeit the per-
formance remains within the V-1 classification. At 0.3 wt.%
GO, the self-extinguishing duration further diminished to
14 s, and the sample exhibited no burning drips, preserv-
ing the V-1 grade. The self-extinguishing time diminished
with increasing GO concentration, with the 0.5 wt.% sam-
ple demonstrating a very rapid self-extinguishing time of
under 8 s, without any burning droplets seen. This sample
received a V-0 rating, signifying the utmost degree of flame
resistance as per vertical flame test criteria. The enhance-
ment of flame resistance with elevated GO content is due to
the development of a robust, stable char layer during com-
bustion. GO, functioning as a flame-retardant agent, facili-
tates the formation of a char layer that acts as a thermal bar-
rier and restricts the emission of flammable volatiles from
the epoxy resin matrix. The improved flame retardancy
noted in the 0.5 wt.% GO sample, classified as V-0, aligns
with results from analogous composite investigations,
which demonstrate that GO enhances flame resistance by
preventing the generation of flame drips and diminishing
the overall combustibility of the matrix.

3.8 FTIR analysis

Fig. 12 displays the FTIR spectra of CFRP composites
with varying GO concentrations (0%, 0.05%, 0.1%, 0.3%,
and 0.5%) in the wavenumber range of 4000-500 1/cm.
The broad absorption band observed between 3600 and
3747 1l/cm corresponds to O—H stretching vibrations,
signifying the presence of hydroxyl groups originating
from the epoxy resin and residual functional groups in
GO. The 2927 1/cm and 2366 1/cm peaks correspond to
C—H stretching vibrations, indicative of aliphatic chains
in the epoxy polymer. A prominent signal at approxi-
mately 1746 1/cm is attributed to C=O stretching vibra-
tions, confirming the presence of ester and carbonyl
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Fig. 12 FTIR analysis for the CFRP composite

functional groups, which may result from the oxidation of
epoxy or residual oxygen-containing groups in GO [37].
The C—O—C stretching vibrations of epoxy ether linkages are
in the 1240—-1260 1/cm range. Furthermore, 1050—1150 1/cm
range peaks indicate C—O stretching, reinforcing the inter-
action between epoxy and GO. An increase in GO con-
centration significantly alters peak locations and intensity,
indicating robust interfacial interactions between GO and
the epoxy matrix. The peaks between 800 and 900 1/cm
correspond to the skeletal vibrations of GO, affirming the
effective dispersion of GO within the CFRP composite.
The spectral fluctuations indicate a sufficient chemical
interaction between the epoxy matrix and GO, resulting
in enhanced interfacial adhesion and potential improve-
ments in mechanical properties.

3.9TGA

Fig. 13 displays the TGA curves of CFRP composites with
0,0.05,0.1, 0.3, and 0.5 wt.% GO. All samples demonstrate
a characteristic two-step deterioration pattern. The ini-
tial mass loss observed below approximately 100 °C is
attributed to the evaporation of physically adsorbed mois-
ture. Significant thermal degradation commences at approx-
imately 300 °C and persists until 600 °C, primarily due to
the disintegration of the polymer matrix, including epoxy
resin and related constituents. Among all samples, CFRP
with 0.5 wt.% GO exhibits the most excellent thermal stabil-
ity, with a residual mass of roughly 69% at 800 °C, in con-
trast to 60% for the unmodified CFRP (0 wt.% GO). This
improvement is due to the superior barrier characteristics of
GO, which impede thermal diffusion and degradation. GO
likely facilitates char formation and enhances the compos-
ite's resilience to thermal degradation. The significant mass
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Fig. 13 Typical TGA curves of the different CFRP laminated composites

loss at 350400 °C indicates the primary decomposition
of the matrix resin. The alteration in degradation initiation
temperatures and the augmented residue with elevated GO
content further substantiate the beneficial effect of GO in
improving the thermal stability of the composites.

3.10 DSC analysis

DSC was employed to determine the 7, of the CFRP/epoxy
composites. As shown in Fig. 14, T, was identified from
the inflection point of the baseline shift in the DSC ther-
mograms, occurring between approximately 102-173 °C,
which is consistent with typical DGEBA-based epoxy sys-
tems. The neat CFRP laminate exhibited a ]; of 102.31 °C,
which increased to 132.40 °C, 143.10 °C, 163.16 °C, and
169.18 °C for composites containing 0.05, 0.1, 0.3, and
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0.5 wt.% GO, respectively. This progressive increase in T,
indicates that GO incorporation effectively restricts poly-
mer chain mobility through enhanced interfacial bonding
and increased crosslink density within the epoxy matrix.
In addition to T, minor deviations and peaks beyond the
transition region were observed, which are attributed to
secondary relaxation processes or residual curing reac-
tions, while higher-temperature endothermic features
are associated with thermal decomposition of the epoxy
matrix, consistent with the Tonset and Tmax values con-
firmed by TGA analysis. As a result, the composites
demonstrate improved dimensional stability and mechan-
ical performance at elevated service temperatures, which
is advantageous for structural applications requiring
enhanced thermal resistance.

4 Conclusion

This study demonstrated that the incorporation of GO
into CFRP/epoxy composites significantly enhanced
their mechanical, thermal, and flame-retardant properties.
Among the tested concentrations, 0.3 wt.% GO was found
to be optimal. At this level, the composite exhibited a 21.7%
increase in tensile strength, 27.3% increase in tensile mod-
ulus, 31.1% improvement in flexural strength, and 38.2%
enhancement in impact strength compared to the neat CFRP
composite. These improvements are primarily attributed
to the high surface areca and mechanical integrity of GO,
which facilitate effective stress transfer and microstructural
reinforcement within the polymer matrix. Thermal analysis
revealed increased thermal stability and a higher T, with GO
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Fig. 14 DSC curves of the different CFRP laminated composites
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incorporation. Additionally, the flame-retardant behavior
improved significantly, with the 0.5 wt.% GO/CFRP com-
posite achieving a V-0 rating in the horizontal burning test.
However, excessive filler loading beyond 0.3 wt.% resulted
in agglomeration, leading to reduced performance due to
weak interfacial bonding and stress concentration. Overall,
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